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They associate metal with given shapes... pipes, rods, girders, tools, 
parts... all of them fixed and inviolable, and think of it as primarily 
physical. But a person who does machining or foundry work or forge 
work or welding sees "steel" as having no shape at all. Steel can be any 
shape you want if you are skilled enough, and any shape but the one 
you want if you are not. 

R. M. Pirsig 
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Abstract 

 

The use of conventional lubricants in high temperature metal forming applications is 
problematic, as most oils and greases quickly degrade at temperatures above 350°C. 
However, their substitution by solid lubricants such as graphite or molybdenum disulfide 
(MoS2) is complicated due to increased costs and by additional cleaning steps required 
often on the finished product. It is evident that alternative lubrication approaches can be 
highly beneficial in metal forming and, as a consequence, there has been a growing 
interest in recent years in self-lubricating materials for high temperature applications in 
an effort to decrease friction to low and stable values in applications such as the hot 
stamping of ultra-high strength steels. In particular, this manufacturing process has 
become increasingly popular in recent years due to the ductility of the work piece and the 
possibility to achieve a fully martensitic microstructure. However, the use of Al-Si-based 
protective coatings on the work piece to prevent oxidation and decarburisation is the 
source of a poor tribological behaviour due to the formation of Al-Fe intermetallics, 
thereby causing damage to the tool and adversely affecting the quality of the finished 
components. 

In an attempt to overcome these tribological problems, self-lubricating hardfacings with 
the incorporation of solid lubricants have been studied, aiming at their implementation in 
forming tools. Laser cladding has been chosen for the preparation of the coatings due to 
the high quality of the resulting layers, their excellent metallurgical bonding to the 
substrate or the possibility to repair and rework high-value mechanical components. 
Furthermore, the incorporation of solid lubricants to the base powder in order to produce 
self-lubricating claddings has been shown to be possible in the literature, although no 
systematic evaluation of their performance has been done under conditions representative 
of hot metal forming.  

In an attempt to improve the tribology of such applications, nickel- and iron-based self-
lubricating laser claddings have been deposited with the incorporation of different solid 
lubricants including soft metals like silver and copper in addition to transition metal 
dichalcogenides like MoS2 and WS2. The resulting coatings were thoroughly 
characterised, including their microstructure, oxidation properties and their tribological 
behaviour at high temperatures under different contact configurations and counter bodies. 

During the present study, the addition of sulfur-containing precursors to the base powder 
used for coating preparation led to the encapsulation of silver, preventing it from floating 
to the melt pool surface during the cladding process and allowing for its uniform 
distribution across the entire coating thickness. Additionally, the chromium sulfides 
resulting from the thermal degradation of transition metal dichalcogenides during laser 
cladding have proven to be effective solid lubricants at high temperatures, while silver 
helped decrease friction at room temperature. Thus, the addition of Ag and MoS2 to 
nickel-based self-lubricating claddings has been considered effective in improving the 
tribological behaviour of the claddings, as it could decrease friction up to temperatures of 
600°C. 

Additionally, it has been found that the addition of solid lubricants like MoS2 to the 
nickel-based claddings led to negligible counter body wear at high temperatures, coupled 
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to the formation of a protective tribolayer on the counter body composed of nickel, 
chromium and sulfur. This behaviour has been consistently observed for different testing 
configurations, such as reciprocating sliding against both steel- and aluminium-based 
counter bodies, in addition to high temperature sliding tests against Al-Si-coated boron 
steel, and has been considered beneficial for high temperature contacts. 
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Chapter 1 
1. Introduction 

 

1.1. Historical background 

Tribology (formed from tribo- from the classic Greek verb τρίβω “rubbing”, and -logia 
from -λογία, “study of”) can be succinctly defined as the study of friction, wear and 
lubrication taking place at surfaces in relative motion. This is as a broad and complex 
research field, involving multiple scientific disciplines including physics, chemistry, 
materials science, surface engineering and metallurgy, to name a few. 

Although the word tribology was coined as late as in the 1960s, it would not be an 
overstatement to claim that friction and wear have been subjects of interest for thousands 
of years. The wheel was discovered already in the Neolithic, allowing for more efficient 
transportation as friction can be significantly lowered in rolling compared to sliding 
motion. Egyptian reliefs dating back to the third and second millenniums BC show the 
first documented examples of the use of lubricants in a deliberate attempt to control 
friction during the transport of statues [1,2]. Although the actual techniques used for the 
construction of pyramids are not known, technologies already familiar to the ancient 
Egyptians like ramps and pulleys are favoured in the available literature, with authors like 
de Haan [3] going so far as to propose a sliding friction coefficient of 0.25 for the transport 
of stone blocks on ramps using pulley traction. Interestingly, the number of workers 
required to build a medium-sized pyramid has been estimated by the same author to be 
less than 3,000, orders of magnitude smaller than the army of 100,000 workers theorised 
by the Greek historian Herodotus. Being part of a class of specialised workers, these early 
tribologists took part in massive state-sponsored building projects undertaken by one of 
the great powers of the ancient world, organised in highly competitive cadres signing their 
work with colourful names such as “The Friends of Khufu” or the one which has been 
tentatively translated as “The Drunkards of Menkaure” [4,5].  

Further ahead in time, the Middle Ages in western Europe saw an increased use of 
machinery due to the gradual disappearance of slavery and the resulting rise in labour 
costs. The spread of mechanical technologies like wind- and water-driven mills took place 
alongside to an increased usage of lubricants like vegetal oils and animal fats [6]. 
However, as in previous times, the know-how for such applications was obtained using a 
trial-and-error approach with no scientific background and few if any predictive power, 
far from current practices. Several of the earliest systematic studies on friction were in 
fact undertaken by the Italian Leonardo da Vinci in the 16th century, reaching conclusions 
that we still take for granted under normal conditions, like the linear dependence of 
friction on the applied load or its independence of the apparent contact area, although it 
must be noted here that he was not so right when he postulated a constant coefficient of 
friction of 0.25 for all materials [7]. Later work by the French Guillaume Amontons and 
Charles August Coulomb during the 17th and 18th centuries reached conclusions similar 
to those of da Vinci (which, ironically, remained mostly unpublished until the late 19th 
century [8]) and expanded on it, reporting the independence of kinetic friction with speed 
during dry sliding. However, these results remained largely unused. 
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Modern tribology was born as a consequence of the Industrial Revolution during the 19th 
century, in an effort to optimise and reduce the costs of newly developed production 
processes. Precision ball bearings were developed in the second half of the 19th century, 
reducing friction and thus energy losses in industrial machinery, railways and even the 
humble bicycle [7]. In 1902, a series of systematic sliding tests performed by the German 
Richard Stribeck in the context of railway wagon bearings led to a milestone discovery 
in lubrication science involving different friction regimes under varying sliding speeds 
and contact pressures, in the form of the well-known Stribeck curve [9].  

The 20th century saw the development of the internal combustion engine (ICE) and its 
worldwide expansion, made possible by a concurrent boom in crude oil production and 
its promise of cheap and efficient fuel. It is hard to overstate the importance and 
consequences of such a technological shift, which has led to a revolution in transportation 
centred in automobiles and airplanes. Even power generation applications drastically 
changed in the last century due to ICE technologies, as the newly developed gas turbines 
could provide electrical power with high efficiency [10]. It was in this context of 
increasing mobility and new industrial applications that the term tribology was first 
coined in a report of the highly influential committee chaired by Peter Jost in 1966 on 
behalf of the UK government. The term itself was possibly inspired by the term 
“tribophysics” used previously by David Tabor and Phillip Bowden for their discontinued 
research on the subject of friction and wear during World War II [11]. In any case, the 
Jost Report estimated that overall yearly savings in excess of 1% of the Gross National 
Product could be achieved with the implementation of existing technologies alone. 
However, it was the oil crisis of the 1970s which introduced to the general public the 
concept of energy efficiency, a subject closely related to tribology. Increased fuel costs 
and government regulation led to remarkable improvements in the next few decades, to 
the point that the average car in the 2010s has doubled its fuel efficiency compared to its 
counterparts from the 1970s [12]. However, significant room for improvement still exists 
in the transportation sector. Every single automobile has hundreds of tribological  
contacts [13], some of them very complex and involving different lubrication regimes. 
Also, it is worth noting that frictional losses in the average internal combustion engine 
are still high, potentially making more than a 10% of the total fuel consumption [14]. This 
means that even modest reduction in friction for key systems like the piston/cam assembly 
would lead to significant decreases in fuel consumption. 

Taking into account the increasing demand for automobiles in emerging economies 
during the first decades of the 21st century and the need to reduce fuel consumption and 
CO2 emissions, it is obvious why tribology is still in our days a science with close ties to 
sectors like transportation and the energy industry. However, recent years have witnessed 
increased interest in emerging research areas as the tribology of data storage devices like 
hard drives. Biotribology has also been a rapidly expanding field [15], as the ageing 
populations in developed societies require for biomedical applications such as 
orthopaedic implants in order to improve the quality of living of elderly people, although 
there has also been recently a growing interest in the interaction of human skin and touch 
screens due to the popularity of mobile devices like smart phones or tablet computers [16]. 

The tribology of metal forming applications is also a widely researched issue, because of 
significant advances in high temperature (HT) tribology/material science in recent years 
and the development of new processing techniques. Dry machining, for instance, is an 
increasingly popular technique for metal cutting in part due to environmental regulations 
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requiring a reduction in cutting fluid usage in an effort to avoid pollution of the 
atmosphere and water resources. The prevalence of dry machining in recent years in 
applications like milling has been made possible to a great extent by the development of 
advanced nitride coatings capable of operating under severe conditions when no oil 
lubrication is used, and has led to an increase in productivity while at the same time 
reducing environmental damage and health risks to workers [17,18]. Recently, Holmberg 
and Erdermir [19] have estimated that frictional losses in industrial processes lie close to 
20% of the total energy consumption of the sector, a reminder that there is still ample 
room for improvement by the implementation of new techniques based on tribological 
principles. 

 

1.2. Tribology at high temperatures 

The importance of industrial applications working under severe conditions, like aerospace, 
power generation, ore processing or metal forming, has been the source for increasing 
interest in the field of high temperature tribology [20–23]. Additionally, the availability 
in recent years of test rigs capable of operating at HT, potentially up to 1000°C, has also 
helped researchers gain further knowledge in the tribological behaviour of materials like 
metallic alloys, ceramics and composites. In many cases it has been observed that the 
dominant wear mechanisms at HT widely differ to those seen at RT [24], as sliding at HT 
brings a set of new physical and chemical processes which can dramatically influence the 
tribological properties of materials. A non-exhaustive list of the most significant 
phenomena characteristic of HT would include the softening observed for most metallic 
alloys at HT, the onset of diffusion-related mechanisms like creep, microstructural 
changes like recrystallisation or carbide coarsening, hydrogen damage, thermal fatigue 
and increased oxidation rates. This makes of HT tribology a challenging field, requiring 
a multidisciplinary approach in addition to complex testing rigs capable of operating at 
HT. 

In the context of industrial applications, high temperature refers commonly to 
temperatures above 350ºC, above which conventional oils or greases quickly degrade and 
decompose [25]. However, it must be noted that in the case of metallic alloys even higher 
temperatures can be required for forming processes, as common hot working techniques 
like forging or hot rolling require work piece temperatures higher than 0.6 times the 
melting point [26]. In the case of iron-based alloys such as steel this can involve 
temperatures close to 800°C, conditions which can significantly affect the mechanical 
properties of the work piece. For most steel and iron-based alloys, a significant softening 
can be observed above 500ºC (0.4 times their melting point), attributed to thermally 
activated processes such as power-law creep [27]. This softening process could influence 
their resistance at HT against abrasive wear. However, Varga et al. [28] have also linked 
this mechanism to the formation of protective layers in the context of HT abrasion testing, 
as the hard abrasive particles present at the interface can under the right circumstances 
embed themselves in the softened metallic matrix, leading to increased abrasive wear 
resistance for ductile alloys compared to their harder, carbide-rich counterparts. 

As for oxidation processes, it is known that most metals readily react with oxygen to form 
a surface oxide layer already at room temperature. However, increased oxidation rates are 
characteristic of HT applications, and they have been reported to play a crucial role in the 
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tribology of metals under severe conditions. It is noteworthy that, according to Quinn, the 
oxidation of a sliding surface is thermodynamically more favourable than for a static one, 
with activation energies which could be half of the static value [29]. This is important 
because it can lead to significantly higher oxide formation rates for metallic components. 

It is clear that oxidation influences the tribology of alloys under relative sliding motion. 
The basic mechanism involves a reaction with atmospheric oxygen and the formation of 
a continuous oxide layer on the surface, whose thickness will increase with time as 
oxygen diffuses into the metallic substrate. Higher temperatures can increase the 
oxidation rate, but in any case, as soon as the layer reaches some defined critical thickness 
it will start to spall forming wear debris, as it will no longer be able to bear the applied 
stresses [30]. These oxidised particles can, in turn, remain at the interface depending on 
the contact conditions and potentially lead to increased wear due to third-body abrasion. 

On the other hand, oxidation can, under the right conditions improve the tribological 
behaviour of the system. In particular, the agglomeration and compaction of oxidised 
wear debris during sliding at high temperatures may lead to the formation of smooth, 
protective oxide layers on the contacting surfaces by means of sintering, preventing more 
severe metal-to-metal contact and thus decreasing friction [31]. This is important because 
the formation of protective layers can be potentially encouraged in tribological contacts 
by means of sliding under a proper choice of temperature, speed and load. 

 

1.3. Tribology of hot forming processes 

Hot working processes are of great importance in modern industry, as it is estimated that 
up to 80% of all metal-based products undergo some of these processes during 
manufacture [32]. HT metal forming, which involves the shaping of metallic products by 
means of plastic deformation, is performed at temperatures above recrystallisation. This 
has been found to be beneficial as the onset of detrimental mechanisms common at RT 
like strain hardening can be prevented, thus allowing for a higher ductility of the resulting 
material. Additionally, as metals become softer at HT, both the amount of energy required 
for forming and the scale of the machinery required for the process can be reduced [33], 
with evident economic advantages for manufacturers. To this category of processes 
belong well-known techniques such as forging, stamping or hot rolling, which are widely 
used in the steelmaking industry. In this context, the use of oil-based lubricants is messy 
and expensive as they degrade during operation, while the emulsions containing solid 
lubricants which are used in several hot forming processes can lead to the generation of 
large amounts of waste water, especially in the case of graphite-based ones [34]. For these 
reasons, many hot forming operations are performed with no lubrication. 

However, the tribological mechanisms at work during hot forming are still poorly 
understood [23]. Such processes are difficult to simulate in lab-scale, due to the high 
sliding speeds involved in industrial applications like hot rolling [35], or due to the 
inability to reproduce the full extent of the scale formation observed in the work piece 
due to oxidation at HT. It may however be stated that an optimum level of friction is 
desirable in metal forming as it decreases the extent of sliding between tool and work 
piece, thus preventing further wear of complex engineering parts [34]. 
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As it is characteristic of HT processes, oxidation rates of metallic alloys will increase 
significantly with temperature, leading to oxide scale formation. This mechanism can 
strongly influence the tribology of many hot working processes, as a thick and uniformly 
spread oxide layer can decrease the amount of metal-to-metal contact between the tool 
and the work piece, reducing the severity of the overall contact and thus influencing 
friction and wear. However, the build-up of an oxide layer can be quite complex, usually 
involving a multilayer microstructure with different chemical compositions as the 
diffusion rates of oxygen into the substrate decrease with increasing scale thickness. 
Additionally, long exposure times can also lead to blistering, making the resulting scale 
layer more irregular [36]. In particular, mechanical stresses during forming can lead either 
to the deformation or the fracture of the scale layer, depending on the brittleness of the 
resulting oxides. Under the latter, a more severe metal-to-metal contact between tool and 
work piece will be observed with an increase in adhesive wear, while at the same time 
debris formed during the spalling of the oxide layer can lead to further abrasive wear. The 
mechanical properties of oxide scale layers are thus crucial for the tribological behaviour 
of metallic alloys during hot working, but they are still poorly understood and further 
research in this field is still necessary [23]. 

Another common feature for hot metal forming processes is the large thermal gradients 
observed, which can lead to the occurrence of thermal fatigue on the tools due to the 
heating/cooling cycles imposed during contact with the work piece [37]. Although less 
likely to contribute to tool wear than other mechanisms like sliding, fatigue still needs to 
be taken into account as it can lead to the catastrophic failure of the tool. Commonly used 
preventive strategies involve the use of alloys with high toughness or the decrease of the 
size of any second phases present in the microstructure, as they can act as nucleation sites 
for crack formation. 

 

1.4. Hot stamping 

Currently, the automotive industry is confronting a trend towards weight reduction of 
vehicles in order to decrease fuel consumption and CO2 emissions, while at the same time 
requiring improved safety and crashworthiness, a goal to be achieved in part through an 
increase of the mechanical strength of chassis components. Ultra-high strength steels 
(UHSS) have become the subject of widespread interest due to their high strength-to-
mass ratio, although their low formability at room temperature and tendency for spring 
back can be problematic [38,39]. Hot stamping, a metal forming technique intended to 
overcome such difficulties, was developed in the early 1970s by the Swedish 
manufacturer Plannja Hardtech AB in Luleå, and first implemented in commercial 
passenger vehicles in 1984 by Saab Automotive AB [40,41]. The process itself involves 
the heating of the UHSS work piece above the austenitisation temperature (Ac3) in a 
furnace for up to 6 minutes [42], as shown in Figure 1, after which the hot work piece is 
transferred to a press for forming and quenching using cooled dies. By means of this 
process, a high-strength martensitic microstructure can be achieved on the finished 
product [43]. Additionally, the spring back effect observed in room temperature forming 
can be avoided as deformation and quenching take place simultaneously [44]. However, 
the fast cooling rates required for the martensitic transformation (above 25°C/s according 
to [45]) requires the use of tool materials with a high thermal conductivity, in order to 
ensure a homogeneous martensitic microstructure of the finished product in addition to 
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decreasing process time [46]. This required high conductivity is not always compatible 
with the high strength and wear resistance needed for the tool alloys, as high-performance 
steels commonly used in metal forming applications such as grades 1.2344 or 1.2367 have 
moderate RT thermal conductivities in the 20 to 30 W/m K range [47–49]. 

 

Figure 1: Outline of the temperature evolution for a blank piece during a hot stamping process, 
as taken from [50] 

As for the process itself, two different variants exist: direct hot stamping, consisting of 
one single forming step after austenitisation, followed by quenching (Figure 2a). Indirect 
hot stamping, on the other hand, features an additional pre-forming step performed at 
room temperature before heating the work piece (Figure 2b), which is used to deform the 
blank to a geometry close to the planned one. This is followed by a calibration step at HT 
instead of a full forming process, and then by the quenching of the blank as in the previous 
case. Indirect stamping is in general more effective for larger work pieces or for complex 
geometries [45]. Another pertinent feature of indirect hot stamping is that uncoated blanks 
can be used without the need for protective pre-coatings as in the case of direct stamping 
[51]. 

 

Figure 2: Outline of hot stamping performed a) directly and b) indirectly, as taken from [45] 

Boron steels such as grade 22MnB5 have proven to be effective for hot stamping, as small 
additions of boron (typically 10 to 30 ppm) can strongly improve their hardenability by 
slowing down the nucleation of ferrite from austenite during cooling [40,44,45]. In 
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particular, the initial ferritic/pearlitic microstructure of 22MnB5 can be fully transformed 
to martensite during hot stamping, achieving tensile stresses close to 1500 MPa compared 
to the 600 MPa reported for its untreated form. Due to this feature, hot stamping has 
become widespread in the automotive industry, with more than 100 million stamped parts 
being produced alone in 2007 [40], and more than 300,000 tonnes of boron steel per year 
were used in 2008 for hot stamping- and die quenching-related applications [52]. It must 
also be noted that the interest for hot stamping in manufacturing applications has 
skyrocketed in the last few years, with the global production of press-hardened 
components reportedly reaching up to 450 million in 2015 [53]. 

However, it must be noted here that the severity of the tribological contact between the 
HT work piece and the forming tools during hot stamping can lead to high levels of wear 
for the latter, increasing costs due to more frequent maintenance while at the same time 
influencing the quality of the finished product as the quenching process and thus the final 
microstructure strongly depends on the geometry of the cooled tool. There are additional 
problems arising from the work piece as well. The high temperatures required to ensure 
the austenitisation of the work sheet during stamping lead to unwanted results like 
increased oxidation of the blank or even its decarburisation. Scale formation can impair 
the surface quality of the finished product, reducing paintability and weldability, making 
an additional cleaning step necessary and thus increasing production costs of 
manufactured components. Decarburisation on the other hand could alter the resulting 
microstructure in the near-surface region [51], adversely affecting the mechanical 
properties of the finished product. In an effort to reduce the onset of both these 
mechanisms, the use of hot-dipped Al-Si-based protective coatings on the steel sheet prior 
to processing has become widespread for direct hot stamping, although being the source 
of new tribological issues which can have a significant effect on tool wear and the quality 
of finished products. 

Prior to the hot stamping process, boron steel blanks are commonly hot dipped into molten 
aluminium-silicon alloys at temperatures of about 675°C [45]. The silicon content of the 
bath, usually between 7 and 11 wt.%, leads to the formation of an inhibition layer between 
the blank substrate and the aluminium-based coating, in order to slow the onwards 
diffusion of iron from the substrate below temperatures of 550°C. Although beneficial in 
terms of the protection they provide to the blank, Al-Si coatings show a poor tribological 
behaviour at HT, being the source of both adhesive and abrasive wear of the tools during 
hot stamping. Severe adhesive processes like the ones labelled as galling are in particular 
a concern in metal forming applications, as continued material transfer to the tool can 
lead to build-up and surface damage to the finished product due to macroscopic scratching 
[54,55], which has been observed to increase in severity with process temperatures [56]. 
Both the as-deposited Al-Si coating and softer intermetallics forming after exposure to 
temperatures of 700°C like Fe2Al7-8Si have been linked to damage mechanisms involving 
galling [57] especially above 577°C, the melting point of the Al-Si alloy. On the other 
hand, the exposure of Al-Si-coated boron steel blanks to temperatures of 900°C has been 
reported to lead to the formation of intermetallic compounds like FeAl2 and Fe2Al5  
[58–60]. These hard and brittle compounds have been reported to reduce the onset of 
material transfer during HT tribotesting, although leading on the other hand to increased 
abrasive wear of the tools [57]. 

Tool stability is an important issue for many metal forming processes and especially for 
hot stamping, as it influences the output of the process and production costs. In this 
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context, reduced tool wear can lead not only to reduced maintenance costs and facility 
downtime, but it is also advantageous for the finished product, as the dimensional stability 
of tools improves the contact conditions with the hot blank allowing for its proper 
quenching and hardening. Additionally, a low and stable friction coefficient is also 
important, as it is crucial to ensure the surface quality of the resulting product [61], as 
higher friction has been linked in the available literature with surface cracking of the work 
piece during hot stamping [62]. With all the previous in mind, it is obvious that new 
lubrication techniques leading to decreased wear and low and stable friction could be 
greatly beneficial for hot stamping applications. 

In recent years, the hot stamping of aluminium alloys has gained increasing attention, 
especially in the automotive sector due to the good strength-to-weight ratio, corrosion 
resistance and recyclability of alloys like the well-known series 6xxx [63,64], to the point 
that the substitution of low-strength steel by aluminium alloys is one of the main predicted 
trends in car manufacturing for the next decades, also with significant potential for the 
implementation of the high-strength series 7xxx aluminium alloys in components such as 
B-pillars [65,66]. In particular, it is expected that by 2020, the use of aluminium in 
automotive applications will increase to an average of 180 kg per vehicle [67], mostly at 
the expense of steel. 

In spite of this, the hot stamping of aluminium still lags behind its UHSS counterpart in 
terms of total component production, as the forming at HT of aluminium alloys is 
especially challenging. The forming of series 2xxx, 6xxx and 7xxx alloys requires an 
initial heat treatment, as in the case of UHSS, although in this case the main goal is to 
achieve a solid solution with no significant amount of second phases in the work piece. 
After a dwell time which can reach 30 minutes [68], the blank will be quickly transferred 
to the forming press to be stamped and subsequently quenched. For aluminium alloys, 
this last step will lead to a supersaturated solid solution instead of the martensitic 
microstructures of UHSS after hot stamping; a carefully controlled aging at HT will lead 
to the formation of finely dispersed second phases increasing the strength of the 
aluminium alloy. The temperature evolution of the process is summarised in Figure 3. 

 

Figure 3: Solution heat treatment for the artificial ageing of AA6082 aluminium alloy, as 
elaborated from [69] 
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From the tribological point of view, the forming of aluminium at high temperatures leads 
to a significant increase in adhesive wear and galling [56,70], with friction coefficients as 
high as 1.5 being reported during the lab-scale simulation of aluminium hot forming 
[71,72]. For this reason, HT-resistant solid lubricants like graphite, hBN or MoS2 have to 
be used in order to provide for effective lubrication, as oils and greases will quickly 
experience thermal degradation under such temperatures. However, these solid lubricants 
often prove insufficient, resulting in high friction during forming and macroscopical 
cracking and galling of the finished work piece [73]. The use of protective thin films for 
aluminium forming tools has been considered in the available literature, although with 
limited success. Bhowmick et al. [74] studied the tribological behaviour of different 
tetrahedral amorphous carbon (ta-C) films against grade 319 aluminium alloy, with low 
friction at temperatures of 400°C but on the other hand observing a worsened behaviour 
at 500°C, a temperature close to the values expected for the work piece during the hot 
stamping of aluminium. Another study by Jerina et al. [75] showed that CrN PVD thin 
films could decrease friction during sliding against the aluminium alloy AW 6060 up to 
400°C, although increasing the temperature to 500°C led to no difference in the measured 
friction compared to untreated tool steel. These results suggest that the use of hard thin 
films without the addition of solid lubricants is insufficient to prevent material transfer 
within the temperature interval expected for the forming of aluminium alloys. 

Other new trend in hot stamping currently under research is the use of blanks made of 
stainless steel, as this class of alloys features interesting properties like high corrosion 
resistance, decreased scale formation at HT, or even lower cooling rates required for the 
martensitic transformation on the work piece [76]. However, it must be noted that the 
tribological behaviour of stainless steels under sliding conditions is challenging as they 
are prone to adhesive wear and material transfer [33]. Additionally, tailored tempering is 
also a new process of interest [77,78], allowing for the manufacture of components with 
locally adjusted microstructures. In the context of automotive applications, this makes 
possible the production of components with locally increased ductility, capable of 
increased energy absorption under crash conditions, while at the same time ensuring 
intrusion protection to passengers due to high-strength zones in components like 
longitudinal beams [79]. This approach could also reduce manufacturing costs, as regions 
with increased ductility would make the finished work piece easier to cut with cold 
shearing, making the more expensive laser cutting no longer necessary [42]. In this 
context, increased ductility can be achieved by decreasing locally the cooling rates during 
hot stamping, either by using thermally insulating inserts or by the partial heating of the 
tool. However, these trends in the context of hot stamping are expected to lead to 
significant changes in the tribological mechanisms between tool and blank, potentially 
increasing the severity of the contact and posing new challenges to ensure the quality of 
the finished product. For these reasons, new lubrication concepts capable of operating at 
HT are thus expected to be beneficial for hot stamping applications. 
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1.5. Self-lubrication at high temperatures 

 

Figure 4: Number of publications per year dealing with the HT tribology of self-lubricating 
materials, as found in a literature search performed in the Scopus database 

The inability to use conventional lubricants under conditions involving elevated 
temperatures has led to increased interest in the field of self-lubricating materials for 
industrial applications ranging from metal forming to aerospace and power generation. 
The successful incorporation of solid lubricants including silver, MoS2, WS2 or hBN to 
both coatings and bulk composites has been reported in the literature. Such self-
lubricating materials have shown in many cases a good tribological performance at HT 
[80–84]. 

The amount of references dealing with the tribological behaviour of self-lubricating 
materials at high temperatures is plotted in Figure 4. The available literature before 1992 
is sparse and came mostly from the pioneering work of Sliney and co-workers, including 
the first available reference on HT self-lubricating materials, related to aerospace 
applications [85]. Increased interest in this field could be observed since the early 2000s, 
with a steep increase in the number of publications starting in 2005 and peaking in 2013 
with 14 retrieved papers, remaining at high levels in the following years. This observed 
surge in the amount of research done in recent years has been attributed to the availability 
of new test rigs capable of operating at HT in addition to the increasing importance of 
industrial applications involving severe contact conditions like aerospace, metal forming 
and ore processing, to name a few. 

Key requirements in industrial applications of interest like HT metal forming include 
stable friction combined with low wear rates in a wide temperature range, as in some 
cases the work piece can be heated to temperatures in excess of 750°C during the 
production process [58]. As no single solid lubricant has been observed to be effective 
for such temperature intervals, the development of new lubrication concepts for such 
applications thus requires a combination of several lubricous compounds, or even the in-
situ generation of new ones in order to provide low friction and wear up to the maximum 
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temperatures found during operation. Several of the most relevant classes of chemical 
compounds used in self-lubricating materials are discussed below. 

 

� Soft metals 

This category of solid lubricants includes pure metals like gold, silver, lead, indium, tin 
and platinum [86,87]. The main lubrication mechanism is related to their increased 
ductility and low shear strength at HT, especially for silver and gold [88]. Soft metals can 
deform plastically and accommodate sliding surfaces, reducing friction and wear. 
Additionally, this class of metals has been reported not to experience significant work 
hardening during sliding [86], as frictional heating can destroy lattice defects such as 
dislocations related to hardening mechanisms. This process is responsible for keeping the 
shear strength of soft metal layers at low levels during prolonged sliding and thus 
allowing for long-term lubrication. However, softening taking place at HT may cause the 
extrusion of the lubricant from the interface, thus limiting its beneficial effect [88]. 

Silver and gold have in particular advantages in terms of low shear strength and high 
thermal conductivity, which makes them interesting for tribological applications 
involving severe contact conditions. Although gold has been cited in several publications 
as an effective HT solid lubricant, its use is mostly restricted to specialised applications 
like space tribology due to high costs [89]. 

The use of silver for the preparation of self-lubricating materials, on the other hand, has 
been found to be more widespread due to its good cost-efficiency and relatively low 
environmental risks [88]. However, high diffusion rates at HT have been reported to lead 
to silver depletion, limiting the re-usability of Ag-containing coatings. Additionally, the 
available literature shows a disagreement on the temperature interval for effective Ag-
based lubrication, being reported by different authors to lie somewhere between RT and 
600°C. These discrepancies found in the literature may be due to different coating 
structures described for the available papers, as microstructural parameters such as 
porosity and vacancy concentrations have been reported to influence the onset of the 
diffusion process [88]. Additionally, changes in local temperatures due to frictional 
heating during testing could influence the effective lubrication temperatures for silver-
containing materials. Further understanding of the diffusion of silver to the surface for 
different types of coatings during HT sliding is thus necessary. 

Another soft metal with a potential for solid lubrication is lead. Although its high toxicity 
prevents its widespread use, it has nonetheless found an application niche in satellite 
components, mainly in the form of self-lubricant layers for ball bearings [90]. 

Copper is also a soft metal featuring excellent thermal conductivity, which would 
contribute to lower frictional temperatures in the contact region. However, poor 
mechanical properties like its low strength limit its use as a bulk material in many 
tribological applications [91]. In any case, references exist describing its role as a solid 
lubricant [92]. Oesterle et al. [93] reported in the context of brake pad applications that 
recrystallised copper nanoparticles may act as solid lubricants in the tribolayers formed 
during sliding at 650ºC. Kovalchenko also described the beneficial effect at RT of 
ultrafine layers forming on bulk copper during sliding [91]. However, fewer references 
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to copper as a HT solid lubricant have been found compared to other soft metals such as 
silver [88]. This highlights the necessity for further experimental work in order to assess 
its potential to replace silver in HT applications.  

 

� Transition metal dichalcogenides (TMDs) 

This class of solid lubricants has been widely referenced in the available literature 
[94–97] and are among the most popular solid lubricants for space-based applications 
[98]. TMDs comprise a broad family of chemical compounds formed by transition metals 
such as molybdenum, tungsten, and niobium [99,100] and chalcogenides such as sulfur, 
selenium and tellurium. The main lubrication mechanism is in this case related to their 
microstructure, as several transition metal dichalcogenides – such as Mo- and W-
disulfides and diselenides – have a closely-packed lamellar structure with a strong 
bonding between the metal and chalcogenide ligands, in contrast to the weak van der 
Waals adhesion forces between sulfur-like atoms. This leads to the formation of a 
microstructure with easy-to-shear lamellae. Moreover, TMDs can align in the sliding 
direction, thus decreasing the friction and wear experimented by the whole tribosystem 
[101]. However, the adsorption of chemical compounds from the environment like H2O 
can strongly influence the ability of the lamellae to slide against each other. 

Molybdenum disulfide (MoS2) is by far the most widely used transition metal 
dichalcogenide, due to its good tribological properties and lower costs than other TMDs 
such as WS2. It is also known to be very effective in vacuum and dry air, thus being well 
suited for space applications. MoS2 has been reported to be a good option for lubrication 
up to temperatures of 400°C [86]. Moreover, it has also been suggested that the sulfur 
content in MoS2 may decrease the diffusion rates of silver at HT in self-lubricating 
materials, delaying silver depletion and extending their lifetime without the need for 
further diffusion barriers like expensive PVD coatings [82,88,102]. However, MoS2 has 
also several important drawbacks limiting its use: it has been observed to perform poorly 
in moist environments [86], and also its thermal stability can be lower than that of soft 
metals at HT. In this context, several references have been found in the literature 
describing the decomposition of MoS2 during sample preparation techniques such as laser 
cladding [103,104], leading in several cases to its complete disappearance from the 
hardfacing or to the formation of new phases like molybdenum carbides [105]. The main 
mechanism leading to decomposition has been reported to be the dissociation of MoS2 
and the reaction of sulfur with chromium in the base alloy and/or in the substrate, leading 
to the formation of chromium sulfides including CrS, Cr3S4 and Cr5S6 [106–108], some 
of which having been described to be mild solid lubricants. 

Tungsten-based TMDs like WS2 have also been the subject of research in recent years 
although to a lesser extent than their molybdenum-based counterparts, in part due to 
higher costs. WS2 is in particular more stable at HT than MoS2 [109], as the latter oxidises 
in the presence of oxygen between 370 and 480ºC to form the volatile MoO3 [99,110], 
while WS2 was reported to transform to WO3 at ~540°C [111]. It has also been reported 
to perform worse in humid environments, much like MoS2 [112]. In any case, it must be 
reminded that no systematic comparison of the tribological properties of WS2 to other 
related TMDs like MoS2 has been found in the available literature. 
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Selenides, being also of interest as solid lubricants, have been reported to be less sensitive 
to humidity than sulfur-based TMDs [97,113], but so far higher costs have prevented their 
widespread use. 

 

� Alkaline-earth fluorides 

Compounds like CaF2 or BaF2 have been described to be good lubricants from 500 to 
900°C, although several issues limit their usage, including their poor tribological 
behaviour at room temperature in view of their brittleness. The main lubrication 
mechanism is based on a marked softening taking place at temperatures closer to 500°C, 
which has been attributed to a brittle-to-ductile transition [114]. Fluorides are thus 
expected to act as solid lubricants similarly to soft metals above the homologous 
temperature (defined as 0.4 times the melting point), while on the other hand being brittle 
at lower temperatures and leading to increased wear due to three-body abrasion. Eutectic 
mixtures of CaF2 and BaF2 are of interest as their lower melting point leads to a lower 
softening temperature, potentially decreasing it to 400°C [115]. 

 

� Ternary oxides 

The use of ternary oxides has been regarded as a promising approach to self-lubrication 
at HT [116]. The combination of silver and molybdenum compounds like MoS2 has in 
particular been extensively studied as both compounds can provide effective lubrication 
at lower temperature ranges while reacting to form beneficial silver molybdates in the 
temperature range from 300 to 600ºC [88]. It must be noted that the in-situ formation 
approach is preferable, as silver molybdates may show inadequate tribological behaviour 
at lower temperatures if deposited as a coating [117]. 

The main lubrication mechanism is in this case related to the microstructure of ternary 
oxides. Silver-based molybdates like Ag2MoO4 and Ag2Mo2O7 have been described to be 
layered in nature [116,118], leading to interlamellar sliding during relative motion due to 
weak Ag-O and O-Ag-O bonding [82], in a process not so different to what has been 
described for TMDs. However, the melting point of molybdates is reported to be in the 
500 to 600ºC range, which may influence their tribological properties at HT. The presence 
of molten phases in the interface can lead to lower friction [119–121] due to the formation 
of lubricant layers at HT, although at the same time the wear resistance of the material 
can be compromised. Under such conditions, the molten material could be easily extruded 
from the contact [122], leading to low friction but also simultaneously to high wear rates 
[120].  

On the other hand, the HT tribology of silver tungstates has sparsely been addressed in 
the literature [118], with the available evidence suggesting higher friction than similar 
molybdates. 
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1.6. Use of laser cladding for the production of self-lubricating 
hardfacings 

This technique can be used for the deposition of protective thick coatings, which can both 
protect a metallic substrate by decreasing wear and also be used for the repair and 
reworking of high-value components in industrial applications [123]. The first 
documented use of laser cladding dates back to the late 1970s [124], motivated by the 
development of high power CO2-lasers capable of melting metallic alloys [123]. 
Interestingly, many of the references to laser cladding in the 1980s were already related 
to tribological applications, as the resulting hardfacings were intended to reduce the wear 
experienced by metallic components [125,126]. 

CO2 lasers, developed in the 1970s and widely used in industrial applications involving 
claddings, feature high power outputs potentially up to 45 kW [127], unmatched by newer 
laser systems. However, their input power efficiency is moderate, up to 20%. On the other 
hand, absorption by metals is low due to their high beam wavelength of 10.6 μm, leading 
to slower process speeds than lower-wavelength laser systems. Solid state lasers such as 
Nd:YAG can overcome this problem as they work with wavelengths one order of 
magnitude smaller, 1.06 μm, featuring a significantly improved absorption by metals. 
However, the maximum output power has been reported to be 4 kW, while their wall plug 
efficiency is lower than that of CO2 lasers, up to 12% [128]. 

Diode lasers, introduced in the 1980s, are based on group III-V semiconductors. They 
require lower power input and feature high levels of wall plug efficiency, ranging from 
30 up to 50%, and allow for smaller equipment size than their lower-efficiency 
counterparts. Their maximum output power can be higher than that of Nd:YAG lasers, 
while their wavelengths ranging from 0.85 to 0.94 μm lead to higher absorption. Due to 
these features, diode lasers have become increasingly popular in recent years for materials 
processing applications, and have been described to be well suited for cladding operations 
[128]. 

The cladding process, as it is understood today, involves the use of a laser beam for the 
melting of a precursor material, generally in powder form as it can be melted easily due 
to the large surface-to-volume ratio. Interaction times with the laser beam as short as 0.1 
seconds have been reported to be enough to ensure efficient mixing at the melt pool [129] 
and a homogeneous microstructure of the resulting cladding, while at the same time 
keeping thermal effects on the substrate low. The aforementioned powder can be either 
deposited on the surface to be coated (pre-deposition) or blown into the melt pool  
(co-deposition). Different microstructures including hard phases within a ductile matrix 
may be achieved by changing process parameters [125], thus making it possible to obtain 
coatings with tailored mechanical and chemical properties. Several of the main 
advantages of laser cladding are listed below: 

� Low density of defects such as pores can be achieved, ensuring the quality of the 
resulting cladding [130] 

� Reduced dilution with the substrate due to fast solidification of the melt pool 
[131,132], potentially lower than 5% 
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� Excellent metallurgical bonding with the substrate due to the aforementioned 
dilution [133] 

� The high efficiency of the process, as the laser beam can be accurately focused on 
a surface, thus decreasing energy consumption. Efficiency values between 30 and 
50% can be reached for diode lasers [128] 

� A microstructure with fine, metastable hard phases may be achieved which can 
improve abrasion, corrosion and fatigue resistance of the deposited claddings 

� Reduced heat-affected zone (HAZ) in the substrate material, due to controlled heat 
input [128,134]. 

Among the disadvantages, the following may be mentioned: 

� High costs, both in infrastructure and training 

� Lower deposition efficiency and rates compared to other deposition techniques 
like PTA [135] 

� Low repeatability due to high sensitivity to changes in process parameters [132] 

In recent years, laser cladding has also been used for the deposition of HT self-lubricating 
coatings with the addition of solid lubricants like transition-metal dichalcogenides 
[103,136] and alkaline-earth fluorides [137] among others, by mechanically mixing them 
with feedstock powder. The combination of increased wear resistance and simplified 
reworking of mechanical components which can be achieved by laser cladding with the 
low friction achievable by the use of solid lubricants would in particular be very useful 
for industrial applications like hot stamping, as it has been detailed in Section 1.4. 
However, the literature dealing with HT self-lubricating claddings is quite limited, well 
behind other deposition techniques such as powder metallurgy or PVD [138], which 
might be caused by the degradation of solid lubricants due to the high temperatures 
experienced during sample preparation. 

 

1.7. Existing research gaps 

As it has previously been discussed, the first studies on self-lubrication at HT can be 
traced back to the 1970s, gaining popularity from the 2000s onwards. However, there is 
still ample room for research in this field due to the number of material preparation 
techniques available and also because of the large amount of possible solid lubricant 
combinations which can be incorporated into the composites. The in-situ formation of 
lubricous compounds during HT sliding further increases the complexity of this issue, 
allowing for adaptive lubrication above well-defined threshold temperatures, like the 
reported formation of lubricous silver molybdates [81,82].  

Laser cladding as a preparation technique for HT self-lubricating composites has shown 
to be largely underrepresented in comparison to other techniques like physical vapour 
deposition or powder metallurgy, as it can be seen in the available literature. A handful 
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of references have been found dealing with laser claddings containing TMDs 
[111,139,140] or alkaline-earth fluorides [137,141], but it is noteworthy that the 
references of such an important solid lubricant like silver are almost absent from the 
literature dealing with laser claddings.  

As for the solid lubricants, references to the tribological behaviour at HT of soft metals 
like copper are almost non-existent, although it has many similarities to silver like its high 
thermal conductivity, a feature which can be very useful during the quenching step in hot 
stamping applications, or even for the tribology of ceramic contacts. On the other hand, 
abundant literature exists studying TMDs like molybdenum disulfide (MoS2), which is 
by far the most widely used compound for this class due to good tribological properties 
especially in vacuum and lower costs than other TMDs. However, WS2 has been so far 
insufficiently studied in the literature, even when it has been reported to have a higher 
thermal resistance than MoS2 (oxidation temperatures have been reported to be ~540 and 
~370°C, respectively). Furthermore, it must be noted here that a large fraction of the laser 
claddings described in the available literature are nickel-based, as self-fluxing Ni-
mixtures with the addition of Si and B can decrease the melting point of the powder 
precursor [142] and thus make the preparation of the claddings easier. In particular, no 
iron-based self-lubricating cladding has been reported in the available literature, even if 
it would lead to decreased costs while at the same time being more environmentally 
friendly than its nickel-based counterparts. 

Interestingly, most of the available literature centred in the tribology at HT of self-
lubricating materials reports the use of non-metallic counter bodies, including ceramics 
like Al2O3 or Si3N4. This is an unrealistic approach for the lab-scale simulation of metal 
forming processes, as the counter body in applications like hot stamping is always an 
alloy such as steel. Additionally, from a tribological point of view, ceramics are inert 
materials less prone to adhesive wear and friction compared to metals. However, the wear 
of ceramics can be high at HT as tribochemical reactions can form brittle products which 
can easily break up and lead to higher friction due to increased roughness [143]. The 
behaviour of ceramics at HT is thus regarded to be quite different to that of metals, and 
from the tribological point of view their use as counter bodies during testing is not 
justifiable. The use of metallic counter bodies is thus advisable, but interestingly is still 
heavily underrepresented in the available literature. Several references have been found 
systematically studying the role of different counter body compositions, including steel 
grades and ceramic-based materials, on the observed tribological behaviour during testing, 
although they are restricted to room temperature [144,145]. In particular, higher wear 
rates have been reported for alloys when tested against ceramic-based counter bodies, 
attributed to increased abrasive wear due to the high hardness of the debris from the 
ceramic [144]. 

Additionally, testing at HT under contact pressure conditions similar to those observed 
for the majority of metal forming applications is conspicuously absent from the available 
literature, with a few exceptions [146–148]. This has been attributed to the easier use of 
spherical counter bodies like ball bearings as counter bodies during tribotesting compared 
to flat contacts, as the alignment of the former against the sample is much simpler and 
usually can be used as purchased, with no further machining operation required. However, 
Hertzian contacts entail pressures in the range of hundreds of MPa , while metal forming 
applications like hot stamping usually involve pressures below 30 MPa, as estimated by 
Deng by means a FEM simulation of the process [149]. As contact pressures have been 
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reported to strongly influence the tribological behaviour of metallic alloys during 
tribotesting in a wide temperature range [150], the use of low-stress contact conditions 
has been considered necessary for the present study in order to more accurately simulate 
metal forming operations and evaluate the performance of the laser claddings under 
conditions representative of hot stamping. 
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Chapter 2 
2. Aims of this work 

 

2.1. Objectives 

Harsh operating conditions during metal forming processes, involving among others high 
frictional stresses in addition to elevated temperatures, are known to lead to premature 
tool failure and can also influence the quality of the finished product by altering the 
tolerances of the tool, thus detrimentally influencing the quenching step in processes such 
as hot stamping. Furthermore, the use of lubricants is disadvantageous, as oils and greases 
cannot cope with temperatures above 350°C, and solid lubricants in powder form like 
graphite or hexagonal boron nitride can make an additional cleaning step of the finished 
product necessary. 

In an effort to alleviate these problems, the concept of self-lubricating hardfacings with 
the incorporation of solid lubricants has been explored, with a view to achieve low tool 
wear and stable friction for metal forming processes taking place at HT.  

The specific objectives of the present study are as follows: 

� The formulation and subsequent preparation of nickel- and iron-based claddings 
by means of diode laser with the addition of different combinations of solid 
lubricants including soft metals (silver and copper) and TMDs (MoS2 and WS2) 

� The characterisation of the as-prepared claddings, including the analysis of the 
resulting microstructures and the quantification of mechanical properties such as 
hardness 

� The tribological evaluation of the aforementioned self-lubricating claddings 
under conditions representative of metal forming applications and the 
benchmarking against the respective base alloys, including the quantification and 
comparison of friction and wear rates 

� The analysis and understanding of prevalent wear mechanisms for different 
temperatures and chosen testing configurations, including also the use of Al-Si-
coated boron steel as the counter body in addition to aluminium alloys for the 
most promising cladding formulations. 
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2.2. Limitations 

The scope of this work is an in-depth study of new self-lubricating claddings under HT 
environments. However, it must be noted that the preparation of laser claddings with a 
wide set of chemical compositions requires a conservative approach as it is a resource-
consuming process, while the complete simulation of metal forming under lab-scale 
conditions was not possible on economic and technical grounds. Due to the previous, 
compromises had to be made in order to lead the study to completion by means of the 
available resources. The limitations judged most influential for the results of this study 
are listed below. 

No comprehensive comparison of the laser claddings has been made against steel grades 
commonly used for the manufacture of hot stamping tools, with the reference materials 
for the present study being the unmodified nickel- and iron-based laser cladding alloys 
featuring no solid lubricant addition. 

Although thermal fatigue due to multiple heating/cooling cycles has been reported to be 
the most important damage mechanism of tools during hot stamping [56], it could not be 
simulated in lab-scale with the available equipment. Because of this, the resistance of the 
self-lubricating claddings to mechanisms such as thermal fatigue has not been adequately 
evaluated.  

Thermal diffusivity measurements still need to be carried out for the best performing self-
lubricating claddings, as this technique can provide important information on the ability 
of the claddings to quench the HT work piece leading to a fully martensitic microstructure 
with high mechanical strength, the intended result of the hot stamping process. 
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Chapter 3 
3. Materials and test methods 

 

The present study involved the preparation and characterisation at HT of nickel- and iron-
based laser claddings, including extensive tribotesting performed under conditions as 
close as possible to those reported for metal forming applications. The materials and 
experimental methods used during this study are described in detail in this chapter. 

 

3.1. Materials preparation 

A direct diode laser was chosen for depositing the selected claddings. This technique has 
several advantages including the single-pass melting of the precursor material, low 
dilution with the substrate and the excellent quality of the resulting coating. 

A nickel-based commercial powder supplied by Castolin Eutectic was used as the base 
material of the cladding alloy, with a particle size between 50 and 150 μm. The high 
nickel content was expected to lead to a significant oxidation resistance at HT, while 
boron and silicon additions contributed to lower the melting point of the mixed powder 
to 1120°C, being beneficial for the deposition of this nickel-based self-fluxing alloy [151]. 
Additionally, an iron-based powder supplied by Oerlikon Metco was also used due to 
lower costs and higher environmental compatibility than its nickel counterpart. In this 
case, the corresponding particle size ranged from 45 to 106 μm while the high chromium 
content of 17 wt.% was expected to improve its oxidation resistance at HT. The 
composition for both precursor powders is given in Table 1. 

Table 1: Chemical composition (in wt.%) of the base powders used for the preparation of the 
laser claddings 

 C Cr Si B Al Fe Ni 

Ni-based 0.2 4 2.5 1 1 < 2 Balance 

Fe-based 0.18 17 - - - Balance 1 

 

All of the claddings used for this study were deposited on grade 1.4301 stainless steel 
plates to prevent scale formation on the substrate during the deposition process. Prior to 
it, the plates were rinsed with ethanol and sandblasted with silica sand in order to clean 
the surface and improve the adhesion of the resulting hardfacing to the substrate. The base 
powder and the solid lubricants were mechanically mixed using ethanol as the binder, and 
spread over the stainless steel substrate. A further heating step was performed in a furnace 
at 100°C during 1 hour, to ensure the evaporation of ethanol before the final step of laser 
cladding, performed under a protective argon atmosphere to prevent the oxidation of the 
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resulting coatings. In this context, other mixing techniques like ball milling reported in 
the available literature were not used as they could lead to solid solution formation, which 
could prevent the formation of lubricous second phases. 

Two different soft metals such as silver and copper were chosen for incorporation to the 
self-lubricating claddings, as this class of materials showed advantages for HT sliding 
such as their low shearing strength and their elevated thermal conductivity. Ag powders 
used as solid lubricants were purchased from Goodfellow, with a maximum particle size 
of 45 μm. Cu powder was additionally ordered from Oerlikon Metco, with a particle size 
up to 90 μm. The other main class of solid lubricants used throughout this study was 
TMDs, due to their lamellar microstructure. MoS2 powder was provided by Tribotecc 
GmbH with a particle size of 5 to 75 μm. WS2, chosen also due to its higher thermal 
stability and the lack of systematic study at HT in the literature, was delivered by 
Goodfellow, with a particle size smaller than 10 μm. 

 

3.2. Laser cladding and properties of the resulting samples 

For this study, samples were prepared by means of a HighLight D8000 direct diode laser, 
with a rectangular beam of 24 x 3 and 24 x 6 mm², and under a single pass configuration 
in order to prevent the re-melting of the claddings. The chemical composition of the 
resulting coatings is listed in detail in Table 2. 

The nickel-based powder was mixed with different combinations of solid lubricants 
including Ag, Cu, MoS2 and WS2 in order to deposit different types of self-lubricating 
claddings, in addition to an unmodified nickel-based coating used as the reference. This 
was aimed at investigating the role of different concentrations of both solid lubricants in 
the microstructure, hardness and HT tribological behaviour of the resulting coatings. For 
the iron-based powder, on the other hand, it was chosen to incorporate only different 
amounts of Ag and MoS2, with an unmodified iron-based cladding being additionally 
prepared as the reference alloy. 

Power densities and energy inputs during laser cladding could be calculated from the laser 
power, beam size and scanning speed chosen for the preparation of each coating listed in 
Table 2. In particular, they were found to be respectively in the 65-80 W/mm² and 7-10 
J/mm³ ranges for all of the nickel-based claddings, and 40-50 W/mm² and 6-8 J/mm³ for 
the iron-based ones. 
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Table 2: Solid lubricant content for the deposited coatings 

Claddings Solid lubricant content (wt.%) RT hardness 
[HV1] 

 Ag Cu MoS2 WS2  

Ni – Reference 0 0 0 0 356 ± 11 

10 MoS2 0 0 10 0 409 ± 6 

3 Ag – 10 MoS2 3 0 10 0 399 ± 16 

5 Ag – 10 MoS2 5 0 10 0 386 ± 37 

10 Ag – 10 MoS2 10 0 10 0 395 ± 13 

15 Ag – 10 MoS2 15 0 10 0 393 ± 4 

10 Ag – 15 MoS2 10 0 15 0 407 ± 10 

10 WS2 0 0 0 10 391 ± 5 

5 Ag – 10 WS2 5 0 0 10 394 ± 8 

10 Cu – 10 MoS2 0 10 10 0 359 ± 6 

Fe – Reference 0 0 0 0 535 ± 6 

Fe – 5 Ag – 5 MoS2 5 0 5 0 500 ± 16 

Fe – 5 Ag – 10 MoS2 5 0 10 0 542 ± 30 

 

 

3.3. Testing methods 

� Hot hardness measurements 

Hardness at high temperatures is a relevant property in high temperature tribology as it is 
related to both the yield strength and wear resistance of metallic alloys. For the present 
work, the hot hardness of three of the deposited nickel-based laser claddings  
(Ni – Reference, 10 MoS2 and 5 Ag – 10 MoS2) has been measured using a test rig 
developed at the Austrian Center of Competence for Tribology (AC2T research GmbH), 
shown in Figure 5 and described in further detail in [152]. Vickers indentation tests 
(HV10) were performed at RT, 150, 300, 400, 500 and 600°C, within the temperature 
range chosen for friction and wear testing of the laser claddings. The testing chamber was 
kept under low vacuum conditions (5 mbar) to protect the diamond indenter from 
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oxidation. Three indentations were made for each temperature, and to ensure the 
repeatability of the results the hot hardness measurements were performed on two 
different samples for each material. 

 

Figure 5: Schematics of the HT hardness tester, taken from [152] 

 

� High temperature oxidation tests 

For Paper B, HT oxidation tests were performed in order to obtain further information on 
the behaviour of the Ni-based laser claddings at high temperatures, including oxidation 
rates, their thermal stability and the diffusion of silver to the sample surface, a process 
that has been reported to lead to lubricant depletion [88] as well as to the collapse of the 
coating due to increased porosity [153]. To this end, samples of both the unmodified 
nickel-based alloy and 5 Ag – 10 MoS2 were heated up to 600°C in an induction furnace 
for 48 and 100 hours, and further characterisation of the tested samples was done by 
means of optical microscopy and SEM/EDS with an emphasis on the resulting 
microstructure and the chemical composition of the oxide layer. 

 

� X-ray diffraction 

XRD analysis was performed on as-deposited samples of the Ni – Reference alloy,  
10 MoS2, 5 Ag – 10 MoS2, 10 WS2, 5 Ag – 10 WS2 and 10 Cu – 10 MoS2 claddings. To 
this end, a multipurpose diffractometer was used (Empyrean, PANalytical) with a copper 
X-ray tube (� = 0.154056 nm). The scan range was set between 25 and 70° as all the 
relevant phases can be found in this interval, while the voltage and tube current were 
adjusted to 40 kV and 40 mA respectively. Additionally, a primary low background optics 
with a fixed divergence slit was used in the Bragg-Brentano geometry. 
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� Reciprocating sliding friction and wear tests  

Experiments in papers C, D, F and G were performed using an Optimol SRV friction and 
wear tester. The test setup is shown in Figure 6. An upper counter body sample was loaded 
against a stationary hardfacing sample by means of a servo motor during the test. The 
loaded upper sample oscillated by means of an electromagnetic drive against the lower 
flat sample, which could be heated resistively up to nominal temperatures of 900°C. 
Actual temperatures on the sample surface were measured using a thermocouple. More 
details about the testing device can be found in [148,154].  

For the initial series of tests 10 MoS2, 5 Ag – 10 MoS2, 10 WS2, 5 Ag – 10 WS2 and  
10 Cu – 10 MoS2 were chosen in addition to the Ni – Reference alloy. The silver content 
was set to 5 wt.% as it had previously been observed to be optimum in terms of the 
resulting microstructure. In addition to compare the tribological behaviour of the self-
lubricating claddings with the Ni-reference alloy, the tests were designed to cast further 
light into the differences between MoS2 and WS2 additions, the role of silver and the 
effectiveness of copper as a lubricating soft metal at HT.  

Cladding samples were machined to a size of 12.6 x 12.6 x 4.7 mm³ and manually ground 
using grit 360 and grit 600 SiC abrasive paper, rotating the samples during the last step 
to remove any directionality in the observed surface topography. The resulting Ra 
roughness was measured using a Zygo New View 7300 3D optical profiler and was found 
to be in the 0.1-0.2 μm range for all of the chosen claddings. All specimens were 
ultrasonically cleaned in petroleum ether and rinsed with acetone before and after testing. 

The reciprocating frequency and stroke were chosen so that the average sliding speed for 
all of the tests was 0.1 m/s, within the range reported for metal forming applications. It 
must be noted that sliding velocities in the 0.001 to 0.1 m/s have been mentioned in the 
available literature for the lab-scale simulation of forming processes like hot-stamping 
[38,147,155], peaking at 1 m/s in bending regions [156]. The following counter body 
configurations, with different contact pressures during testing, were chosen:  

 

Figure 6: SRV testing configuration 
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• Ball-on-flat – AISI 52100 bearing steel counter body 

For this series of tests, self-lubricating claddings were tested against commercial AISI 
52100 bearing steel balls with a diameter of 10 mm. The applied normal load was set to 
50 N as it was observed to lead to a more stable tribological behaviour of the samples 
during preliminary testing. Estimated maximum contact pressures, assuming a Hertzian 
contact and no wear to the bearing ball counter body, were calculated to be 1691 MPa, 
by treating the thick coating as a bulk material. The chosen parameters for ball-on-flat 
tests are summarised in Table 3. 

 

Table 3: Test parameters chosen for the HT reciprocating tests against AISI 52100 ball 
bearings 

Test parameters Reciprocating ball-on-flat 

Load [N] 50 

Sample temperature [°C] RT, 150, 300, 400, 600 

Stroke length [mm] 2 

Frequency [Hz] 25 

Duration [s] 900 

 

• Flat pin-on-flat – AISI 52100 bearing steel counter body 

In this case, flat pins with a diameter of 2 mm were used as counter bodies. They were 
manufactured from commercial needle rollers, with the resulting edges being manually 
ground with grit 600 sandpaper to reduce the onset of edge effect and indentation during 
testing. The reciprocating flat-to-flat contact was expected to lead to a tribological 
behaviour closer to forming processes in terms of contact pressure compared to the 
previously described ball-on-flat. However, in this case the wear debris can stay in the 
contact region for multiple cycles [157], potentially being the source for increased three-
body abrasion or tribolayer formation. 

As in the previous case, AISI 52100 steel was chosen as the counter body material, and 
the stroke was increased in order to reduce as much as possible the diameter-to-stroke 
ratio and thus maximise the fraction of the wear scar not in contact with the pin in any 
given moment, to be closer to previous tests against ball (Hertz contact). In order to fix 
the average sliding speed to 0.1 m/s the reciprocating frequency was reduced to 12.5 Hz. 

The applied load was set to 50 N to ensure a stable contact between cladding samples and 
the counter body, leading to a calculated pressure during flat pin testing of 16 MPa. This 
value was found to be close to the pressure range between 1 and 10 MPa characteristic of 
hot stamping processes [156]. Although contact stresses have been reported to peak at 
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~100 MPa in bending regions, the maximum values found in the available literature for 
the lab-scale simulation of hot stamping were found to be lower than 30 MPa 
[43,155,158–160], in line with the contact pressure chosen for this series of HT tests. The 
chosen testing parameters for this series are summarised in Table 4. 

For this series of tests, the iron-based Fe – 5 Ag – 10 MoS2 and the Fe – Reference alloy 
were also tested, in order to compare their tribological behaviour with their nickel-based 
counterparts. Their as-ground Ra roughnesses were measured to be (0.18 ± 0.06) μm and 
(0.07 ± 0.02) μm respectively, slightly lower than the values found for the nickel-based 
alloys and attributed to their higher hardness and thus abrasion resistance during manual 
grinding of the samples. Their tribological behaviour is described in further detail in  
Paper G. 

Table 4: Test parameters chosen for the HT reciprocating tests against AISI 52100 flat pins 

Test parameters Reciprocating flat pin-on-flat 

Load [N] 50 

Sample temperature [°C] RT, 400, 600 

Stroke length [mm] 4 

Frequency [Hz] 12.5 

Duration [s] 900 

 

• Flat pin-on-flat – AA6082 counter body 

A series of reciprocating tests were also performed using the aluminium alloy AA6082 
as the counter body, in an effort to simulate the tribological properties prevalent during 
the hot stamping of aluminium, a topic which is gaining attention recently in the 
automotive industry. This aluminium grade was chosen in particular as heat-treatable 
alloys from series 6xxx are well-known in car manufacturing [161]. This series of tests is 
described in detail in paper F.  

In this case, the load was reduced to 20 N, leading to a contact pressure of 6 MPa. The 
chosen stroke length, 4 mm, and the reciprocating frequency of 5 Hz led to a sliding speed 
of 0.04 m/s. The lower sample temperature was set to 300°C as adhesion in aluminium 
tribotesting has been reported to be important above 150°C [70]. It must be noted that 
these values were chosen in order to be as close as possible to the parameters reported by 
Ghiotti et al. for the hot stamping of aluminium [68]. Attempts to increase the temperature 
to higher values were met with exceedingly severe friction forces beyond the values 
recommended for the test rig. The test parameters are summarised in Table 5. 

The counter body pins had a diameter of 2 mm and were manufactured from the 
aluminium-based AA6082-T6 alloy. This material has a chemical composition of  
0.4-1.0 Mn, 0.6-1.2 Mg, 0.7-1.3 Si, balance Al (in wt.%), and it was used as-delivered, 
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solution heat-treated and artificially aged with a measured hardness of (116 ± 4) HV1. 
The as-delivered microstructure is shown in Figure 7, with Fe/Mn/Si-based intermetallics 
spread through the Al-based matrix of the alloy. 

Table 5: Test parameters chosen for the HT reciprocating tests against AA6082 flat pins 

Test parameters Reciprocating flat pin-on-flat 

Load [N] 20 

Sample temperature [°C] 300 

Stroke length [mm] 4 

Frequency [Hz] 5 

Duration [s] 1800 

 

 

Figure 7: EDS mapping performed on a cross section of the as-delivered AA6082-T6 
alloy 

In the context of hot stamping operations of aluminium, the available literature has shown 
that the dry forming of the AA6082 alloy at HT leads often to unacceptable damage to 
the finished work piece. As reported by Dong et al. [162], the addition of external 
lubricants will be necessary for the process even when using self-lubricating coatings, 
although potentially decreasing the required amount of lubricant. Taking the previous into 
account, for this series of tests the cladding samples were coated using the commercial 
grade Molykote D-55 lubricant (Dow Corning), as it has shown significant potential for 
its use in aluminium forming applications. Delivered in powder form, this lubricant 
includes two well-known solid lubricants such as graphite and CaF2, as detailed by the 
supplier. In particular, the former is known to decrease the contact severity against 
aluminium [163] while the latter can provide effective lubrication up to temperatures of 
600°C and even beyond [138]. As the adhesion of such lubricants is generally considered 
to depend on the sample roughness, a different sample grinding procedure was performed 
this time on the flat samples to be tested against aluminium-based pins. 

For this series of tests, samples of the hot work tool steel grade 1.2367 could be used as 
the reference material, as this alloy is widely used in the manufacture of dies for press 
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hardening applications [164]. Figure 8 shows the resulting martensitic microstructure 
after a two-step heat treatment (1 hour at 530°C and 1.5 hours at 490°C), with a resulting 
hardness of (615 ± 11) HV10. In addition to the nickel-based 5 Ag – 10 MoS2, an 
optimised iron-based self-lubricating cladding with a decreased MoS2-content was used, 
Fe – 5 Ag – 5 MoS2 , as it was observed to lead to an improved microstructure compared 
to Fe – 5 Ag – 10 MoS2. 

 

Figure 8: Microstructure of the heat-treated 1.2367 tool steel, as seen by a) optical 
microscopy and b) SEM 

An unidirectional manual grinding with grit 360 SiC abrasive paper was performed for 
all of the chosen materials, with resulting Ra roughnesses of (0.23 ± 0.05) μm for the 
nickel-based cladding 5 Ag – 10 MoS2, (0.14 ± 0.02) μm for the iron-based  
Fe – 5 Ag – 5 MoS2 and (0.09 ± 0.02) μm for the grade 1.2367 tool steel used as the 
reference material for testing against aluminium-based counter bodies.  

The Molykote D-55 lubricant was mixed with a commercial-grade epoxy glue binder and 
acetone. The paste was prepared by first dissolving 10 wt.% binder in 80 wt.% acetone, 
then mixing it with 10 wt.% Molykote D-55 powder. The resulting paste was applied to 
the samples’ surface by spraying, and a further curing step was performed in a furnace at 
180°C for a duration of 15 minutes. The measured average thickness of the resulting 
lubricant layers was (80 ± 20) μm for 5 Ag – 10 MoS2, (60 ± 30) μm for  
Fe – 5 Ag – 5 MoS2 and (70 ± 20) μm for the reference hot work tool steel, while its 
average Ra roughness was (1.01 ± 0.08) μm. 

 

� High temperature unidirectional sliding tests 

For the tests reported in Paper B, ring samples with an external diameter of 90 mm were 
cladded with 10 MoS2, 5 Ag – MoS2 and the Ni – Reference alloy, to be tested under 
sliding conditions close to metal forming applications. The solid lubricants Ag and MoS2 
were chosen in this case as they were considered to be the most cost-effective in this study. 
The samples were loaded against three equi-spaced pins and rotated during testing. The 
testing configuration is shown in Figure 9. Three cylindrical flat pins (Ø4 x 12 mm) were 
used as the counter bodies for each test, made of the same AISI 52100 bearing steel grade 
used for the previously described HT reciprocating tests. Ground edges were expected to 
reduce the indentation effect when in contact with the surface of the claddings. Test 
parameters are summarised in Table 6. The rotation speed was chosen so that sliding 
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speeds were similar to those found during previous HT reciprocating tests, and 
representative of metal forming applications (27 rpm, equivalent to 0.1 m/s). The applied 
load was chosen so that it led to a contact pressure of 6 MPa, within the range reported 
for hot stamping, while at the same time ensuring that frictional torque would not exceed 
the limits allowable for the test rig. 

 

Figure 9: a) Overview of the test chamber and b) configuration for the HT 
unidirectional sliding tests 

The ring samples were ground and ultrasonically cleaned in ethanol prior to and after 
testing. The resulting roughnesses were (0.37 ± 0.07) μm for the reference alloy,  
(0.27 ± 0.04) for 10 MoS2 and (0.29 ± 0.04) μm for 5 Ag – 10 MoS2. Two repetitions 
were performed for each of the chosen temperatures (RT and 600°C). Further details 
about the test rig, including the sample heating procedure, can be found in [165]. 

Table 6: Test parameters chosen for the HT sliding tests against AISI 52100 flat pins 

Test parameters Sliding flat pin-on-flat 

Load [N] 225 

Sample temperature [°C] RT, 600 

Rotational speed [rpm] 27 

Duration [s] 900 

 

 

� High Temperature Tribometer 

In paper E, the results of a series of tests performed using the High Temperature 
Tribometer rig developed by the Luleå University of Technology have been reported. 
This test rig has been described in further detail by Mozgovoy et al. (2018) [166], and it 
is designed to simulate in lab-scale the mechanisms taking place during hot stamping, 
using an open configuration by which the tool samples are in contact with fresh counter 
body material only, unlike other configurations such as pin-on-disc. This was expected to 
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lead to a more severe contact although with friction and wear results closer to these found 
in hot forming applications. 

The schematic of this tribometer is given in Figure 10. Under this configuration, two flat 
pins were used in order to simulate the tool, and pneumatically loaded against the work 
piece sample during HT testing. For this series of tests, the three different nickel-based 
claddings Ni – Reference, 10 MoS2 and 5 Ag – 10 MoS2 were deposited on a stainless 
steel plate. The pins were subsequently machined by means of wire electrical discharge, 
resulting in a square section of 10 x 10 mm² and a height of 20 mm. The edges of the pins 
were additionally rounded with a radius of 1 mm in order to prevent the onset of edge 
effect, resulting in a flat surface of 64 mm². In order to control the roughness of the tool 
samples, the pins were manually ground with grit 360 and 600 SiC abrasive papers, 
rotating them during the last step to remove any directionality in the resulting surface. 
The pins were subsequently cleaned ultrasonically in petroleum ether and rinsed with 
acetone. Roughness Ra prior to testing was measured by means of a Zygo New View 7300 
3D optical profiler, which turned out to be (0.14 ± 0.02) μm for the reference,  
(0.18 ± 0.03) μm for 10 MoS2 and (0.20 ± 0.04) μm for 5 Ag – 10 MoS2.  

As for the counter body, Al-Si-coated 22MnB5 boron steel strips with 1.5 mm thickness, 
15 mm width and a total length of 1000 mm were chosen for testing against the nickel-
based claddings. The counter body strips could be heated to temperatures above 900°C 
with high heating rates by means of the Joule effect. The temperature of the strip was 
monitored by means of a pyrometer. As for the roughness prior to testing, an Ra of  
(0.90 ± 0.18) μm has been reported for Al-Si-coated 22MnB5 boron steel strips in the as-
delivered state by Mozgovoy et al. [166]. 

 

Figure 10: a) Test rig overview and b) configuration for the HT open configuration sliding tests 

The 22MnB5 counter body strips were delivered with a hot-dipped protective Al-Si 
coating, in order to protect them from scale formation and decarburisation at HT. The 
microstructure of the coating in the as-delivered condition is shown in Figure 11, and its 
chemical characterisation by means of EDS is given in Table 7. The bulk of the coating 
consisted of a mixture of aluminium and silicon (spot A) [167], slightly oxidised due to 
the high temperatures of the hot dipping process. A transition layer (spot B) to the steel 
substrate (spot C) could also be observed, whose composition was interestingly similar 
to the intermetallic Fe2SiAl7 described in the available literature [45,168]. 
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Figure 11: Microstructure of the as-delivered Al-Si protective coating on a 22MnB5 strip, 
as seen by SEM 

Table 7: Chemical composition as measured by EDS of the spots marked in Figure 11 

Spot 
Chemical composition (at.%) 

Al Si Mn Fe Cr O 

A 93.2 2.9    4.8 

B 68.6 8.2  23.2   

C  0.6 1.2 97.6 0.6  

 

In order to obtain a microstructure of the Al-Si-based protective coating as close as 
possible as in the hot stamping of UHSS, a heat treatment sequence was performed on 
each 22MnB5 strip prior to sliding which was previously observed to lead to the 
formation of intermetallics similar to those described in the available literature for hot 
stamping applications [169], as these compounds are highly influential in wear and 
galling. In this case, after isolating the pins form the hot counter body with alumina plates, 
the following heating sequence was performed for each strip: 

� 4 minutes under constant voltage resulting in a temperature of 600°C 

� 2 minutes under constant voltage resulting in a temperature of 700°C 

� 30 seconds under constant voltage resulting in a temperature of 920°C 

After the heat treatment step, the strips were let to cool to 700°C as this temperature is 
considered to be representative of the conditions experienced by the work piece during 
the forming step in hot stamping [170,171]. The heating sequence applied on the coated 
boron steel counter bodies is summarised in Figure 12. 
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Figure 12: Outline of the heating sequence used on the Al-Si-coated 22MnB5 counter bodies for 
High Temperature Tribometer testing 

The cladded pins were subsequently loaded against the HT counter body and slid along 
its surface for a distance of 500 mm. After releasing the pins from the counter body, the 
worn strip was blast-air cooled and subsequently replaced by a new, unworn one. In this 
case, each counter body strip was used once, to ensure that the whole testing is performed 
against fresh counter body material, as in metal forming applications like hot stamping. 

For this series of tests, each pair of flat pins was made to slide consecutively against five 
coated 22MnB5 steel strips, for a total distance of 2.5 m. Additionally, two sets of pins 
were tested for each of the cladding materials to ensure the repeatability of the results. 

The sliding speed was set to 0.1 m/s and the normal load was adjusted to 640 N, with a 
resulting contact stress of 10 MPa. The chosen speed and pressure were in the ranges 
reported respectively in [170] and [155] for the lab-scale simulation of the hot stamping 
of UHSS. The complete set of testing parameters chosen for this series of tests are listed 
in Table 8. 

Table 8: Parameters used for HT open configuration sliding tests 

Test parameters Open configuration sliding 

Load [N] 640 

Initial pin temperature [°C] RT 

Strip temperature [°C] 700 

Sliding speed [m/s] 0.1 

Pin material 
Ni – Reference 
10 MoS2 
5 Ag – 10 MoS2 

Strip material Al-Si-coated 22MnB5 

Number of strips 5 
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Chapter 4 
4. Results and discussion 

 

4.1. Microstructure and composition of the as-deposited claddings 

The microstructures of the as-deposited nickel-based laser claddings are shown in  
Figure 13, as observed by means of optical microscopy performed on cross sections. The 
nickel-based reference alloy showed a dendritic microstructure (Figure 13a) which was 
also observed in all of the self-lubricating claddings deposited using NiCrSiB as the base 
powder. The coating with the addition of 10 wt.% MoS2 showed an additional darker 
second phase, finely distributed all over its microstructure and with an approximate size 
smaller than 5 μm (Figure 13b). This was similarly observed for the coating labelled  
10 WS2 (Figure 13h) and linked to the addition of transition metal dichalcogenides to the 
powder mixture used for laser cladding. 

The addition of silver to the MoS2-containing base powder led to the formation of an 
additional phase in the form of bright inclusions as it can see in Figure 13c-g. The 
inclusions were assumed to be mostly silver, and were found to be more abundant and 
have larger sizes when the silver content was increased to 5 wt.%. Additionally, most of 
them were surrounded by the dark phase, leading to a uniform distribution of them 
through the thickness of the as-deposited claddings, especially for 3 Ag – 10 MoS2 and  
5 Ag – 10 MoS2. This encapsulation mechanism was also observed by SEM/EDS and 
will be discussed in further detail. 

Interestingly, increasing the silver content in the precursor powder above 5 wt.% showed 
worsened results in terms of the retained fraction of Ag. As shown in Figure 13e,  
10 Ag – 10 MoS2 had a markedly smaller silver content than its counterpart with  
5 wt.% Ag (Figure 13d), with inclusions less abundant and also smaller than 10 μm. 
Further increases in silver were observed to be ineffective: the microstructure of  
15 Ag – 10 MoS2 (Figure 13f) showed a slightly higher density of silver-like inclusions, 
but as in the previous case no larger than 10 μm. It is also interesting to note that the large 
agglomerates of the dark phase containing bright inclusions seen for lower silver contents 
(Figure 13d, for instance) could not be observed in 15 Ag – 10 MoS2. Increasing the 
fraction of molybdenum disulfide, as in 10 Ag – 15 MoS2, was found also not to be 
beneficial for the microstructure, as the retention of silver during laser cladding was low, 
with most of the bright particles observed being smaller than 10 μm. However, the 
formation of some agglomerates larger than 50 μm, containing silver-like particles with 
sizes occasionally close to 20 μm could be attested (Figure 13g).  

In any case, the detrimental effect of increased silver has not been satisfactorily explained 
so far. Ag contents above 5 wt.% apparently decreased the efficiency of the encapsulation 
mechanism described earlier. Because of this, most of the inclusions would float to the 
melt pool surface before solidification, only to be ground away during sample preparation. 
This is however a counter-intuitive behaviour, as it must be noted here that the density of 
molten silver is higher than that of molten nickel [172,173]. However, other mechanisms 
could play a role here, like Marangoni convection, which is related to gradients in surface 
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tension within the melt pool and has been additionally reported to be influenced by the 
addition of small amounts of sulfur, leading to a downwards flow from the melt pool 
surface [174,175]. It is expected that this mechanism would be the source of the silver 
retention observed after the addition of sulfur-containing MoS2. 

The addition of WS2 led to microstructures similar to those observed for the MoS2-
containing claddings. A finely distributed darker phase could be seen for both 10 WS2 
and 5 Ag – 10 WS2 (Figure 13h and Figure 13i), with bright inclusions surrounded by the 
dark phase for the silver-containing coating. However, it must be noted that the addition 
of WS2 led to a higher density of defects like pores and cracks in the resulting claddings. 
This behaviour has been attributed to the high absorptivity of laser radiation characteristic 
of tungsten over a broad temperature range [176], leading to an increased energy input 
during deposition and thus expected to influence the microstructure of the resulting WS2-
claddings. 

In view of the observed high retention of silver and the uniform distribution of solid 
lubricants throughout the coating, the addition of 5 wt.% Ag to the base powder was 
considered to be optimum for both choices of TMDs, MoS2 and WS2. Additionally, the 
comparatively high amount of retained silver would contribute to increased thermal 
conductivity of the resulting claddings, which would be beneficial during hot stamping 
as it can improve quenching and ensure the mechanical strength of the finished product.  

 



37 
 

 

Figure 13: Microstructure of the as-deposited nickel-based hardfacings, as seen by optical 
microscopy for a) the Ni-reference alloy, and the self-lubricating hardfacings: b) 10 MoS2,  

c) 3 Ag – 10 MoS2, d) 5 Ag – 10 MoS2, e) 10 Ag – 10 MoS2, f) 15 Ag – 10 MoS2,  
g) 10 Ag – 15 MoS2, h) 10 WS2, i) 5 Ag – 10 WS2 and j) 10 Cu – 10 MoS2 
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Figure 14: SEM overviews of a) the as-deposited 5 Ag – 10 MoS2 with b,c) details thereof, in 
addition to d) 5 Ag – 10 WS2, with detailed views of e) an encapsulated particle and  

f) the interface with the substrate 
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Figure 15: EDS mapping of an encapsulated silver inclusions found in the as-deposited  
5 Ag – 10 MoS2 

The microstructure of 5 Ag – 10 MoS2 was examined in further detail by SEM, as seen 
in Figure 14a-c. The bright inclusions, considered to be silver-rich, were encapsulated by 
large amounts of the darker phase. A further detailed SEM view of one such agglomerate 
is shown in Figure 15, including an element mapping. Further chemical characterisation 
was performed by means of EDS, and the results are summarised in Table 9. 

Table 9: Chemical composition in at.% as seen by EDS for the spots marked in Figure 14  
(5 Ag – 10 MoS2 and 5 Ag – 10 WS2) 

Spot 
Chemical composition (at.%) 

Ni Ag Cr S Mo W Fe Al Si 

A 0.9 98.2 0.6 0.3 
     

B 4.6 
 

61.2 34.2 
     

C 13.7 
 

0.9 1.2 83.0 
 

1.1 
 

0.1 

D 49.0 16.1  35.0      

E 
 

100.0 
       

F 5.9 
 

40.2 53.8 
     

G 80.6 
 

3.9 
  

6.6 6.4 2.5 
 

H 32.8   28.6 1.7   17.1 19.9     
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The spot labelled A turned out to be, as expected, a silver inclusion (> 98 at.%). Spot B, 
corresponding to the darker phase encapsulating the silver particles as seen in Figure 14b 
and Figure 15, was found to be composed of chromium sulfides. This family of chemical 
compounds has been reported to form as by-products of the thermal degradation of TMDs 
during laser cladding [136,140]. They also have been described as potential solid 
lubricants, as it will be discussed further. 

The bright, unencapsulated particle marked C in Figure 14b had a molybdenum content 
in excess of 80 at.% and was considered to be a Mo-based phase such as a carbide or a 
M23(B,C)6-carboboride, as the latter has been reported to form in boron low-alloy steels 
after melting processes [177]. Spot D in Figure 14c showed an elemental composition 
compatible with nickel sulfide. 

As it could already be observed by means of optical microscopy, the substitution of MoS2 
by WS2 led to a markedly similar microstructure with silver-like inclusions (Figure 14d) 
distributed all over the microstructure of the coating. SEM imaging showed a similar 
encapsulation of silver particles taking place for 5 Ag – 10 WS2 (spot E, Figure 14e). This 
mechanism was again related to chromium sulfides formed at HT from TMDs, this time 
from WS2 (spot F, Table 9). However, in this case larger inclusions reaching up to  
~50 μm could be observed, surrounded by a lesser amount of chromium sulfides 
compared to 5 Ag – 10 MoS2. Following the decomposition of WS2 during cladding, 
tungsten could be detected dissolved in the matrix (spot G in Table 9). Interestingly, 
bright particles could also be observed at the interface with the stainless steel substrate 
(Figure 14f), with a high tungsten content as measured by means of EDS (spot H in  
Table 9). They were assumed to be tungsten carbides sinking to the bottom of the melt 
pool during the cladding process due to their high density. 

 

Figure 16: a) Microstructure of the as-deposited 10 Cu – 10 MoS2, as seen by SEM, with  
b) a detailed view of the different phases observed 

The substitution of silver by copper, as in 10 Cu – 10 MoS2, led similarly to the formation 
of a dark second phase uniformly distributed, although in this case no brighter inclusions 
could be observed as in silver-containing claddings. The darker phase was also seen to 
coalesce during preparation forming large aggregates, with sizes up to 50 μm (Figure 13j). 
Microstructure and chemical characterisation by means of SEM/EDS was additionally 
performed for 10 Cu – 10 MoS2, as shown in Figure 16. As previously observed, the 
decomposition of MoS2 led to the formation of chromium sulfides (spot A in Table 10), 
and additional molybdenum-rich particles (spot B in Table 10) possibly molybdenum 
carbides or carboborides. Interestingly, these molybdenum-based particles were observed 
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to be significantly oxidised after sample preparation, a fact which has not been so far 
satisfactorily explained.  

As previously mentioned, no copper-rich second phase was present in 10 Cu – 10 MoS2, 
unlike to what has been described for its silver-containing counterparts. Copper was 
found to be dissolved both in the matrix and in the chromium sulfides all over the 
microstructure, with concentrations close to 10 at.% as measured in spots A and C. 

Table 10: Chemical composition in at.% as seen by EDS for the spots marked in Figure 16b for 
10 Cu – 10 MoS2 

Spot 
Chemical composition (at.%) 

Ni Fe Cu Cr Mo S Si  Al O 

A 24.8 10.5 19.2 5.9 38.5 1.2 

B 7.4 
  

3.3 63.0 
   

26.2 

C 70.7 2.4 10.7 1.6 3.8   6.7 4.0   

 

The observed formation of silver-rich inclusions in claddings like 5 Ag – 10 MoS2 and  
5 Ag – 10 WS2 was attributed to the low solubility of silver and nickel. This binary system 
segregates at temperatures above the melting point into two immiscible liquid phases  
(L � L1 + L2) [178], a behaviour which was expected to lead to the formation of spherical 
silver particles during the cooling of the melt. However, this mechanism could not take 
place during the deposition of 10 Cu – 10 MoS2, as the Ni-Cu binary system behaves 
differently at HT. According to [179] no liquid phase separation of both elements takes 
place as in Ni-Ag systems. Thus, during preparation of 10 Cu – 10 MoS2, copper 
dissolved in the nickel-based matrix and the chromium sulfides instead of precipitating 
into a new phase. 

As for the Fe-based claddings prepared for the present study, their microstructures are 
given in Figure 17. The Fe – Reference base alloy showed a martensitic microstructure 
after etching (Figure 17a), being the source of its higher hardness compared to the  
Ni-based claddings. As in previous cases, the incorporation of solid lubricants like Ag 
and MoS2 led to the formation of a dark phase through the entire thickness of the coating 
for both iron-based self-lubricating claddings, with bright particles encapsulated by it 
(Figure 17b-d).  

In order to gain further information about their microstructure and chemical composition, 
the as-deposited Fe – 5 Ag – 10 MoS2 was further studied by means of SEM/EDS, as 
shown in Figure 18. As similarly observed for the Ni-based self-lubricating claddings, the 
brighter phases were silver-based inclusions (spot A in Table 11). As in the previous case, 
a miscibility gap with two different liquid phases at HT has been reported for the Fe-Ag 
system [179], likely being the source for the formation of the observed silver-based 
inclusions. The darker phases were found to be chromium sulfides arising from the 
thermal degradation of MoS2 during coating preparation (spot B in Table 11). 
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Interestingly, the cladding matrix (spot C in Table 11) showed a low chromium content 
of 10 at.%, suggesting its depletion during to the formation of chromium sulfides. 
Additionally, an EDS mapping of one such aggregate found in the as-deposited  
Fe – 5 Ag – 5 MoS2 is given in Figure 19. 

 

Figure 17: Microstructure of the as-deposited iron-based claddings, as seen by optical 
microscopy: a) Fe – Reference, after chemical etching, and the self-lubricating  

b) Fe – 5 Ag – 5 MoS2 and c,d) Fe – 5 Ag – 10 MoS2 

 

 

Figure 18: a) SEM overview of a cross section of the self-lubricating cladding  
Fe – 5 Ag – 10 MoS2, with b) a detailed view of one of the observed aggregates 
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Table 11: Composition as measured by EDS of the spots marked in Figure 18b 

Spot 
Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag 

A       100.0 

B 6.0   54.8 37.4  1.9 

C 83.9 1.6 4.5 10.0  0.8  

 

 

Figure 19: EDS mapping performed on a cross section of the as-deposited  
Fe – 5 Ag – 5 MoS2 

The hardness at RT for all of the prepared claddings is additionally listed in Table 2. The 
incorporation of TMDs like MoS2 and WS2 led in the majority of the cases to a significant 
hardness increase compared to the Ni-based reference alloy, with measured hardness 
values close to 400 HV1. This could be related to the formation of harder carbides from 
thermal degradation of TMDs during cladding, or even to solution hardening of the matrix 
by means of dissolved molybdenum or tungsten. Interestingly, no similar hardness 
increases could be observed for 10 Cu – 10 MoS2 despite its significant TMD content. 
The iron-based claddings also showed higher friction than their nickel-based counterparts 
in the 500 to 540 HV1 range due to their high-strength martensitic microstructure, 
although interestingly, no evidence of solid solution hardening could be observed this 
time. 
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� XRD results 

 

Figure 20: XRD spectra as measured for the as-deposited Ni – Reference alloy,  
10 MoS2 and 5 Ag – 10 MoS2 laser claddings 

 

Figure 21: XRD spectra as measured for the as-deposited 10 WS2, 5 Ag – 10 WS2 and  
10 Cu – 10 MoS2 laser claddings  

As shown in Figure 20, the main crystallographic phases for the Ni-based reference 
material were found to be borides such as Ni2B and Ni3B, in addition to a nickel-based 
solid solution. The addition of MoS2 led to the formation of new phases for both 10 MoS2 
and 5 Ag – 10 MoS2 claddings due to its thermal degradation, such as Mo3S4 and Cr3S4. 
The latter has in particular been described in the available literature as an effective solid 
lubricant up to temperatures of 600°C [180], with a crystal structure similar to the layered 
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CdI2, as shown in Figure 22 [181]. It is conceivable that the weak van der Waals S-S 
bonds arising from chromium vacancies can lead to decreased shearing strength for Cr3S4 
and a lubrication mechanism similar to that described for TMDs. 

 

Figure 22: Crystal structure of Cr3S4, as proposed by Colgan et al. in [181], with small circles 
representing chromium atoms and the large open ones sulfur 

Additional phases arising from the thermal decomposition of MoS2 could be identified 
for both self-lubricating claddings, such as MoC. The formation of other molybdenum 
carbides like Mo2C has been reported recently by Wang et al. [182] for laser claddings 
with the addition of Mo-based compounds. However, in the present case such carbides 
could not be unambiguously identified due to the overlapping of their diffraction peaks 
with other phases present in the claddings. Additionally, the addition of silver to  
5 Ag – 10 MoS2 led to the detection of metallic silver, as previously confirmed by means 
of EDS. 

The XRD results for both WS2-containing claddings are shown in Figure 21. As in 
previous cases, the formation of Cr3S4 from the thermal degradation of TMDs could be 
confirmed. However, unlike MoS2-based claddings, no relevant carbide formation could 
be observed either for 10 WS2 or 5 Ag – 10 WS2, as tungsten carbides were expected to 
sink to the bottom of the melt pool and thus being out of reach by the incident X-ray beam 
during XRD analysis. Additional silver peaks could also be observed for 5 Ag – 10 WS2. 

Finally, the cladding 10 Cu – 10 MoS2 showed relevant microstructural differences with 
the previous ones. The non-lubricous Mo3S4 could be identified as in previous MoS2-
containing claddings, but in this case the sulfide arising from the thermal decomposition 
of MoS2 turned out to be CuCrS2 (Figure 21). Additionally, strong peaks corresponding 
to molybdenum carbides such as MoC could be detected. This was in accordance with 
the observation of a high density of molybdenum-based second phases by means of 
SEM/EDS (see Figure 16). 

Interestingly, several peaks compatible with the nickel-based sulfide NiS as described in 
[183] could be observed for the TMD-containing claddings, although the presence of such 
sulfide could not unequivocally be ascertained since the main peaks overlapped with 
those corresponding to Cr3S4 (like the ones around 30°, 35° and 53.5°) or with Ni3B (like 
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the one at 46°). The presence of such a compound, arising from the thermal degradation 
of MoS2 or WS2, could not be confirmed by means of XRD analysis. 

 

� Hot hardness measurements 

 

Figure 23: Hot hardness results up to 600°C for the Ni – Reference alloy, 10 MoS2 and  
5 Ag – 10 MoS2 

High temperature hardness results for the Ni-based reference alloy in addition to 10 MoS2 
and 5 Ag – 10 MoS2 are shown in Figure 23. The unmodified nickel-based alloy 
experienced an almost linear softening up to the maximum testing temperature, from  
350 HV10 at RT to 292 HV10 at 600°C. No transition to a faster softening regime has 
been observed in this temperature range, unlike to what has been described in the 
available literature for different steel grades [27]. This suggests that the reference 
NiCrSiB alloy may have a higher resistance against HT softening than commonly used 
iron-based alloys. 

10 MoS2 showed slightly higher hardness than the reference from RT up to temperatures 
of 400°C, with a maximum increase of 50 HV10 compared to the reference being 
observed at 150°C. This could be related to either the observed molybdenum carbide 
phases formed during deposition or to the molybdenum dissolved in the matrix. 

The cladding 5 Ag – 10 MoS2, on the other hand, showed a lower hardness increase 
compared to the reference material, which may be due to the incorporation of softer silver 
to the resulting composite. Higher standard deviations were also observed in this case 
compared to 10 MoS2, which may be attributed to the indentation of silver inclusions 
distributed randomly over the coating during HT hardness testing. Additionally, the 
increase in HT hardness of both self-lubricating laser claddings with the addition of MoS2 
could been attributed to the MoC-phases already identified by means of XRD 
measurements (Figure 20), or even to solid solution hardening effects. 
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� High temperature oxidation tests 

 

Figure 24: SEM imaging performed on the surface of the oxidation samples after 48 hours at 
600°C for a) the Ni – Reference alloy and b) 5 Ag – 10 MoS2. Characterisation after 100 hours 

is also shown for c) the Ni – Reference alloy and d) 5 Ag – 10 MoS2 

 

Table 12: Chemical composition as measured by EDS for the spots marked in Figure 24 after 
the oxidation tests 

Spot 
Chemical composition (at.%) 

Ni Fe Cr Ag Si Al Mo O 

A 60.9 1.5 3.9  3.1 1.7  28.8 

B 3.6 1.0 22.6 23.1    49.6 

C 13.7 7.9 32.6 1.2   1.1 43.5 

D 49.8 1.1 2.8 
 

1.1 1.7 
 

43.5 

E 3.7  15.3 16.3    64.7 

 

Figure 24 shows detailed SEM imaging performed on the oxide layers grown on the 
samples exposed to a temperature of 600°C for 48 and 100 hours. The results of further 
chemical characterisation by means of EDS are also summarised in Table 12. In particular, 
the formation of nickel oxides on the surface of the reference sample could be seen after 
48 hours (spot A in Figure 24a), showing an oxygen content close to 30 at.%. Additional 
phases could be identified on the surface of the self-lubricating cladding 5 Ag – 10 MoS2 
(Figure 24b). The blocky particles such as the one in spot B had silver and chromium in 
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excess of 20 at.% in addition to oxygen contents close to 50 at.%. These were considered 
to be oxidised remnants of the silver/chromium sulfide aggregates seen in Figure 14b. 
The particle in spot C, on the other hand, was composed of nickel, iron and chromium in 
addition to 43 at.% of oxygen. Although its chemical composition could not be accurately 
determined by means of EDS, it must be noted that the formation of spinels like NiCr2O4 
and NiFe2O4 has been similarly described in the literature for HT oxidation tests on 
nickel-based alloys [184]. 

Oxidation test performed for 100 hours led to increased oxygen content in the surface of 
the cladding samples, as seen for the reference alloy (spot D in Figure 24c) and in the 
chromium/silver aggregates observed for 5 Ag – 10 MoS2 (spot E in Figure 24d). In 
particular, the measured oxygen content for the latter reached up to 64 at.%. It is also 
interesting to note that for the self-lubricating cladding, the blocky Cr-Ag-oxides covered 
a larger area after 100 hours (compare Figure 24b and Figure 24d). 

In order to cast light on the stability of the microstructure and the possible diffusion of 
silver to the surface, an additional cross section was performed on the self-lubricating 
5 Ag – 10 MoS2 after 100 hours at 600°C, as shown in Figure 25. The original 
microstructure of the cladding seemed unaffected despite the prolonged exposure to HT. 
Silver was still encapsulated across the entire thickness of the coating and had not diffused 
to the surface, contrary to what has been described in the literature for silver-containing 
coatings at HT [88]. Only a thin oxide layer could be observed on the sample surface after 
100 hours at 600°C (Figure 25b), due to the high oxidation resistance of the base NiCrSiB 
matrix. 

Summarising, the self-lubricating cladding 5 Ag – 10 MoS2 showed a significant 
resistance to prolonged exposure to HT, with no changes in its microstructure and no 
perceived silver diffusion to the surface from the bulk of the cladding. This was regarded 
as beneficial for prolonged operation at HT. 

 

Figure 25: a) Optical microscopy on a cross section of 5 Ag – 10 MoS2 after a 100-hours 
oxidation test, with b) a detail thereof 
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4.2. HT reciprocating tests 

4.2.1. Friction and wear against bearing steel balls 

The use of spherical counter bodies for tribotesting is known to have significant 
advantages such as a better alignment with the sample during sliding and the ability to 
use readily available bearings balls without the need for further machining. However, 
Hertzian contact conditions for ball-on-flat bring along higher contact pressures which in 
some cases can be several orders of magnitude higher than those of flat-on-flat geometries 
under the same applied load. This could influence the tribological properties of the system.  

 

Figure 26: Measured friction against AISI 52100 ball bearings for the self-lubricating 
claddings and the reference alloy at a) RT, b) 150°C, c) 300°C, d) 400°C and e) 600°C 

Friction results for all chosen temperature tests are plotted in Figure 26. It is clear that the 
self-lubricating claddings showed lower friction than the reference for all testing 
temperatures. At RT (Figure 26a), the friction of the Ni – Reference alloy fluctuated 
between 1.0 and 1.2 for most of the test duration, while for the self-lubricating claddings 
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remained between 0.5 and 0.7 for most of the test duration. The addition of silver led to 
slightly lower friction early on for 5 Ag – 10 MoS2 and 5 Ag – 10 WS2 compared to their 
silver-free counterparts (0.5 to 0.6 and 0.7 to 0.8 respectively), with 10 WS2 reaching also 
slightly higher friction compared to their self-lubricating counterparts towards the end of 
the test. Increasing the temperature to 150°C lowered the friction experienced by all of 
the chosen materials (Figure 26b). For the reference alloy, friction was observed to show 
an initial peak as high as 1.8, while significantly decreasing after 30 seconds and 
remaining between 0.7 and 1.0 for the rest of the test duration. As for the self-lubricating 
claddings, these again resulted in lower friction compared to the reference alloy, between 
0.4 and 0.6. Interestingly, friction for MoS2-containing claddings was slightly lower for 
the whole test duration compared to their WS2-based counterparts. 

At 300°C, friction for all of the claddings was observed to be more stable than at lower 
temperatures, especially for the first half of the test (Figure 26c). After peaking initially 
at 1.6, the reference alloy showed a stable behaviour close to 0.7. Most of the self-
lubricating claddings showed a very stable friction early on (up to ~200 seconds), with 
values around 0.3 as in the case of 5 Ag – 10 MoS2. As in the previous case, the MoS2-
based claddings showed lower friction than their WS2-based counterparts, although for 
10 Cu – 10 MoS2 friction was observed to increase slowly to values similar to the WS2-
containing claddings. 

The friction results at 400°C are shown in Figure 26d. The reference alloy resulted in a 
slightly more unstable friction than at 300°C, with a large initial spike close to 2.0 and 
remaining for the rest of the test duration between 0.6 and 0.8. The self-lubricating 
claddings showed initially low friction coefficients between 0.2 and 0.3, this time with 
slightly lower friction for both WS2-containing coatings in addition to 10 Cu – 10 MoS2. 
However, friction for all of the self-lubricating claddings started to increase steadily after 
180 seconds, reaching values between 0.25 and 0.40 by the end of the test. This steady 
increase in friction can be attributed to the formation and oxidation of wear debris 
produced from the softer phases present in the wear scar. 

The maximum testing temperature of 600°C brought more unstable frictional behaviour 
for all of the claddings (Figure 26e). While the reference alloy showed high friction above 
1.2 early on, it decreased to 0.6 by mid-test and slowly increased to 1.0 afterwards. The 
self-lubricating claddings showed initially low friction coefficients in the range 0.2 to 0.4, 
especially in the case of 5 Ag – 10 MoS2, although these became unstable and started 
increasing steadily after less than 100 seconds, reaching friction values close to those 
shown by the reference alloy by the end of the test. Interestingly, the WS2-based 10 WS2 
and 5 Ag – 10 WS2 showed slightly lower friction (close to 0.5) by the end of the test 
compared to 10 MoS2 and 5 Ag – 10 MoS2 (around 0.9), with the copper-containing  
10 Cu – 10 MoS2 being an intermediate case. 
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Figure 27: Measured wear rates after reciprocating tests against AISI 52100 ball bearings  
a) up to 600°C and b) in further detail up to 400°C 

The specific wear rates of the claddings are plotted in Figure 27. At RT, it can be clearly 
seen that the highest wear rates corresponded to the Ni – Reference alloy, almost doubling 
the values measured for 5 Ag – 10 MoS2. For the self-lubricating claddings, the MoS2-
containing claddings (10 MoS2, 5 Ag – 10 MoS2 and even 10 Cu – 10 MoS2) showed 
lower wear than their WS2-based counterparts 10 WS2 and 5 Ag – 10 WS2. At 150°C the 
wear rate of the reference alloy decreased to 3.1 10-5 mm³/Nm, in line of the values found 
for most of the self-lubricating claddings. However, the exception here was 10 MoS2, 
showing a lower wear rate of 1.9 10-5 mm³/Nm, suggesting a detrimental role of silver, 
which might be related to thermal softening at HT. At 300°C, lower wear rates were 
observed, suggesting it to be the optimum temperature range in terms of wear, and again 
showing a better behaviour of the silver-free 10 MoS2 compared to 5 Ag – 10 MoS2. 

Increasing the temperature further to 400°C showed very similar wear rates for all of the 
chosen materials, close to 2.7 10-5 mm³/Nm except for 10 WS2, which experienced a wear 
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close to 3.3 10-5 mm³/Nm. In any case, the measured wear rates were slightly higher than 
those at 300°C.  

The maximum testing temperature of 600°C resulted in a completely different tribological 
behaviour for the chosen claddings, especially for the self-lubricating ones. Large 
increases in wear rates were observed compared to lower temperatures, suggesting that 
600°C was in the upper range of the effective lubrication interval. In the case of  
5 Ag – 10 MoS2, a tenfold increase in wear rates was observed at 600°C compared to the 
minimum at 300°C, 1.85 10-4 mm³/Nm and 1.73 10-5 mm³/Nm, respectively. Additionally, 
no role of silver could be inferred, as 10 MoS2 and 5 Ag – 10 MoS2 experienced very 
similar wear rates, while those of 10 WS2 and 5 Ag – 10 WS2 overlapped due to the 
unstable behaviour of the former. Additionally, 10 Cu – 10 MoS2 showed the highest 
wear rates, although with a large scatter as it behaved in a very unstable manner during 
testing at 600°C. As for the reference alloy, it showed even lower wear rates than at 400°C, 
and almost one order of magnitude lower than 5 Ag – 10 MoS2 (a value as low as  
1.4 10-5 mm³/Nm could be measured). This unexpectedly low wear of the unmodified 
nickel-based alloy was linked to a significant macroscopic wear of the bearing steel balls 
used as counter bodies, a mechanism which could not be observed for any of the modified 
claddings regardless of the testing temperature and which will be further discussed. 

 

4.2.2. Friction and wear against flat pins 

The use of flat pins as counter bodies during HT tribotesting has been insufficiently 
studied in the available literature [58,147] compared to other configurations such as 
ceramic balls [81,82,185,186], despite the fact that the use of flat pins could lead to 
contact pressures during testing similar to those found in metal forming applications. The 
flat-on-flat configuration was also expected to lead to the entrapment of wear debris at 
the interface for multiple cycles [157], potentially increasing the extent of processes like 
three-body abrasion or tribolayer formation. In the present case, by comparing both 
testing configurations during this study relevant differences between Hertzian and 
conformal contacts could be observed. 

At RT (Figure 28a), the reference sample experienced high friction around 1.2 for most 
of the tests, while it remained between 0.4 and 0.6 for the self-lubricating claddings, 
although their measured friction become more unstable towards the second half of the 
test. Interestingly, the self-lubricating claddings 10 MoS2 and 10 WS2 showed slightly 
higher friction than their silver- and copper-containing counterparts during the first half 
of the test. 

Increasing the temperature to 400°C led to a significant friction decrease for all the 
claddings (Figure 28b). The reference alloy experienced friction in the 0.5 to 0.6 range, 
while for the self-lubricating claddings it mostly remained below 0.3. 
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Figure 28: Measured friction during reciprocating tests for the Ni-based claddings against  
AISI 52100 flat pins, at a) RT, b) 400°C and c) 600°C 

The maximum testing temperature of 600°C (Figure 28c) led to a more unstable 
behaviour of the claddings. For the self-lubricating ones, starting friction values close to 
0.2 were observed, increasing steadily towards the end of the test. However, some 
relevant differences in the resulting tribological behaviour could be observed. The WS2-
containing claddings showed a slightly lower friction than their MoS2-based counterparts 
during the last stages of the test (~0.45 compared to ~0.60), as it was previously observed 
against bearing steel balls. 10 Cu – 10 MoS2 showed the lowest friction in the earliest 
stages of testing (less than 60 seconds), even below 0.2. The reference alloy showed, as 
previously reported, higher friction than the self-lubricating claddings, reaching ~1.1 as 
the test progressed. Interestingly, friction was very stable after 650 seconds, a fact which 
was linked to the formation of transferred layers in the cladding from the counter body. 

As for the measured wear rates (Figure 29), the Ni-based self-lubricating claddings 
showed significantly higher wear resistances at RT compared to the reference alloy, with 
measured wear rates four times lower (9.8 10-5 mm³/Nm for the reference alloy and  
2.3 10-5 mm³/Nm for 5 Ag – 10 MoS2). At this temperature, both WS2-containing 
claddings showed higher wear than their MoS2-counterparts (10 MoS2, 5 Ag – 10 MoS2 
and 10 Cu – 10 MoS2), although 5 Ag – 10 WS2 showed slightly lower wear than 10 WS2  
(3.3 10-5 mm3/Nm and 4.2 10-5 mm3/Nm respectively), which was attributed to the 
beneficial role of silver at RT. 

Increasing the temperature to 400°C resulted in slightly higher wear rates for most of the 
self-lubricating claddings, up to values above 3.0 10-5 mm³/Nm, except for 10 WS2  
(4.0 10-5 mm³/Nm). Interestingly, the measured wear of the reference alloy with no added 
solid lubricants was lower than the rest of the claddings (2.0 10-5 mm³/Nm). 
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Figure 29: Wear rates for the Ni-based claddings against flat AISI 52100 pins, at RT, 400°C 
and 600°C 

At the maximum temperature of 600°C, wear rates for the self-lubricating claddings 
increased dramatically, in some cases almost tenfold compared to lower temperatures (see 
for instance 5 Ag – 10 MoS2). Despite the more unstable behaviour and increased standard 
deviation, two clear trends could be observed at the maximum testing temperature. Firstly, 
WS2-containing claddings showed lower wear rates than their MoS2-based counterparts, 
as it can be clearly observed by comparing 10 MoS2 (1.9 10-4 mm³/Nm) and 10 WS2  
(9.7 10-5 mm³/Nm). Additionally, silver-containing claddings performed worse than their 
Ag-free counterparts at this temperature, as can be seen by comparing 5 Ag – 10 MoS2 
(2.4 10-4 mm³/Nm) with 10 MoS2 (1.9 10-4 mm³/Nm). This suggests a detrimental role of 
silver, maybe related to its low abrasion resistance in the presence of oxidised wear debris 
at HT.  

As for 10 Cu – 10 MoS2, a large increase in wear rates was observed at 600°C compared 
to 400°C (up to 2.66 10-4 mm3/Nm from a previous value of 3.29 10-5 mm3/Nm). In this 
case, a large scatter and poor repeatability of the measured wear was seen, as similarly 
observed in bearing steel ball-on-flat tests performed at 600°C. 

The reference alloy showed significantly lower wear compared to the self-lubricating 
claddings (2.4 10-5 mm³/Nm), almost one order of magnitude lower compared to  
5 Ag – 10 MoS2. This behaviour for the reference alloy at HT, especially prevalent at the 
maximum temperature of 600°C, will be further discussed in more detail in the following 
Section.  

In the case of the iron-based claddings Fe – Reference and Fe – 5 Ag – 10 MoS2, the 
friction results against AISI 52100 flat pins are plotted in Figure 30 for all three 
temperatures, RT, 450 and 600°C. It must be noted here that for this test series, the actual 
temperature on the sample surface measured by thermocouple was 450°C instead of the 
400°C observed for the Ni-based claddings. This has been attributed to changes in the 
heating system of the tribometer performed between both testing series. 
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Figure 30: Friction results for Fe – 5 Ag – 10 MoS2 and Fe – Reference against  
AISI 52100 flat pins at a) RT, b) 450°C and c) 600°C 

As for the observed friction results, at RT (Figure 30a), the self-lubricating cladding  
Fe – 5 Ag – 10 MoS2 showed for the first 90 seconds a steadily increasing friction up to 
0.75, fluctuating between 0.7 and 0.8 afterwards. The unmodified Fe – Reference alloy 
showed significantly higher friction, widely fluctuating between 0.75 and 1.20 for the 
first half of the test and stabilising around 1.1 afterwards. However, it must be reminded 
that the nickel-based 5 Ag – 10 MoS2 outperformed both of them as it remained close to 
0.5 for most of the testing duration at RT.  

A temperature of 450°C resulted in a more stable friction for both iron-based claddings, 
as shown in Figure 30b. The self-lubricating Fe – 5 Ag – 10 MoS2 resulted in a friction 
coefficient close to 0.5 for most of the test duration, while in the case of the unmodified 
Fe – Reference alloy a frictional peak could be seen for the first 30 seconds with a 
maximum friction of 1.0. For the remaining test it lied between 0.5 and 0.6, slightly above 
that of Fe – 5 Ag – 10 MoS2. It is worth mentioning that frictional peaks as the one 
observed for the unmodified alloy have been linked in the available literature with 
increased early-stage wear [150]. For comparison, during testing at 400°C, the nickel-
based 5 Ag – 10 MoS2 showed again lower friction than both of the Fe-based claddings, 
in this case close to 0.3 (Figure 28c). 

The maximum testing temperature of 600°C resulted in a more unstable friction for both 
tested iron-based claddings (Figure 30c). The self-lubricating Fe – 5 Ag – 10 MoS2 
showed friction values between 0.8 and 0.9 for most of the test duration, while the  
Fe – Reference experienced a prolonged frictional spike for almost 60 seconds with 
friction values above 1.6. Again, it is worth noting that although at 600°C friction for the 
nickel-based self-lubricating cladding 5 Ag – 10 MoS2 increased steadily from 0.2 to 0.7, 
it still outperformed both iron-based claddings.  
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Figure 31: Wear rates for the Fe – Reference and Fe – 5 Ag – 10 MoS2 claddings after 
reciprocating testing against AISI 52100 flat pins 

The wear rates for both iron-based claddings measured after reciprocating testing are 
plotted in Figure 31. At RT, the self-lubricating cladding Fe – 5 Ag – 10 MoS2 showed 
comparatively low wear (2.2 10-5 mm³/Nm), less than a third of the value measured for 
the Fe – Reference (6.8 10-5 mm³/Nm). For comparison, the wear of the Ni-based  
5 Ag – 10 MoS2 was marginally higher than that of Fe – 5 Ag – 10 MoS2, 2.2 10-5 mm³/Nm 
(see Figure 29). 

Increasing the testing temperature to 450°C decreased the wear rate of  
Fe – 5 Ag – 10 MoS2 by two orders of magnitude, down to 2.1 10-7 mm³/Nm. This effect 
was more moderate for Fe – Reference, with a fivefold decrease compared to RT down 
to 1.1 10-5 mm³/Nm. Interestingly, previous results for Ni-based 5 Ag – 10 MoS2 at a 
temperature of 400°C showed a wear rate of 3.3 10-5 mm³/Nm, significantly higher than 
the values at 450°C for both Fe-based claddings.  

The maximum testing temperature of 600°C led to a more severe tribological behaviour: 
for Fe – 5 Ag – 10 MoS2 the measured wear increased to 1.2 10-5 mm³/Nm, while it 
skyrocketed for Fe – Reference up to 2.4 10-4 mm³/Nm with a significant scatter. However, 
both of them were more wear-resistant than the nickel-based 5 Ag – 10 MoS2 which had 
previously shown high wear rates at 600°C (2.4 10-4 mm³/Nm). 

 

4.2.3. Role of cladding composition 

The incorporation of silver and TMDs to nickel- and iron-based self-lubricating 
composites led to the encapsulation of Ag by chromium sulfides formed due to the 
thermal decomposition of MoS2 and WS2. This mechanism has been considered 
beneficial as it prevented silver from floating to the surface of the melting pool and being 
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subsequently lost during sample grinding. It also allowed for a uniform distribution of 
silver across the thickness of the resulting coatings. 

The replacement of silver by copper on the other hand did not lead to the formation of a 
copper-rich phase. In the case of silver, the low mixing enthalpy of the Ni-Ag system led 
to the formation of two immiscible liquid phases in the melt pool and the precipitation of 
silver-rich droplets during cooling. However, the Ni-Cu binary system shows no liquid 
miscibility gap at HT [179]. In this case, copper dissolved during laser cladding both in 
the Ni-based matrix and in the chromium sulfides, without forming an independent phase 
as it had been previously observed for silver.  

As for the differences arising from the TMD choice (MoS2 or WS2), it must be noted here 
that the use of the latter will lead to substantial changes in the as-deposited claddings. In 
particular, the absorptivity of laser radiation by tungsten is higher than for other metals 
[176], leading to increased crack formation in WS2-containing claddings due to a higher 
energy input and residual stresses. This mechanism was also expected to contribute to the 
microstructural differences observed between WS2- and MoS2-containing self-lubricating 
claddings, as seen in Figure 13.  

 

Figure 32: SEM imaging of the wear track of 5 Ag – 10 WS2 after flat pin testing at 600°C 

Table 13: Chemical composition in at.% as measured by EDS for the spots marked in  
Figure 32 for 5 Ag – 10 WS2 after testing at 600°C 

Spot 
 Chemical composition (at.%) 

Ni Ag Cr S W Fe Al O 

A 3.5 6.9 28.2 37.30   2.6 21.5 

B 5.6 45.6 2.4 0.8  1.1  44.5 

C 78.5  1.9  3.2 4.0 0.8 11.6 

D 29.7 0.4 4.1 1.7 4.1 4.4 1.6 54.1 
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The observed low friction of the Ni-based self-lubricating claddings up to 600°C was 
attributed, at least in part, to the formation of lubricous chromium sulfides like Cr3S4 and 
the CuCrS2 observed for 10 Cu – 10 MoS2, as detected by means of XRD (see Figure 20 
and Figure 21). Although the real mechanism is not clear, a weak inter-layer bonding is 
expected for chromium sulfides, and thus a lubrication mechanism similar to the one 
characteristic of lamellar solid lubricants like graphite or MoS2. In the present case, the 
lubricous effect of chromium sulfides has been observed up to temperatures of 600°C, 
above which they oxidise [106]. This mechanism could explain the higher wear rates 
observed at the maximum testing temperature (Figure 29), as the oxidation of chromium 
sulfides at HT can be attested by EDS analysis (see spot A in Figure 32 and Table 13). 

As for silver, during reciprocating testing it contributed to the reduction of frictional 
spikes during the early stages of testing at RT for both nickel- and iron-based claddings, 
but no significant role on long-term friction could be observed. This could be explained 
as wear debris trapped at the interface can control the tribological behaviour of the system 
for longer test durations in reciprocating testing. In any case, regardless of testing 
configuration, the smearing of silver on the sliding surfaces at RT (Figure 33a for the 
nickel-based 5 Ag – 10 WS2 and Figure 33c for the iron-based Fe – 5 Ag – 10 MoS2) was 
considered to be beneficial in terms of friction. However, this lubricous behaviour was 
less evident at HT due to the formation of brittle silver oxides (spot B in Figure 32 and 
Table 13). Interestingly, although the available literature reports effective silver 
lubrication in the 200 to 400°C interval [138], in the present study no effect of Ag in the 
observed friction has been observed above 150°C. 

As for the iron-based claddings, the addition of solid lubricants like Ag and MoS2 led to 
decreased friction up to 600°C compared to that of the unmodified Fe – Reference. 
However, even in this case their friction was still higher than that of Ni-based self-
lubricating claddings with the incorporation of silver and MoS2. In terms of wear, the 
addition of Ag and MoS2 to iron-based claddings resulted in higher wear resistance 
compared to that of the unmodified alloy (Figure 31), while for their nickel-based 
counterparts the opposite was true, leading to high cladding wear at the maximum testing 
temperature of 600°C (Figure 29).  

Characterisation of the worn iron-based claddings showed a smooth wear scar for  
Fe – 5 Ag – 10 MoS2 after testing at RT, suggesting an effective role of silver and the 
chromium sulfides arising from the thermal decomposition of MoS2 (Figure 34a). 
However, that was not the case at HT, as the observed wear scars featured a significant 
amount of plastically deformed material, as seen after testing at 600°C (Figure 34b). EDS 
characterisation showed the patches to be iron oxides transferred from the AISI 52100 
steel counter body (spot A in Table 14). This observed behaviour creates doubts about 
the suitability of iron-based self-lubricating claddings like Fe – 5 Ag – 10 MoS2 for use 
in metal forming applications taking place at HT. 
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Figure 33: SEM imaging of smeared silver particles observed after flat pin testing at RT on the 
wear tracks of a,b) 5 Ag – 10 WS2, and c,d) Fe – 5 Ag – 10 MoS2 

 

Figure 34: SEM/EDS performed on worn Fe– 5 Ag – 10 MoS2 after testing against AISI 52100 
flat pins at a) RT and b) the maximum temperature of 600°C 

Table 14: Chemical composition as measured by EDS of the spot marked in Figure 34b 

Spot 
 Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag O 

A 70.3   2.7    26.0 
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However, the wear behaviour of the AISI 52100 steel pins used as counter bodies for the 
reciprocating tests showed remarkable differences with the wear of the claddings, an issue 
which will be addressed in the next section. 

 

4.2.4. Role of counter body choice 

The lower contact pressures found during flat-on-flat tests led to noticeable differences 
in the tribological behaviour of the claddings compared to ball-on-flat tests. In general, 
friction was observed to be lower for the flat pins (compare Figure 26 with Figure 28). In 
terms of wear, the reference alloy experienced increased wear at RT when tested against 
flat pins (9.8 10-5 mm3/Nm compared to 5.6 10-5 mm3/Nm against ball bearings), which 
could be attributed to an edge effect in the absence of solid lubrication. However, the 
choice of counter body also played a role in the measured wear rates of self-lubricating 
claddings. At the maximum testing temperature of 600°C the silver-containing claddings 
5 Ag – 10 MoS2 and 5 Ag – 10 WS2 experienced increased wear rates when tested against 
flat pins (compare Figure 27a and Figure 29) to the point that both Ag-containing coatings 
suffered more wear at 600°C than their silver-free counterparts 10 MoS2 and 10 WS2. It 
is thought that reciprocating under a low pressure configuration (flat pins) could lead to 
an increased material loss due to the preferential removal of the oxidised silver inclusions 
present on the claddings’ surface at HT. 

As previously mentioned, testing of the reference Ni-based cladding at 600°C against flat 
pins made of AISI 52100 showed unexpectedly low cladding wear compared to the self-
lubricating coatings (see Figure 29 for details). In order to cast further light into this 
behaviour, SEM/EDS measurements were also performed on a worn reference sample 
(Figure 35a-b). In this case, the formation of an iron oxide-based layer was observed on 
the wear track (spot A in Table 15), likely due to material transfer from the worn AISI 
52100 pin to the nickel-based reference cladding (spot B). 

Since the counter body composition could influence the tribological behaviour of the 
claddings at HT, additional tests were performed for the reference alloy and the self-
lubricating cladding 5 Ag – 10 MoS2 against flat pins of Uddeholm QRO 90 hot work 
tool steel at the maximum temperature of 600°C. This alloy had an as-delivered RT 
hardness of 52 HRC and a chemical composition including 0.38 C, 0.30 Si, 0.75 Mn, 2.6 
Cr, 2.25 Mo and 0.9 V, all in wt.%. The molybdenum content was in particular expected 
to increase the mechanical strength of this steel grade at HT [27]. 

For the reference alloy, it was observed that testing against QRO90 led to high wear rates 
at 600°C, contrary to what had been previously seen against AISI 52100 counter bodies 
regardless of geometry (Figure 36). In this case, the formation of a nickel oxide layer on 
the resulting wear scar could be confirmed by means of SEM/EDS (Figure 35d, spot C in 
Table 15), suggesting the onset of oxidational wear on the exposed cladding (spot D). No 
material transfer from the iron-based counter body was observed after testing against 
QRO90 steel.  
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From these results, it can be stated that wear at HT can be significantly influenced by the 
choice of counter body material, leading to a change of the observed wear mechanisms 
(in the case of the Ni-reference alloy, from adhesion for AISI 52100 counter bodies to 
oxidational against harder QRO90 tool steel). 

 

 

Figure 35: SEM imaging of a) the wear scar of a Ni – Reference sample after reciprocating 
testing at 600°C against a flat AISI 52100 pin, with b) a detail thereof. c) Shows the wear scar 

of a Ni-reference sample tested against a QRO90 tool steel pin, with d) a detail thereof 

 

Table 15: Chemical composition in at.% of the spots marked in Figure 35 

Spot Chemical composition (at.%) 

 
Ni Fe Cr Si Al O 

A 
 

86.2 1.5 
  

12.3 

B 87.1 5.8 3.5 1.1 
 

2.4 

C 81.7 1.8 3.8 1.1 0.7 11.0 

D 93.5 1.6 3.6 1.4 
  

 



62 
 

 

Figure 36: Comparison of the measured wear rates at 600°C for both the self-lubricating 
cladding 5 Ag – 10 MoS2 and the reference alloy, according to the chosen counter body 

 

 

Figure 37: 3D Topography of the wear scar found on an AISI 52100 bearing ball after testing 
against the reference cladding at the maximum temperature of 600°C a) as measured and b) 
after subtracting the curvature radius. c) Similar measurement performed on a bearing ball 
tested at 600°C against the self-lubricating 5 Ag – 10 MoS2, showing the tribolayers formed 

As for the counter body wear, AISI 52100 bearing balls tested at 600°C against the Ni-
based reference showed significant wear, as shown in Figure 37a-b. Interestingly, testing 
against self-lubricating claddings showed no measurable material loss regardless of 
temperature. Further characterisation of a spherical counter body tested against  
5 Ag – 10 MoS2 at 600°C was performed, and the formation of a discontinuous ~30 μm-
thick transferred layer could be observed (Figure 37c). Further SEM/EDS analysis 
performed on similar tribolayers revealed that these were nickel-based and partially 
oxidised, featuring also chromium and sulfur contents (spot A in Figure 38, Table 16), in 
contrast to the bearing steel substrate (spot B). The discontinuous layer was considered 
to form from oxidised wear debris from the self-lubricating cladding, and was judged to 
be very effective in decreasing friction and preventing the wear of the counter body. 
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Figure 38: a) SEM imaging of the transferred layer formed in a bearing ball after testing at 
600°C against 5 Ag – 10 MoS2 at 600°C, with b) a detail thereof 

 

Table 16: Chemical composition in at.% of the spots marked in Figure 38b 

Spot Chemical composition (at.%) 

 
Ni S Fe Cr Si O Ag 

A 77.6 1.6 3.4 4.8 1.1 6.2 5.4 

B 1.8 
 

93.8 1.4 0.4 2.6 
 

 

 

Figure 39: Wear rates for the AISI 52100 pins measured after reciprocating testing. For the 
tests against the 5 Ag – 10 MoS2 cladding, a temperature of 400°C was used instead of the 

450°C achieved for the iron-based claddings.  
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Due to the evidence suggesting an important role of tribolayers in the wear experienced 
by the counter body during HT testing, further characterisation was performed on the 
worn AISI 52100 flat pins after testing against nickel- and iron-based claddings such as 
5 Ag – 10 MoS2, Fe – 5 Ag – 10 MoS2 and Fe – Reference. Pin wear rates were calculated 
from the changes in pin height, as measured using a calliper, and are plotted in Figure 39. 
It is obvious that testing at HT against the Fe-based claddings, self-lubricating or not, led 
to significant wear for the AISI 52100 counter bodies. At RT, on the other hand, it was 
observed that the self-lubricating Fe – 5 Ag – 10 MoS2 more than halved the counter body 
wear compared to the unmodified Fe – Reference alloy (1.9 10-5 and 4.2 10-5 mm³/Nm, 
respectively), while the nickel-based 5 Ag – 10 MoS2 led to even lower wear rates  
(1.2 10-5 mm³/Nm), although with a larger scatter. Raising the testing temperature to 
450°C significantly increased the damage experienced by the counter body against both 
Fe-based claddings, regardless of solid lubricant content: 1.2 10-4 mm³/Nm for  
Fe – Reference, and 2.2 10-4 mm³/Nm for Fe – 5 Ag – 10 MoS2, an order of magnitude 
higher than for RT. Although 5 Ag – 10 MoS2 was not tested at 450°C, the measured 
counter body wear at 400°C was negative (-7.0 10-6 mm³/Nm), hinting at material transfer 
from the cladding. The maximum testing temperature of 600°C led to a similar behaviour: 
high counter body wear for Fe – 5 Ag – 10 MoS2, 1.6 10-4 mm³/Nm, although with a 
significant scatter, and a much lower value of 3.5 10-5 mm³/Nm for the unmodified  
Fe – Reference. The Ni-based 5 Ag – 10 MoS2 showed again material build-up after 
testing, with a material gain of 2.3 10-5 mm³/Nm. 

It is interesting to note here the significant differences in wear behaviour between nickel- 
and iron-based self-lubricating claddings: while RT tests for both Fe – 5 Ag – 10 MoS2 
and 5 Ag – 10 MoS2 led to lower cladding and counter body wear, which has been 
attributed to the beneficial effect of the incorporation of Ag and MoS2, this similar 
behaviour could not be observed during HT tests. In fact, low cladding wear rates could 
be seen at 450°C and 600°C for the iron-based Fe – 5 Ag – 10 MoS2, coupled with large 
counter body material loss, while the opposite behaviour could be observed for the nickel-
based 5 Ag – 10 MoS2. The available results suggest the existence of a mechanism 
exchanging wear at HT between the cladding and the counter body, with low cladding 
wear rates correlating with high material loss for the counter body and vice versa 
(compare Figure 31 and Figure 39). However, the differences in tribological behaviour 
shown by Fe – Reference and Fe – 5 Ag – 10 MoS2 at HT have not been satisfactory 
explained so far. 

SEM/EDS analysis was performed on AISI 52100 bearing steel pins after testing at 600°C 
against Fe – 5 Ag – 10 MoS2 and the nickel-based 5 Ag – 10 MoS2, in order to explain 
the different wear rates seen in Figure 39. Despite the incorporation of the same solid 
lubricants in both claddings, significant differences could be found in the morphology 
and chemistry of the worn pins surfaces. After testing against the nickel-based  
5 Ag – 10 MoS2, the AISI 52100 pin surface was found to be smooth (Figure 40a) with 
no perceivable scratch marks. Additionally, scattered flat patches could be observed, with 
a chemical composition close to 75 at.% of nickel and also significant sulfur (8.4 at.%) 
and oxygen (10.3 at.%) contents (spot A in Table 17). This suggested that the patches 
were a tribolayer consisting mostly of material from the Ni-based cladding, although this 
transferred material could also be found in the form of coarse particles (spot B in Figure 
40b and Table 17). This suggests that the tribolayers formed through the agglomeration 
of wear debris from the Ni-based self-lubricating cladding. As for the pin tested against 
Fe – 5 Ag – 10 MoS2 at 600°C, the worn surface morphology featured significant abrasion 
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marks (Figure 40c), linked to the increased material loss for the AISI 52100 pins for this 
series of tests, as this low-alloyed steel has been shown to experience significant softening 
at temperatures above 500°C [27], making it susceptible to increased abrasive wear. 
Further chemical analysis showed no tribolayer formation in the counter body, unlike to 
what had been previously observed when testing against the nickel-based 5 Ag – 10 MoS2. 
In this case, the worn pin surface consisted of slightly oxidised bearing steel (spot C in 
Figure 40d and Table 17), with occasional embedded wear debris (spot D), and no 
protective tribolayer. 

 

Figure 40: SEM/EDS performed on worn AISI 52100 pins after testing at the maximum 
temperature of 600°C against a,b) 5 Ag – 10 MoS2 and c,d) Fe – 5 Ag – 10 MoS2 

 

Table 17: Chemical composition as measured by EDS of the spots marked in Figure 40 

Spot 
 Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag O 

A 2.4 74.1  1.9 8.4 1.7  10.3 

B 10.4 70.3 2.5 2.5 4.6 2.7 0.7 6.4 

C 94.9   1.3    2.6 

D 71.3   1.5  0.7  25.7 

 

Based on the available evidence, the Ni/S/O-rich layers forming on the AISI52100 pin 
surface after testing against the nickel-based self-lubricating claddings had a protective 
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nature and decreased pin wear at HT. It must however be noted here that no similar 
process took place against Fe – 5 Ag – 10 MoS2, even if the same amount of solid 
lubricants was incorporated into the Fe-based cladding. This suggests that the base 
powder used for the preparation of self-lubricating claddings has a synergistic effect with 
the chosen solid lubricants. In particular, a reaction is expected to take place between 
components of the base alloy such as nickel with TMDs such as MoS2 or WS2, influencing 
the tribological behaviour at HT of the Ni-based claddings and leading to lower friction 
and to the formation of protective tribolayers on the counter bodies. 

 

4.3. HT unidirectional sliding tests 

 

Figure 41: Measured friction during unidirectional tests against AISI 52100 flat pins, at  
a) RT and b) 600°C 

RT Friction results for this series of tests are plotted in Figure 41a. The reference alloy 
showed unstable friction, with an initial running-in peak as high as 1.2, although it 
decreased and remained at a value of 0.7. Friction for the self-lubricating coatings was 
visibly lower and more stable: for 10 MoS2, it stabilised around 0.5 and decreased slightly 
towards the end of the test. The addition of silver to 5 Ag – 10 MoS2 led to even lower 
friction, with values close to 0.4. 

Friction testing at 600°C (Figure 41b) showed lower and more stable friction for all three 
chosen materials compared to RT. For the nickel-based reference alloy, friction was close 
to 0.7 for most of the duration of the test, suddenly decreasing to 0.5 after approximately 
eleven minutes. For 10 MoS2 friction was slightly lower than 0.3 for most of the test 
duration, while 5 Ag – 10 MoS2 experienced even lower friction, slightly above 0.2, 
suggesting a beneficial role of silver under HT sliding although to a lesser extent than at 
RT. 
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Figure 42: Wear volumes as measured after unidirectional sliding tests against AISI 52100  
flat pins 

The measured wear volumes after testing showed large differences for different materials 
and testing temperatures, as it can be seen in Figure 42 in a logarithmic scale. The wear 
resistance of the reference alloy was in particular much lower than that of the self-
lubricating claddings, especially at RT, at which an average wear volume of 9.29 mm³ 
could be measured. This value was almost two orders of magnitude larger than the 
volumes measured for both 10 MoS2 and 5 Ag – 10 MoS2, 0.11 and 0.06 mm³ respectively. 
The slightly lower wear for 5 Ag – 10 MoS2 compared to 10 MoS2 suggested a beneficial 
role of silver at RT. The maximum depths of the wear scars, as seen in Figure 43a-c, 
showed similarly significant differences. Depths as high as 175 μm could be measured 
for the reference alloy while for both self-lubricating hardfacings the wear scars were 
much shallower, with depths no larger than 5 μm. 

Wear volumes after testing at 600°C still showed large differences between the claddings 
and a better behaviour for the self-lubricating coatings. A volume of 1.06 mm³ was 
measured for the nickel-based reference, compared to 0.32 and 0.29 for both modified 
claddings. Compared to RT, the wear of the reference alloy decreased ninefold at 600°C, 
while on the other hand both 10 MoS2 and 5 Ag – 10 MoS2 experienced significant 
increases in wear at 600°C, almost three times for the former and up to four times for the 
latter. This suggested that silver had no meaningful beneficial role at such temperature.  

Wear depths also showed significant changes compared to the results after RT testing 
(Figure 43d-f): for the reference alloy the maximum depth decreased to ~100 μm, while 
it was observed to increase for both 10 MoS2 and 5 Ag – 10 MoS2 to ~15 μm. The resulting 
wear scars after sliding testing at RT were further characterised by means of SEM/EDS, 
as summarised in Figure 44 and Table 18. First of all, it must be noted that no oxidation 
of the nickel-based matrix could be detected for any of the claddings (see for instance 
spot B in Table 18 for the reference alloy). As for the wear mechanisms observed, the 
onset of plastic deformation and adhesive wear could be identified for the reference 
material at RT. Patches of flattened material were irregularly distributed along the wear 
scar (Figure 44a) with a measured iron content higher than 60 wt.% (spot A in Table 18), 
suggesting the transfer of material from the bearing steel counter bodies during 
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tribotesting. In any case, most of the wear scar for the reference alloy was found to be 
rough (Figure 44b) and featuring chemical composition similar to that of the nickel-based 
alloy. 

 

Figure 43: 3D Profilometry imaging of the resulting wear tracks after unidirectional sliding 
tribotesting for a) Ni – Reference, b) 10 MoS2, c) 5 Ag – 10 MoS2 at RT, d) Ni – Reference,  

e) 10 MoS2, f) 5 Ag – 10 MoS2 at 600°C 

The RT wear scar for 10 MoS2, on the other hand, was much smoother with microscopic 
scratch marks. This suggested a mild abrasion as the main wear mechanism at RT  
(Figure 44c). The dark spots spread over the interface were identified by EDS as 
chromium sulfides (spot C in Table 18), expected to provide lubrication during sliding. 
The brighter spots (Figure 44d) were found to be molybdenum-rich particles, likely Mo-
carbides observed in the microstructure but in this case slightly oxidised during sliding 
(spot D in Table 18). 

The wear track for 5 Ag – 10 MoS2 was similar to the previous case, smooth with 
microscopic abrasion marks (Figure 44e). Silver inclusions could be identified by EDS, 
which were observed to be smeared along the sliding direction (spot E; Figure 44f) as it 
has been similarly described in the literature in the context of silver-based self-lubricating 
materials [187]. This may be the reason for the decrease in friction at RT for  
5 Ag – 10 MoS2 compared to the observed behaviour of 10 MoS2. 
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Figure 44: SEM imaging of the wear scars after testing at RT for a) the Ni - Reference alloy 
with b) a detailed image of the deformed base material, with additional imaging for c) 10 MoS2 
including d) a higher magnification view of the second phases observed. Finally, e) shows an 

overview of the wear scar for 5 Ag – 10 MoS2 with f) an observed smeared particle 

Table 18: Chemical composition in at.% of the spots marked in Figure 44 

Spot Chemical composition (at.%) 

 
Ni Mo S Fe Cr Si Al Mn O Ag 

A 11.6 1.6 
 

64.8 18.2 1.6 
 

2.2 
  

B 83.9   2.1 4.7 6.4 2.7 0.2   

C 10.3 
 

51.6 1.7 36.3 
     

D 12.0 65.6 
  

3.8 
   

18.6 
 

E 9.1 
 

6.9 
 

3.0 
    

81.0 
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Figure 45: SEM imaging of the wear scars after testing at 600°C for a) the reference alloy with 
b) a detailed image of the embedded debris, with additional imaging for c) 10 MoS2 including d) 

a higher magnification view of the second phases observed. e) Shows an overview of the wear 
scar for 5 Ag – 10 MoS2 with f) a detail of the silver-containing agglomerates and g) a high 

magnification picture of a chromium-based aggregate 

Sliding at 600°C led to perceivable oxidation of the nickel-based matrix for all of the 
chosen claddings, with oxygen contents in excess of 10 at.% being quantified by EDS 
(see for instance spot A in Table 19). For the reference NiCrSiB alloy, darker patches 
could be observed in the wear scar (Figure 45a) showing high contents of nickel and 
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oxygen, as in the spot marked B in Figure 45b. The observed chemical composition 
suggested they that the oxidised wear debris particles embedded back into the cladding 
during sliding. For both 10 MoS2 and 5 Ag – 10 MoS2 a smooth wear track was observed, 
again with scratching marks from mild abrasion (Figure 45c and Figure 45e). The 
abundant dark spots were again found to be chromium sulfides, this time significantly 
oxidised after HT sliding (spot E in Table 19 and Figure 45g). Both self-lubricating 
claddings showed also nickel-based, oxidised particles embedded in the wear scar, but 
smaller in size than those seen for the reference and usually not larger than 20 μm. 
Additionally, the molybdenum-rich particles observed in the wear scars of both 10 MoS2 
and 5 Ag – 10 MoS2 were oxidised during sliding and appeared to have fractured (see for 
instance spot C in Table 19 and Figure 45d). The main difference observed between both 
self-lubricating claddings was the abundant silver inclusions found in the wear track of  
5 Ag – 10 MoS2, although at HT silver was not smeared along the sliding direction as at 
RT (Figure 45f). EDS characterisation showed a significant oxidation of silver taking 
place at 600°C (spot D in Table 19). 

The role of silver as a solid lubricant has been studied in detail by Cheng et al. in a similar 
context involving nickel-based composites [187]. Interestingly, they reported the 
smearing of soft silver particles in the sliding direction, as similarly observed in the 
present case at RT (see Figure 44f), although in the case of Cheng this behaviour took 
place during testing under vacuum conditions. In any case, the shearing of silver during 
sliding was regarded in [187] as beneficial and could explain the lower friction observed 
for 5 Ag – 10 MoS2 at RT when compared to 10 MoS2, as the smearing of silver even if 
limited can accommodate better the frictional stresses between the sample and the counter 
bodies during tribotesting. Interestingly, the plastic deformation of silver particles could 
not be observed by Cheng and co-workers at HT in air, and it was suggested that the Ag-
based oxides formed under such conditions were brittle and could not be easily sheared. 
This is relevant to the present case, as silver particles in the wear scar of  
5 Ag – 10 MoS2 were strongly oxidised after HT sliding, a fact which could explain the 
lack of a lubricating effect of silver at 600°C. 

 

Table 19: Chemical composition in at.% of the spots marked in Figure 45 

Spot Chemical composition (at.%) 

 
Ni Mo S Fe Cr Si Al Mn O Ag 

A 74.6 
  

1.2 3.3 4.7 2.7 
 

13.5 
 

B 40.9 
  

4.1 1.9 2.7 
  

49.2 
 

C 12.4 39.1 
 

1.7 2.8 1.2 
  

42.8 
 

D 3.2 1.0 
  

2.1 
  

1.4 52.4 40.0 

E 7.2 
 

42.6 
 

26.2 
   

22.3 1.8 
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4.4. High Temperature Tribometer tests 

 

Figure 46: Microstructure of the protective coating on a 22MnB5 strip after the pre-heating 
used for the High Temperature Tribometer tests 

Figure 46 shows the microstructure of the Al-Si protective coating on a 22MnB5 steel 
strip after both the heat treatment described in Figure 12 and HT sliding, taken from a 
part of the counter body which was not in contact with the pins. In this case, the coating 
had a thickness between 15 and 20 μm. As for its microstructure, a brighter phase could 
be observed forming islands in the matrix of the coating, in addition to a thin transition 
layer with a thickness of ~ 2 μm giving way to the boron steel substrate. Further 
characterisation was performed by means of EDS and its results are summarised in 
Table 20. 

Table 20: Chemical composition as measured by EDS of the spots marked in Figure 46 

Spot 
Chemical composition (at.%) 

Al Si Mn Fe O 

A 70.4 2.5 0.0 27.0  

B 41.7 14.7 1.2 42.4  

C 39.4 15.0 1.0 44.6  

D 46.7 6.6 0.7 30.0 16.0 

 

The matrix of the coating after exposure to HT (spot A) was found to be a Fe-Al 
intermetallic phase, likely the Fe2Al5 phase previously described in the context of Al-Si 
coatings by Windmann et al. [59]. This compound is considered to form at temperatures 
above 900°C, as in the last step in the heat treatment of the strips prior to testing. The 
previously mentioned islands of brighter material (spot B) showed on the other hand a 
higher Si content, and for this reason it is conceivable that these were composed of the 
intermetallic Fe2SiAl2 described by Pelcastre et al. [58]. Spot C was regarded as a Fe-Al-
based transition layer to the 22MnB5 steel substrate. EDS measurements closer to the 
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surface of the Al-Si-based coating (spot D) gave evidence of significant oxidation due to 
exposure to HT. From these results, it is obvious that the microstructure of the Al-Si 
coating after the heating step is remarkably similar to the ones reported in the available 
literature for hot stamping applications [45], thus confirming the validity of the heating 
step chosen for this series of tests. 

The friction results for the chosen claddings against five Al-Si-coated 22MnB5 strips are 
consecutively plotted in Figure 47, omitting the pre-heating step of each counter body. 
The reference alloy showed comparatively high steady-state friction, with values between 
0.40 and 0.45 being observed. Additionally, initial frictional spikes could be seen for this 
alloy when testing against some of the strips, showing a duration close to 0.5 seconds and 
friction coefficients as high as 0.9.  

As for the self-lubricating claddings 10 MoS2 and 5 Ag – 10 MoS2, these showed in 
particular lower steady-state friction than the reference Ni-based alloy, with friction 
coefficients between 0.25 and 0.35. In this case, early-stage frictional spikes could also 
be observed but both their intensity and duration were lower than for the reference alloy, 
with maximum friction below 0.6 and durations shorter than 0.2 seconds. It must be noted 
here that the addition of silver to 5 Ag – 10 MoS2 did not further decrease the steady-state 
friction, but it seemed to reduce the intensity of early-stage frictional peaks compared to 
that of 10 MoS2, as the maximum measured friction for the silver-containing cladding 
was slightly above to 0.5. 

For this series of tests, no comparison was done using hot work tool steel as the reference 
material in order to compare the performance of the self-lubricating claddings with steel 
grades used in HT forming applications. However, it must be noted here that similar tests 
using tool steel pins have been reported by Mozgovoy et al. in [166]. In this case, average 
friction coefficients between 0.8 and 1.2 could be measured when sliding against  
Al-Si-coated 22MnB5 strips, under conditions similar to those reported in the present 
study (counter body temperature of 750°C, 0.1 m/s sliding speed, contact pressures in the 
7.1 to 21.2 MPa range). Additionally, similar tests performed for grade 1.2344 hot work 
tool steel against Al-Si-coated steel using open configuration tribometers by Uda et al. 
[188] and Venema et al. [170] showed friction values in the 0.5-0.6 range, respectively. 
These results support the idea that the self-lubricating claddings chosen for the present 
study lead to lower friction than several tool steel grades under conditions representative 
of HT metal forming. 
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Figure 47: Friction results after High Temperature Tribometer testing against five Al-Si-coated 
22MnB5 strips at 700°C 

3D Profilometry measurements performed on worn cladded pins after sliding against five 
coated 22MnB5 blanks are shown in Figure 48. The reference alloy showed both abrasive 
and adhesive (material transfer) wear, as similarly described by Ghiotti et al. [189] in the 
context of tool steel pins sliding at HT against Al-Si-coated 22MnB5 boron steel. In the 
present case, scratches with depths up to 30 μm could be observed, and significant 
material transfer could be seen on to the leading edge of the pin, with a thickness higher 
than 30 μm. Interestingly, a similar abrasive/adhesive wear behaviour on the tool surface 
has also been described in the literature by different authors in the context of HT 
tribotesting of tool steel against Al-Si-coated steel [170,190]. Furthermore, worn tools 
characterised after prolonged operation in hot stamping have been similarly observed to 
undergo significant material transfer, with the formation of lumps as thick as 100 μm after 
less than 2000 stamping cycles [191]. 

The self-lubricating claddings were characterised by abrasive wear in the sliding direction 
(Figure 48b and Figure 48c), despite being slightly harder than the reference alloy (see 
Table 2 for details). As for adhesive wear, 10 MoS2 showed some material transfer on to 
the leading edge, although to a much lesser extent than the reference alloy as only a built-
up layer of a thickness up to 15 μm could be observed. It must be noted that this transfer 
mechanism was slightly less prevalent for the silver- containing 5 Ag – 10 MoS2. 

As seen in Figure 47, large frictional peaks could be observed for all of the tested 
claddings against the fourth consecutive 22MnB5 counter body (strip). In order to clarify 
this behaviour, both the cladded pins and the counter body strips were characterised by 
means of optical microscopy and SEM/EDS, and it was found that the initial high friction 
was related to the break-up of the Al-Si coating on the 22MnB5 work pieces during 
sliding against the chosen claddings. 
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Figure 48: 3D Profilometry on the tool pins performed after sliding against five Al-Si-coated 
22MnB5 strips at 700°C for a) the Ni – Reference, b) 10 MoS2 and c) 5 Ag – 10 MoS2 

 

 

Figure 49: Optical microscopy showing the break-up regions found on several Al-Si-coated 
22MnB5 strips after open configuration testing against a) the reference alloy with b) a detail 

thereof, c) 10 MoS2 and d) 5 Ag – 10 MoS2 
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Figure 50: a,b) SEM overview of a break-up observed in the fourth coated 22MnB5 strip tested 
against reference alloy pins, with c,d) a cross section thereof 

 

Table 21: Chemical composition as measured by EDS of the spots marked in Figure 50 

Spot 
Chemical composition (at.%) 

Al Si Mn Fe Ni Cr O 

A 0.5 0.2 1.0 43.2   55.1 

B 49.3 3.8 0.5 26.3   20.2 

C 26.4 3.2 0.6 31.5 30.9 2.0 5.2 

 

For the reference hardfacing, a scar with a length in excess of 70 mm could be observed 
in the initial section of the worn strip (Figure 49a-b). A detailed SEM view  
(Figure 50a-b) suggested the onset of severe adhesion during sliding at HT. The damaged 
region had a maximum depth as high as 200 μm (Figure 50c), and the protective Al-Si 
coating was fully removed in that area (Figure 50d), exposing the boron steel substrate 
which was heavily oxidised due to exposure to HT for several seconds (spot A in  
Table 21). The removal of the Al-Si coating in the counter body was linked to the 
observed peaks in friction plotted in Figure 47, which were observed to reach up to 0.9 
when testing against the unlubricated reference cladding. 
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The surface of the Al-Si protective coating was observed to oxidise during testing  
(spot B), although to a much lesser amount compared to the exposed boron steel. 
Additionally, a Ni-rich area could also be identified around the wear scar (spot C), formed 
due to material transfer from the cladded pins. These results suggest that the use of 
unlubricated claddings as the tool samples in HT sliding testing led to damage to both the 
pin and the boron steel counter body.  

For comparison, both fourth strips tested against each of the self-lubricating claddings 
(10 MoS2 and 5 Ag – 10 MoS2) were similarly characterised. The break-up of the Al-Si 
coating could be observed again in both cases but the resulting length was significantly 
shorter for the self-lubricating claddings (up to 20 mm), as shown in Figure 49c-d. Further 
SEM/EDS characterisation on the surface of a counter body tested against 10 MoS2 is 
shown in Figure 51. The region in contact with the pins featured many bright patches 
consisting of a nickel oxide with significant chromium and sulfur content, likely 
transferred from the pin (spot A in Table 22).  

 

Figure 51: Detail of the contact region in a 22MnB5 coated counter body after open 
configuration testing against the self-lubricating cladding 10 MoS2 

The surface of the fourth coated strip tested against the self-lubricating cladding  
5 Ag – 10 MoS2 was similarly characterised by means of SEM/EDS, as shown in  
Figure 52. It could be seen that the edge of the break-up zone was covered by a partially 
oxidised Ni/Cr/S-based mixture transferred from the cladding (Figure 52a, spot B in 
Table 22). It is interesting to note that the formation of similar nickel oxide layers was 
described in Section 4.2.4, and similarly linked to limited damage to the counter bodies 
used in HT reciprocating testing. 

Additionally, silver-based smeared particles were also observed around the break-ups of 
the Al-Si-coated 22MnB5 strips (spots C and D in Figure 52b). The presence of silver on 
the counter body surface was linked to the lower early-stage frictional peaks observed for 
the 5 Ag – 10 MoS2 self-lubricating cladding during the High Temperature Tribometer 
testing (see Figure 47 for comparison). 
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Figure 52: SEM imaging of the break-up on a 22MnB5 counter body after testing against  
5 Ag – 10 MoS2, as seen for a) the outskirts and b) the central area of the break-up 

 

Table 22: Chemical composition as measured by EDS of the spots marked in Figure 51 and 
Figure 52 

Spots 
Chemical composition (at.%) 

Al Si Fe Ni Cr Ag S O 

A 5.5 3.5 4.4 38.9 7.5  15.1 25.1 

B 1.5 1.8 3.7 37.8 14.6 2.2 24.4 14.0 

C 3.1     96.9   

D 21.2 2.2 5.0   59.1  12.6 

 

In order to gain more insight into the wear mechanisms taking place in the tool samples 
after sliding at HT, a worn 5 Ag – 10 MoS2 flat pin was further characterised by means 
of SEM/EDS, as shown in Figure 53. The transfer of material to the leading edge from 
the coated 22MnB5 strips could be confirmed due to the detection of Al-rich deposits on 
the edge of the pin (spot A in Table 23). Interestingly, the measured chemical composition 
was close to that of the intermetallic Fe2SiAl7, which was already observed for the as-
delivered Al-Si-coated 22MnB5 steel (see Section 3.3 for details). 

Other phases found in the worn surface of the pin could be similarly characterised. The 
Ni-based matrix of the cladding was found to be partly oxidised (spot B), in addition to 
Mo-rich phases (spot C), probably molybdenum carbides. Spot D was a chromium sulfide, 
found to be unoxidised even after the contact with the HT counter bodies. This compound 
was considered to be the cause for the decreased friction shown by the self-lubricating 
claddings. Interestingly, blocky aggregates could be observed on the already described 
chromium sulfides (spot E in Figure 53c). Further chemical characterisation showed that 
they were composed mostly of silver and sulfur. Additionally, a close-up of a worn 
reference pin is given in Figure 53d for comparison, showing a much higher degree of 
material transfer from the Al-Si-coated boron steel counter body compared to the  
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self-lubricating claddings, observed to have a higher adhesion resistance than the Ni-
based alloy. 

From the previous results, it appears that silver was associated to sulfur likely as Ag2S on 
the worn 5 Ag – 10 MoS2 flat pin. However, pure silver has also been observed in the 
counter body surface, close to break-ups on the protective Al-Si coating (see Figure 52). 
It is possible that the observed silver sulfides decomposed during HT sliding, leading to 
the transfer of pure silver to the counter body. However, the chemical reaction involved 
in this process is still not known. On one hand, the thermal oxidation of Ag2S can take 
place as shown in Eq. 1 at temperatures above 510°C [192]. Another possibility is the 
chemical reaction described in Eq. 2 in the context of Sn-Ag-Al solders [193]. It is 
possible that the aluminium present in the counter body surface could lead to the 
formation of pure silver at temperatures above 150°C. In any case, regardless of the actual 
mechanism, it is expected that the contact with the HT counter body will lead to the 
formation of pure silver and its transfer to the counter body, decreasing the frictional 
peaks caused by break-ups in the protective Al-Si coating. 

 

Ag2S + O2 � 2 Ag + SO2    (Eq. 1) 

3 Ag2S + 2 Al � 6 Ag + Al2S3    (Eq. 2) 

 

 

Figure 53: SEM imaging performed on a worn 5 Ag – 10 MoS2 pin after against five coated 
22MnB5 strips, with a,b) an overview of the leading edge and c) a detailed view of an aggregate 
observed in the cladding’s surface. d) Shows the edge of a reference alloy pin after testing, with 

significant material transfer 
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Table 23: Chemical composition as measured by EDS of the spots marked in Figure 53 

Spots 
Chemical composition (at.%) 

Al Si Fe Ni Ag Cr Mo S O 

A 53.3 6.3 19.0      21.4 

B 2.2 5.8 4.6 76.4  1.3 4.3  5.4 

C 2.5 4.6 4.6 66.4  1.4 13.5  6.8 

D    6.8 1.0 35.8  56.4  

E 2.2   11.8 29.4 14.7  41.9  

 

 

4.5. Flat pin-on-flat – AA6082 counter body 

The friction results for reciprocating tests against AA6082 pins at 300°C are shown in 
Figure 54. The hot work tool steel grade 1.2367 showed in particular steadily increasing 
friction, with friction coefficient values above 2.0 making necessary the interruption of 
each test involving the tool steel before the planned duration in order to prevent damage 
to the test rig due to very high frictional forces. As for the self-lubricating claddings, the 
iron-based Fe – 5 Ag – 5 MoS2 showed a relatively more stable tribological behaviour, 
with friction peaking after ~600 seconds for all three repetitions at values between 1.2 
and as high as 2.2 but suddenly decreasing to ~ 0.8 for the rest of the test. The nickel-
based cladding 5 Ag – 10 MoS2 performed even better: although friction similarly reached 
high values during the first few minutes, up to 1.5, it was observed to steadily drop to 
values close to 0.5 after 600 seconds, remaining remarkably stable for the rest of the test 
duration. 

The wear rates of the pins after testing against the self-lubricating claddings were 
calculated by measuring the height of the counter bodies prior and after testing  
(Figure 55). Testing against 5 Ag – 10 MoS2 led to a fourfold decrease in pin wear 
compared to testing against the iron-based Fe – 5 Ag – 5 MoS2. It must be noted here that 
no attempt to measure the pin wear was made for the tests against tool steel, as they had 
to be stopped at different durations due to the severity of the contact. This low 
repeatability is characteristic of high adhesive wear during sliding. 
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Figure 54: Friction results against AA6082 at 300°C for 5 Ag – 10 MoS2,  
Fe – 5 Ag – 5 MoS2 and the reference tool steel 

 

 

Figure 55: Measured wear loss for the AA6082 pins after reciprocating testing at 300°C 
against 5 Ag – 10 MoS2 and Fe – 5 Ag – 5 MoS2 
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Figure 56: SEM imaging of the wear scars observed after testing against AA6082 at 300°C for 
a,d) the reference tool steel, b,e) Fe – 5 Ag – 5 MoS2 and c,f) 5 Ag – 10 MoS2 

 

Table 24: Chemical composition as seen by EDS of the spots marked in Figure 56 

Spot 
Chemical composition (at.%) 

Al Si Mg Fe Cr S Mo Ni Ag O 

A 89.7 1.2 1.2 0.5 
     

7.3 

B 0.9 0.9 
 

75.8 5.0 2.5 
   

14.7 

C 61.2 0.8 0.7 2.2 0.5 
    

34.2 

D 1.2 1.3 
 

70.2 14.8 2.3 1.3 2.5 0.3 6.2 

E 5.2 0.5 
 

33.0 7.9 1.9 
 

1.1 
 

50.5 

F 80.8 0.9 0.8 
    

1.2 
 

15.8 

G 5.6 5.6 
 

4.6 2.6 5.0 
 

76.6 
  

H 24.4 0.4     4.0 7.2   3.6 36.7 23.8 

 

Further SEM/EDS analysis of the wear scars of the claddings and the reference tool steel 
was done in order to obtain more information on the prevalent wear mechanisms.  
Figure 56a and Figure 56d correspond to a tool steel sample after stopping the test at 130 
seconds due to excessively high friction. The dark grey patches throughout the wear scar 
were mostly aluminium from the AA6082 counter body (see spot A in Table 24). It must 
be noted here that a significant amount of transferred material could be observed on the 
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tool steel even after a short test duration, a feature which is considered to be detrimental 
for both tool and work piece during metal forming. Spot B corresponds on the other hand 
to the tool steel, slightly oxidised after exposure to HT for a relatively short period. 
Interestingly, several references dealing with the HT sliding of tool steel against 
aluminium alloys report material loss on the steel sample due to the abrasive action of 
aluminium oxides formed at temperatures of 350°C [70,194], in contrast to the results 
observed in the present study for 1.2367 tool steel. No clear explanation for this 
disagreement has been found so far. 

Figure 56b and Figure 56e show a wear scar on a Fe – 5 Ag – 5 MoS2 sample after a test 
duration of 1800 seconds. Interestingly, material transfer from the pin was much lower 
for this self-lubricating cladding than for the reference tool steel, even when the test 
duration was significantly longer for this cladding. As for the chemical characterisation 
of the wear scar, large patches of oxidised aluminium (spot C) from the AA6082 counter 
body could be observed on the lightly oxidised cladding substrate (spot D), but in this 
case iron oxide particles with oxygen contents as high as 50 at.% could also be detected 
(spot E). These were likely the wear debris from the iron-base cladding, re-embedded 
during reciprocating. 

The wear scar found on a 5 Ag – 10 MoS2 sample after 1800 seconds against an AA6082 
pin is shown in Figure 56c and Figure 56f. Unlike in previous cases, material transfer in 
the form of oxidised aluminium could only be observed in the central part of the scar  
(spot F). It is also interesting to note that the adhesion-free regions of the scar showed 
signs of abrasive wear. The cladding substrate was not oxidised after prolonged testing at 
300°C (spot G), which could be due to the oxidation resistance of the chosen nickel-based 
alloy. This was in contrast to the observation of silver-rich inclusions strongly oxidised, 
like the one in spot H. 

Additional 3D profilometry measurements performed on the flat samples (Figure 57) 
showed a significantly decreased material transfer from the AA6082 counter body for 
both self-lubricating claddings, suggesting a higher adhesion resistance than the reference 
tool steel grade 1.2367, although at the cost of increased material loss due to abrasion.  
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Figure 57: 3D Profilometry measurements performed after reciprocating testing against 
AA6082 at 300°C for a) the reference 1.2367 tool steel and the self-lubricating claddings  

b) Fe – 5 Ag – 5 MoS2 and c) 5 Ag – 10 MoS2 

 

Figure 58: EDS mapping on an AA6082 pin after testing against Fe – 5 Ag – 5 MoS2 at 300°C 

 

Figure 59: EDS mapping on an AA6082 pin after testing against 5 Ag – 10 MoS2 at 300°C 
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Figure 60: Cross section of AA6082 pins as seen by SEM after testing at 300°C against 
a,b) Fe – 5 Ag – 5 MoS2 and c,d) 5 Ag – 10 MoS2

The AA6082 flat pins tested against the self-lubricating claddings were also characterised 
as the more stable frictional behaviour compared to the tool steel tests was attributed to 
the formation of tribolayers on the counter bodies. Figure 58 shows an element mapping 
performed on an AA6082 worn pin after testing against the Fe – 5 Ag – 5 MoS2. The 
formation of a discontinuous iron/chromium oxide layer could be seen, covering a
significant fraction of the pin surface. Figure 60 shows additionally a cross 
section performed on one of the tested pins, giving more information on the 
structure of the tribolayer. In particular, it could be seen that many particles with sizes 
in the micron range were embedded into the softer aluminium alloy, which underwent 
a perceivable degree of plastic deformation during sliding. Chemical analysis 
performed by means of EDS on the agglomerated particles (spot A in Table 25)
showed a composition based in iron (33.8 wt.%) and chromium (7.8 wt.%), 
additionally with a very high oxygen content (above 50 wt.%). These results showed 
that the embedded particles found on the worn AA6082 pin were heavily oxidised 
wear debris from the Fe – 5 Ag – 5 MoS2 cladding. Furthermore, their composition was 
clearly different from that of the AA6082 substrate (spot B) as no aluminium could be 
detected, which excluded any significant intermixing between the pin and the cladding 
material. This iron oxide layer was expected to decrease friction during HT tribotesting 
as similarly described in the available literature [195,196]. Similar oxidised transferred 
tribolayers have been described by Deuis et al. in the context of aluminium-based 
composites [197], linked similarly to an increased wear resistance, although in the 
present case this mechanism does not explain the reason why no tribolayer was formed 
when testing against the 1.2367 grade tool steel.

In any case, the protective tribolayer formed after testing against the self-lubricating 
cladding Fe – 5 Ag – 5 MoS2, was expected to be less effective than the one formed 
against the nickel-based 5 Ag – 10 MoS2, judging from the friction results plotted in 
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Figure 54 and the pin wear results in Figure 55. In this context, Figure 59 corresponds to 
an EDS element mapping performed on a worn AA6082 pin tested against  
5 Ag – 10 MoS2. As it can be seen, an oxidised layer covered most of the pin, with a 
chemical composition containing nickel, chromium and sulfur. This clearly showed that 
the tribolayer formed from the oxidised debris of the self-lubricating 5 Ag – 10 MoS2. It 
is worth noting that similar tribolayers were described in Section 4.2.4 in the context of 
HT reciprocating testing of Ni-based self-lubricating claddings, leading to decreased 
counter body wear. 

SEM imaging performed on a cross section of a worn pin tested against 5 Ag – 10 MoS2 
is given in Figure 60c-d. The oxide tribolayer forming on the AA6082 counter body had 
a thickness of up to ~30 μm and was composed of agglomerated particles. However, there 
was little perceivable plastic deformation of the aluminium-based substrate (see the lines 
of intermetallic phases in Figure 60d, perpendicular to the sample surface up to a depth 
of ~5 μm). This was found to be in stark contrast with the significant plastic deformation 
found for the pins after testing against Fe – 5 Ag – 5 MoS2.  

As for the chemical composition of the tribolayer as measured by EDS, it was observed 
to be made up of nickel-based oxidised debris from the 5 Ag – 10 MoS2 cladding, with 
some slight chromium and sulfide content (spot C in Table 25). 

Table 25: Chemical composition as seen by EDS of the spots marked in Figure 60 

Spot 
Chemical composition (at.%) 

Al Si Mg Fe Cr S Mo Ni Ag O 

A 1.1 0.7 
 

33.8 7.8 1.4 0.7 1.2 
 

53.2 

B 96.7 0.9 0.7 
      

1.5 

C 7.8 2.6   0.9 1.8 3.6 1.3 31.9 0.6 49.5 

 

Further XPS characterisation performed on the mentioned tribolayer is summarised in 
Figure 61. In particular, the presence of compounds related to the self-lubricating 
cladding 5 Ag – 10 MoS2 can be seen, including silver in addition to oxides like MoO3 
and Cr2O3 expected to form respectively from molybdenum carbides and chromium 
sulfides after exposure to HT. Nickel oxides like NiO and Ni2O3 in addition to the sulfide 
compound NiS could also be identified, forming at HT from the matrix of the nickel-
based cladding. The latter could be identified due to the broad peak between from 162 
and 164 eV, which has been similarly reported in the available literature in the context of 
nickel sulfides [198,199]. A similar phase could also be detected by means of EDS in the 
as-deposited self-lubricating cladding 5 Ag – 10 MoS2 (please refer to spot D in  
Figure 14c and Table 9). 

The formation of oxide layers at HT composed of NiO and Ni2O3 has been reported to be 
beneficial in previous studies [200,201]. However, it must be noted that in the present 
study, the use of nickel-based claddings without the addition of any solid lubricants led 
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to a significant counter body wear linked to no tribolayer formation (Figure 37a). This 
suggests that the nickel sulfide detected on the AA6082 pins after testing against  
5 Ag – 10 MoS2 could contribute to the improved tribological behaviour of the self-
lubricating cladding, maybe synergistically to chromium sulfides. However, it is 
interesting to note here that only a lone reference has been found reporting the formation 
of nickel sulfides in Ni-based claddings with the incorporation of MoS2 [105]. In this case, 
Xu et al. suggest a favourable tribological role of nickel sulfides, although the tribological 
testing performed by the authors is very limited, restricted to RT and with no comparison 
against reference claddings with no MoS2 content. However, it must be noted here that 
nickel sulfides have not been reported in the literature to show a layered microstructure 
as other well-known solid lubricants like MoS2 or WS2. Olivas et al. described several 
nickel sulfides as having NiAs-like hexagonal microstructures [202], although it is not 
known if this could lead to a tribological behaviour similar to the TMDs.  

In any case, there is no reason to restrict effective lubrication to sulfides formed by metals 
from groups 5 or 6 of the periodic table, as compounds such as ZnS, Sb2S3 and SnS have 
been described in the literature as effective lubricants in the context of brake systems 
[203,204], with TiS2 explicitly being described as a layered compound similar to TMDs 
such as MoS2 [205,206]. One of the main conclusions of the present study is that sulfide-
based compounds other than MoS2 or WS2 could be effective solid lubricants. For this 
reason, further research into the tribological behaviour of sulfides containing chromium 
or nickel is considered to be beneficial for applications like metal forming or aerospace. 
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Figure 61: XPS characterisation of an AA6082 pin after testing against 5 Ag – 10 MoS2 at 
300°C 
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Chapter 5 
5. Conclusions 

 

In the present study, the resulting microstructure and the tribological behaviour at HT of 
laser claddings featuring the addition of different solid lubricants have been studied, 
aiming at their implementation in metal forming applications requiring low wear and 
stable friction at HT. The main conclusions of this work are as follows: 

� The combined addition of silver and TMDs to nickel- and iron-based alloys led to 
a beneficial encapsulation of the soft metal by sulfide-rich phases, ensuring a 
uniform distribution of solid lubricants across the thickness of the cladding and 
preventing silver from floating to the surface of the melt pool during the cladding 
process 

� Chromium sulfides like Cr3S4 or CuCrS2 formed by the thermal degradation of 
TMDs during laser cladding have been shown to be effective solid lubricants 
decreasing friction up to 600°C. However, the poorer tribological behaviour of 
Fe-based self-lubricating claddings compared to their Ni-based counterparts 
suggests that their role as solid lubricants can be limited 

� The nickel-based self-lubricating claddings prepared in this study showed 
decreased friction in a broad temperature range up to 600°C while at the same 
time reducing the wear of the counter body for all chosen tribotesting 
configurations. This observed behaviour makes them interesting for use in metal 
forming applications like hot stamping 

� Iron-based self-lubricating claddings featuring the addition of Ag and MoS2 
showed a significant wear resistance at HT, although at the expense of severe 
counter body damage and increased friction compared to their nickel-based 
counterparts 

� Testing against Ni-based claddings with the addition of MoS2 led to the formation 
of a tribolayer on the counter body, with significant nickel and sulfur content, and 
reduced counter body wear. This has been consistently observed under 
reciprocating testing against both steel- and aluminium-based counter bodies, in 
addition to tests against Al-Si-coated boron steel 

� Reciprocating tests against steel counter bodies have shown to qualitatively agree 
with the results of the open-configuration High Temperature Tribometer tests 
against Al-Si-coated boron steel. This suggests that SRV can be used for the 
simulation of metal forming applications more effectively than other 
configurations like unidirectional pin-on-disc.  
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Chapter 6 
6. Future work 

 

During this work, significant knowledge on the behaviour at HT of self-lubricating 
claddings has been gained. However, it must be noted here that both the thermal 
conductivity and fatigue behaviour at HT of the self-lubricating claddings must be 
properly quantified, in order to fully assess their potential for hot stamping applications.  

Testing of the self-lubricating claddings against series 7xxx aluminium alloys is also 
recommended, as these alloys show a high specific strength and could potentially be used 
for the manufacture of high-strength automotive components with decreased weight 
compared to commonly used steel grades [207]. 

Further testing against stainless steel is recommended, as there is a surge in interest on 
the hot stamping of this class of alloys due to their oxidation resistance and lower cooling 
rates required for the martensitic transformation of the work piece [208]. Carbon– 
manganese–chromium steels have also raised interest in recent years in the automobile 
industry due to their combination of strength and ductility [209]. It is thus expected that 
the use of low adhesion materials like self-lubricating claddings would be beneficial for 
manufacturing processes involving both steel classes. 

Tribological testing under vacuum conditions, including HT, would also be beneficial in 
order to evaluate the potential use of the self-lubricating claddings in space-based 
mechanical applications such as deployment systems in satellites, comparing their 
performance to currently used lubricous PVD thin films. 
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ABSTRACT
Self-lubricating materials are becoming more widespread in fields like metal forming or power
generation due to the inability to use conventional lubricants in high-temperature (HT)
applications. In an effort to summarise the progress done in this field, a detailed literature
review has been carried out, ranging from micron-thickness thin films to hardfacings and
bulk materials, and classified by the reported solid lubricants. Moreover, the most-cited
deposition techniques have been reviewed for each lubricant class in addition to their
advantages and limitations. HT friction and wear data for self-lubricating materials have also
been examined in order to identify effective lubrication ranges and general trends in their
tribological behaviour, which is expected to be useful for researchers interested in this field.
Finally, several apparent research gaps have been described, with suggestions for new
experimental work that could lead to the development of new high-temperature self-
lubricating materials.
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Introduction

Self-lubricating materials form a broad class of com-
pounds featuring the incorporation of one or more
solid lubricants. They are used to decrease friction
and wear in industrial applications involving severe
sliding contacts, without the need for further external
lubrication, although the presence of different phases
in their microstructure can lower their mechanical
strength [1]. In recent years, their use under high-
temperature (HT) conditions has become a subject of
increasing importance in applications ranging from
metal forming [2] to aerospace [3] and power gener-
ation [4], to name but a few, as conventional lubricants
like oils and greases cannot withstand the temperatures
occurring during operation [5] and quickly decompose
above 300°C. In particular, metal forming processes
like hot rolling or hot stamping involve the heating
of the work piece to prevent the onset of detrimental
mechanisms such as strain hardening and also to
increase the ductility of the work piece at HT [6]. How-
ever, such an approach can lead to significant tool
damage due to increased wear and material transfer
from the work piece [7–11], thus decreasing tool life-
time and compromising the quality of the finished pro-
duct. Materials like ceramics are in general not suited
to replace metallic alloys under these conditions
owing to their poor mechanical integrity as well as
their tribological properties at elevated temperatures
[12,13]. In response to these challenges, the successful
incorporation of solid lubricants like molybdenum dis-
ulfide (MoS2), WS2, graphite, or hexagonal boron

nitride (hBN) into both ceramic and metal matrixes
for the production of self-lubricating materials, which
can lead to improved tribological behaviour at HT, is
well reported in the literature [14,15]. However, the
development of self-lubricating materials for use at
HT is a complex and challenging field, requiring a mul-
tidisciplinary approach including physics, chemistry,
surface engineering, and metallurgy, to name a few.
Table 1 lists several of the most important require-
ments that self-lubricating materials have to fulfil to
perform satisfactorily in HT applications. It must be
noted that some of the requirements are very difficult
to reconcile, such as lubrication by means of melting
or the confinement of solid lubricants in the contact
region during sliding.

In any case, several references have been found con-
cerning the HT self-lubrication of composite bulk
materials prepared by means of powder metallurgy
techniques [16,17]. An alternative, often cost-effective
approach relies in the use of coatings for wear protec-
tion of tools and mechanical components [18], as they
may be used on cheaper substrates to prolong their life-
time. The deposition of self-lubricating coatings by
means of plasma spray or laser cladding is well docu-
mented [19], in addition to physical vapour deposition
(PVD) techniques that lead to protective films with
reported thicknesses in the micron-range [20]. The
most-cited preparation techniques for self-lubricating
materials are shown in Figure 1.

Additionally, it is expected that the lubricating
mechanisms described for bulk materials could be
extrapolated for the development of new coatings,
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assuming that the deposition conditions are suitably
optimised for keeping the active compounds
unchanged during the preparation process.

In the context of industrial applications like metal
forming, the main role of self-lubricating materials is
to control friction under high-temperature sliding con-
tact, while at the same time providing wear and cor-
rosion resistance as well as maintaining high strength
at elevated temperatures. Regardless of the technique
chosen for material preparation, low and stable friction
as well as low wear rates must be achieved in the widest
possible temperature range, as the work piece acting as
the counter body can be heated to temperatures in
excess of 750°C during the production process [21].
This necessitates the combination of several classes of
solid lubricants to cover various temperature ranges in
order to provide low friction and wear up to the maxi-
mum temperatures experienced by tools during oper-
ation. Due to these requirements, there is a growing
interest in the in-situ formation of new lubricious phases
due to tribochemical reaction at HT. In particular, it is
expected that solid lubricants effective at lower tempera-
tures could react at HT, forming lubricious compounds
and thus extending the self-lubrication range [22], as
will be further detailed in the present paper.

The number of references dealing with the tribologi-
cal behaviour of self-lubricating materials at HTs illus-
trates an increasing interest since the early 2000s, as
shown by the rising number of publications per year

(Figure 2). The pioneering work of Sliney and co-
workers comprises all of the available literature
between 1974 and 1992, including the first reference
found on HT self-lubricating materials in the context
of aerospace applications [23]. In particular, the devel-
opment of thermal spray coatings with the addition of
silver and alkaline-earth fluorides like NASA’s PS212
and PS304 can be regarded as one of the earliest break-
throughs in the field of HT self-lubrication. However, it
must be noted that only a few further references were
found until the early 2000s, a fact that has been attrib-
uted to the scarcity of tribometers capable of operating
at HTs. It is not until 2005 that a significant increase in
the number of publications is observed, peaking
already in 2013 and 2014 with 15 retrieved papers
each year and signalling a broad interest in self-lubri-
cating materials for extreme conditions in recent years.

The present review aims to provide comprehensive
information pertaining to the tribological behaviour
of self-lubricating materials at HT and the main lubri-
cation mechanisms involved, in addition to summar-
ising current trends and strategies in their design and
development. Moreover, apparent research gaps, with
special emphasis on the points of agreement and con-
tradictions found in the available literature have been
brought out. Finally, suggestions have been made for
further research and new strategies for HT self-lubrica-
tion and wear protection. Several excellent reviews in
this field have been published previously [24–29],
and the present study intends to expand on the work
done by Voevodin, Aouadi, Erdemir, Donnet, and
their co-workers by also including bulk materials, pro-
duced mainly by means of powder metallurgy. Most of
the available reviews on solid lubrication at HTs have
so far focused only on surface engineering techniques
such as coatings or the properties of lubricious oxides,
with a seeming knowledge gap on the HT tribology of
self-lubricating composites with either metallic or cer-
amic matrices. Additionally, in the present review there
will be a special emphasis on the design techniques
typically used for self-lubricating materials, their
advantages and limitations. To this end, the existing lit-
erature on HT self-lubricating materials (with their
structures falling into the categories shown in Table 2)
has been reviewed and the available results have been
discussed according to the solid lubricant classes, as
shown in Table 3. The reported results will be discussed
throughout the following sections. However, as it is
widely known, wear and friction are not intrinsic
material properties, but a system’s response, meaning
in this context that testing conditions chosen in differ-
ent reviewed papers (including tribometer configur-
ation, counter bodies, and applied loads, to name a
few) will strongly influence the reported behaviour of
solid lubricants at HT. The reader should therefore
be advised that the results reported in different papers
might not be comparable even for the same

Table 1. A list of the key requirements for self-lubricating
composites to be implemented in HT applications.
Requirements for HT self-lubricating materials

1. Low shear strength of the active solid lubricants in the sliding direction
by means of any of the following mechanisms:
a. Increased ductility at HT
b. Easy-to-shear lamellar microstructure
c. Melting

2. Mechanical strength, thermal stability, oxidation and/or corrosion
resistance of the resulting materials

3. Controlled diffusion towards the contact region to avoid the
accelerated depletion of solid lubricants

4. High thermal conductivity of the resulting material, to dissipate
frictional heating from the contact region

5. Safe operation, non-toxicity, and environmental compatibility

Figure 1. An overview of the most widely reported techniques
used for the preparation of self-lubricating materials.
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implemented solid lubricants. In any case, it is expected
that general trends in tribological behaviour at HT can
be deduced from the available literature, and could be
extrapolated and used as guidelines for researchers in
future experimental work in this field.

Soft metals

This category includes pure metals like gold, silver,
lead, indium, tin, and platinum [15,30]. The main

lubrication mechanism has been reported to be their
enhanced ductility and low shearing strength at HT,
especially in the case of silver and gold [24,31]. Soft
metals can thus plastically deform during sliding and
accommodate both interacting surfaces, decreasing
friction and wear. Additionally, this class of lubricants
has been reported not to experience significant work
hardening during sliding [15], as lattice defects such
as dislocations can be destroyed due to frictional heat-
ing. This process is responsible for keeping the shear
strength of soft metal layers low during sliding and
facilitating long-term lubrication. However, increased
softening at HT may cause soft metals to be extruded
from the interface, thus limiting their lubricating
effect [24].

Silver and gold have raised significant interest, as
their combination of their low shear strength and
high thermal conductivity make them interesting for
tribological applications like those involving ceramics,
where high levels of frictional heating can arise in the
contact region. For this reason, most of the available
references dealing with the HT self-lubrication of soft
metals involve Ag and to a lesser extent Au, as it will
be discussed in further detail.

Silver

Silver is the most common noble metal used as a solid
lubricant due to comparatively lower costs than other
elements such as gold. It exhibits a better resistance

Figure 2. Number of publications per year studying the HT tribology of self-lubricating materials, as retrieved from the Scopus
database.

Table 2. Classes of self-lubricating materials as found in
the available literature.
Material classes and preparation techniques

1. Thin films – PVD (magnetron sputtering, cathodic arc)
2. Hardfacings – plasma spray, laser cladding
3. Bulk materials – powder metallurgy (spark plasma sintering, hot

pressing)

Table 3. Categories of solid lubricants classified by their
chemical composition.
Classes of solid lubricants

1. Soft metals (Ag, Pb, Au)
2. TMDs (MoS2, WS2, MoSe2)
3. Binary oxides (PbO, MoO3, WO3, CuO, V2O5)
4. Ternary oxides (Ag2MoO4, Ag2WO4, Ag3VO4)
5. Alkaline-earth fluorides (CaF2, BaF2)
6. hBN
7. MAX phases (Ti3SiC2, Ti2SnC)
8. Graphene
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to oxidation at HT than Pb, In, and Sn [15]. It also has
a high thermal conductivity helping dissipate the fric-
tional heat generated away from the contacting sur-
faces, thereby making it suitable for HT applications
[15,32]. On the other hand, thicker (>1 μm) silver
layers have been reported to be prone to excessive plas-
tic deformation and material transfer to the counter
body [33], increasing friction. Additionally, the diffu-
sion of silver to the surface at HT is a one-way process
that can take place quickly, depleting the entire solid
lubricant content of a coating in a short period of
time at temperatures above 300°C [24] (see Figure 3),
leading to high wear rates [34] or even to coating col-
lapse due to increased porosity [35]. The deposition of
diffusion barriers has been proposed in order to control
silver migration to the interface, thus allowing pro-
longed operation under cyclic temperature conditions
[36,37], although multilayer coating deposition may
come at a higher cost. It must be noted here that the
beneficial role of sulfur slowing down silver depletion
at HT has been recently described by Torres et al. in
the context of self-lubricating claddings with the
addition of silver and MoS2 [38]. Oxidation tests per-
formed at 600°C gave no evidence of silver depletion
after 100 hours of exposure to HT, which was attribu-
ted to the beneficial role of sulfur-based compounds
formed during laser cladding. This was found to be
in agreement with earlier observations by Aouadi
et al. [39].

In spite of the aforementioned problems, silver is
still suitable for addition to self-lubricating composite
materials, and a number of papers dealing with it

were found in the available literature. In the context
of HT tribological applications, powder metallurgy
has been the most reported deposition technique for
silver-containing materials, followed by PVD, as
shown in Figure 4. On the other hand, only four refer-
ences involving hardfacings prepared by means of ther-
mal spraying could be found [33,40–42], suggesting
technical problems and/or inadequate tribological
behaviour of the resulting Ag-containing hardfacings.

HT friction and wear results for some of the most
representative self-lubricating materials found in the
literature are plotted in Figure 5(a–c). Materials with
a silver content of 15 wt-% or more showed a decrease
of friction with temperature, especially in the case of
PVD coatings. Several exceptions were observed in
the case of powder metallurgy and plasma-sprayed
coatings, for which no obvious explanation has been
found. As for the wear results, an improvement in
their tribological behaviour compared to RT was
observed for a majority of the materials in the interval
ranging from 350°C to 600°C, attributed to the ben-
eficial role of silver, but not without exceptions (see
Chen et al. [40] for instance). It must be noted here
that a significant level of disagreement in the tempera-
ture ranges for effective silver lubrication has been
observed throughout the literature, as will be described
below in more detail for several of the most relevant
publications.

In one of the oldest references available, Sliney [33]
reported in 1985 that the addition of silver (30 wt-% or
more) led to decreased friction and wear in plasma-
sprayed coatings in the temperature range from RT
up to 400°C. Further work was done in the 90s by Erde-
mir et al. with thin silver films deposited on alumina
substrates by means of ion-assisted deposition
[48,49]. Subsequent tribotesting at HT against alumina
balls showed significantly decreased wear up to 400°C
compared to the uncoated Al2O3 samples. This was
attributed to the smearing of a thin silver layer,
which allowed the accommodation of the stresses
induced in the samples during sliding. On the other

Figure 3. Thermal diffusion process in coatings enriched with
soft metals, as described by Voevodin et al. Reprinted with per-
mission from Voevodin et al. [24]. Copyright ©2014, Elsevier.

Figure 4. Share of the deposition techniques used for the pro-
duction of HT self-lubricating materials with silver as solid lubri-
cant, as found in the available literature.

4 H. TORRES ET AL.

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

2:
14

 2
0 

D
ec

em
be

r 2
01

7 



Figure 5. Coefficients of friction at HT for self-lubricating materials deposited by (a) powder metallurgy and plasma spray and (b)
PVD techniques. (c) Wear rates normalised by dividing by the RT values, as found in the literature for silver, with the effective lubri-
cation range for silver shaded. Note that each data series has been labelled according to the solid lubricants added, the base
material, and the deposition technique used for sample preparation (cf. [33,39–41,43–47]).
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hand, increasing the temperature up to 600°C wor-
sened the tribological behaviour due to the extrusion
of the protective silver layers and excessive softening
at HT [49].

Other authors have reported different temperature
intervals for silver-based lubrication. Recently, Duan
et al. [43] studied the HT tribological behaviour of
nickel-based materials with the addition of silver,
obtained by means of powder metallurgy. The results
showed a lower and more stable coefficient of friction
at 400°C and 600°C, while the lowest wear rates were
measured at 600°C. XRD analysis of the wear track
showed high levels of silver after testing at 600°C,
due to the formation of an easy-to-shear tribolayer
that was the source of the observed beneficial frictional
properties. It is noteworthy that the authors linked the
poorer tribological behaviour at temperatures of 200°C
or above with an observed lower silver content in the
contact zone. It is possible that, for silver-containing
bulk materials, the temperature intervals for effective
solid lubrication may be different from those of PVD
coatings, as microstructural phenomena such as defects
and lattice vacancies can strongly influence the diffu-
sion process involved in the lubrication mechanism.
In the case of plasma spray coatings, these materials
are known to feature a higher number of defects like
pores or cracks, which might enhance the lubricity of
silver at lower temperatures by means of open path-
ways to the surface. In this context, Chen et al. [40]
studied a Ni–22Cr–10Al–1.0Y-based plasma-sprayed
coating with the addition of pure molybdenum and sil-
ver (10 wt-% for both compounds). Its tribological
behaviour was studied using a ball-on-disc configur-
ation up to 800°C, and the authors reported lower fric-
tion and wear rates at RT and 200°C for the modified
hardfacing compared to the reference NiCrAlY alloy.
Silver diffused to the surface at 200°C, thus forming a
smooth protective layer. After testing at 400°C, a
high concentration of Ag was found in the resulting
wear debris, suggesting that the silver layer becomes
unstable at this temperature, thus leading to increased
wear.

Shi et al. [47] chose powder metallurgy for the pro-
duction of TiAl-based alloys with a silver content ran-
ging between 5 and 15 wt-%. The wear behaviour of the
resulting composites was evaluated in a ball-on-disc
configuration up to 800°C, with the Ag-containing
composites showing significant decreases both in fric-
tion and wear rates from RT up to 400°C, compared
to the unmodified TiAl-alloy. The best results were
observed for the alloy with 10 wt-%. Ag. Interestingly,
the lowest wear rates were observed at 400°C, in
marked contrast with previous work. This was attribu-
ted to the formation of a protective tribolayer due to
increased Ag diffusion to the surface.

Studies have also been found conducted on silver-
containing coatings deposited by means of PVD

techniques. Köstenbauer et al. [44] studied the proper-
ties of TiN coatings prepared by means of reactive
magnetron sputtering with the addition of a variable
Ag content. Silver contents higher than 22 at.-% were
found to be detrimental to the mechanical strength of
the coating, leading to failure at temperatures of 500°
C. In this case, silver lubrication was observed in the
range from 300°C to 500°C. However, no agreement
has been found in the available literature even for the
same deposition technique: Aouadi et al. [46] deposited
Mo2N/MoS2/Ag thin films using unbalanced magne-
tron sputtering and studied their tribological properties
at HT by means of a ball-on-disc configuration. In par-
ticular, they found significant decreases in the
measured coefficient of friction for a 16 wt-%-silver-
containing coating at the three chosen temperatures
of RT, 350°C, and 600°C. This was again attributed
to the migration of silver to the surface at HT. In this
case, the addition of silver did not contribute to better
wear results at RT and 350°C when compared to the
undoped Mo2N coating. However, a fivefold decrease
in the measured wear was found at 600°C for the sil-
ver-containing thin coating compared to the reference
material.

For silver lubrication, it is necessary to note here
that, although the main mechanism has been consist-
ently described in the literature to be the diffusion of
silver and the formation of an easy-to-shear tribolayer
with high silver content regardless of deposition tech-
nique, the optimum temperature intervals are not
agreed upon in the available literature. Various coating
structures and even vacancy concentrations have been
reported to influence the onset of the diffusion process
[24]. Chemical composition and changes in local temp-
eratures due to frictional heating during testing could
also contribute to the discrepancies in effective lubrica-
tion temperatures reported in the available literature
for silver-containing materials [50]. Further under-
standing of the diffusion of silver to the surface for
different types of coatings during HT sliding is thus
necessary.

Also, a recent trend has been identified in the avail-
able literature, as silver is increasingly used in self-
lubricating materials as a precursor compound for
the formation of new solid lubricants at HT. This has
led to the in-situ lubrication concept which will be
further discussed in the section ‘Ternary oxides’.

Other soft metals: gold, copper, lead, and
indium

Another soft metal documented in the literature for HT
self-lubricating materials is gold. An early reference
dating back to 1994 has been found dealing with the
tribology of Au-based thin layers, although in conjunc-
tion with synthetic oils and evaluated at moderate
temperatures up to 150°C [51]. In a more systematic
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way, Voevodin et al. [52] developed an amorphous
yttria-stabilised-zirconia (YSZ) coating with the
addition of gold, deposited by means of PVD tech-
niques (magnetron sputtering pulsed-laser deposition,
MSPLD). Tribotesting performed at 500°C showed a
large decrease in friction compared to RT for the coat-
ings with Au-contents greater than 10 wt-%, which was
attributed to the growth of nanometer-sized gold
grains in the contact region during sliding. Ouyang
et al. [17] also reported the addition of up to 30 wt-%
gold to ZrO2/Y2O3/CaF2 ceramic composites deposited
by means of powder metallurgy (spark plasma sinter-
ing). Tribotesting was performed with a ball-on-disc
configuration up to 800°C and the results compared
to those of ZrO2/Y2O3/CaF2 samples. Although the
interaction between Au and CaF2 makes it difficult to
quantify the individual effect of each solid lubricant,
the addition of gold was observed in any case to
decrease the coefficient of friction up to 800°C com-
pared to the reference material. Also, a clear effect on
wear rates was observed at all tested temperatures:
already at RT the samples with 30 wt-% gold showed
wear rates more than an order of magnitude lower
than those of the ceramic samples with only CaF2,
and a fivefold decrease at the maximum testing temp-
erature of 800°C. It is interesting to note that gold was
able to reduce friction and wear while not entirely cov-
ering the contact region. The main mechanisms behind
the increased wear resistance were thus either the for-
mation of discontinuous protective layers at moderate
temperatures or the generation at HT of nano-scale
gold particles on CaF2 layers. Although effective, the
use of gold as a solid lubricant is limited to specialised
applications like space tribology [53] or the protection
of electronic connectors [54], due to high costs.

Copper is also a soft metal with an excellent thermal
conductivity, which would contribute to an efficient
dissipation of frictional heat and thus lower tempera-
tures in the contact region. Its low strength makes it
unsuitable in bulk form for many tribological appli-
cations [55], although its role as a solid lubricant has
been described in the literature [56]. Oesterle et al.
[57] reported in the context of brake pads that recrys-
tallised copper nanoparticles may act as solid lubricants
in the tribolayers formed during sliding at tempera-
tures of 650°C. Kovalchenko also reported the ben-
eficial effect of ultrafine layers on bulk copper during
sliding at RT [55]. However, fewer references to copper
as a HT solid lubricant have been found as compared to
other soft metals such as silver [24]. This highlights the
necessity for further research in order to assess its
potential to replace silver in HT applications.

As for lead, it has outstanding tribological properties
and has been reported to outperform even silver [15],
but has significant disadvantages preventing its wide-
spread use, e.g. its high toxicity. Literature dealing
with indium lubrication at HT is sparse, despite

interesting properties like its incompatibility with com-
mon alloy elements like iron and nickel [58], which
would make the formation of potentially lubricious
indium-rich second phases possible. Guleryuz et al.
[59] studied the tribological behaviour of TiN coatings
deposited by means of PVD with the addition of
indium. Friction results showed a clear improvement
compared with unmodified TiN thin films up to a
temperature of 450°C, with an observed worsened
behaviour at higher temperatures attributed to indium
oxidation.

Transition metal dichalcogenides (TMDs)

This category of solid lubricants has been widely refer-
enced in the available literature [20,60–62] and
includes a broad range of chemical compounds formed
by the bonding between transition metals such as mol-
ybdenum, tungsten, and niobium [63,64] as well as
chalcogenides such as sulfur, selenium, and tellurium.
They are among the most used solid lubricants in
space applications [65]. The deposition techniques
most widely cited in the literature for the preparation
of TMD-containing composites used at HTs are
plotted in Figure 6, with a large share of the available
publications describing bulk materials sintered by pow-
der metallurgy and thin films deposited by PVD, fol-
lowed by a much smaller number of references
dealing with thicker hardfacings prepared either by
laser cladding or thermal spray techniques. However,
in this case a slightly larger number of references deal-
ing with PVD has been observed compared to silver,
which might be related to the lower thermal stability
of TMDs. As a consequence, low-temperature depo-
sition techniques such as PVD could become more
advantageous, as the thermal degradation of TMDs
during sample preparation is an important issue for
self-lubricating materials, as it will influence their
properties at HT.

The main lubrication mechanism for this class of
solid lubricants is related to their microstructure, as
some TMDs – such as Mo- and W-disulfides and

Figure 6. Share of deposition techniques for HT self-lubricating
materials with TMD content, as found in the available literature.
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diselenides – have a closely packed lamellar structure
with strong bonding between the metal and chalcogen-
ide ligands, which contrasts with the weak van der
Waals adhesion forces between sulfur-like atoms, lead-
ing to the formation of easy-to-shear lamellas (see
Figure 7). Moreover, TMDs can also align in the sliding
direction, thus decreasing the friction experienced by
the whole tribosystem [66] and performing as solid
lubricants. However, adsorption of chemical com-
pounds like H2O from the environment can signifi-
cantly influence the ability of the lamellas to slide
against each other. It must also be mentioned here
that a layered microstructure is not sufficient to achieve

self-lubrication, as observed for similarly layered
TMDs like NbS2 or TiS2, with the strength of the inter-
layer bonding being a decisive factor [27].

MoS2 is by far the most widely used TMD due to
beneficial tribological properties and lower costs than
other TMDs such as WS2. Its use as a solid lubricant
dates back to the 1940s [67,68] and it is also known
to be very effective in vacuum and dry air, and being
well suited for space applications. It has also been
reported that sulfur in MoS2 may contribute to
decreasing diffusion rates of silver at HT, delaying sil-
ver depletion and extending the lifetime of self-lubri-
cating materials without the need for further
diffusion barriers like expensive PVD coatings
[24,39,69]. On the other hand, MoS2 has been observed
to perform poorly in moist environments [15], in
addition to being less stable at HT than WS2[70].
MoS2 oxidises in the presence of oxygen to form the
volatile MoO3 between 370 and 480°C [63,71], while
WS2 was reported to oxidise at ∼540°C [72]. Selenides,
being of interest as solid lubricants as well, have been
reported to be less sensitive to humidity than sulfides
[62,73] but higher costs have prevented their wide-
spread use. Tellurides, on the other hand, are much
less effective than their selenium- or sulfur-based
counterparts [64,74].

Friction and wear for self-lubricating materials for
which TMDs remained – at least partly – chemically
unchanged after deposition are plotted in Figure 8(a,
b), respectively. In spite of different chemical compo-
sitions and sample preparation techniques, a general
trend has been observed involving a minimum fric-
tion in the range from 100°C to 400°C, with higher
values reported for higher temperatures. Interestingly,
improvements in wear rates compared to those
measured at RT have only been reported for pure
MoS2 thin film coatings [61], which on the other
hand have important drawbacks such as being
prone to early failure at temperatures of 300°C
[22]. For the self-lubricating materials experiencing
full-scale TMD degradation during deposition, fric-
tion, and wear data are plotted in Figure 8(c,d). In
spite of the absence of solid lubricant compounds
like MoS2 or WS2, clear decreases in friction can be
observed, linked in most cases to the formation of
other lubricious sulfides like CrS during preparation
[14,82]. Reduced wear was observed for a majority
of the materials in the range between 300°C and
500°C, although with significant exceptions. Several
relevant examples of the use of TMDs for HT self-
lubrication will be discussed in further detail.

Molybdenum disulfide

A hybrid PVD technique, consisting of filtered vacuum
arc, pulsed-laser deposition, and magnetron sputtering
was used by Muratore et al. for the deposition of YSZ–

Figure 7. (a) Lamellar crystal structure of Mo (or W) disulfide.
(b) The weak van der Waals forces give rise to interlamellar
mechanical weakness and hence easy shear (slip) between
the planes. Reprinted with permission from Scharf and Prasad
[66]. Copyright ©2013, Springer.
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Ag–Mo coatings with a variable addition of MoS2 [22].
Tribotesting was performed using a ball-on-disc con-
figuration up to temperatures of 700°C, and it was
found that a pure MoS2 coating used as a reference

material showed particularly low coefficient of friction
values, but failed at temperatures higher than 300°C.
For the YSZ–Ag–Mo composite coatings, the addition
of MoS2 decreased the observed coefficient of friction
up to temperatures of 700°C, although the formation
of ternary oxides and not the lubricant effect of MoS2
was expected to account for it. In any case, the opti-
mum chemical composition for the composite coatings
was found to include an 8 wt-% addition of MoS2.
Smeared particles of MoS2 could be observed on the
wear track after testing at 300°C, confirming its role
as a solid lubricant in this temperature range.

Powder metallurgy has also been used to produce
MoS2-containing bulk materials, as reported by Shi
et al. [83]. NiAl-based composites featuring the
addition of several solid lubricants were tested with a
ball-on-disc configuration up to 800°C. In particular,
a composite with the addition of 5 wt-% Ti3SiC2 and
5 wt-% MoS2 showed lower friction than the base
NiAl alloy, with a significant drop in both coefficient
of friction and wear rates at 400°C. According to the
authors, the main wear mechanism was the for-
mation of a protective MoS2 tribolayer, although it
was observed to oxidise to MoO3 at higher
temperatures.

Kong et al. [76] chose hot press sintering in order
to produce a zirconia-based composite, ZrO2/Y2O3,
with the addition of 10 wt-% MoS2 and 10 wt-%
CaF2 as solid lubricants, whose performance up to
1000°C was tested using a ball-on-disc configuration
with Al2O3 as the counter body. In this case, the mini-
mum coefficient of friction and wear rates were
observed at 200°C. It was assumed that MoS2 acted
as a solid lubricant up to 400°C, oxidising, like in
the previous case, to the less lubricious MoO3 at
higher temperatures, as also reported by Hardell
et al. [84]. Additionally, the formation of a smooth
protective tribolayer at 200°C could be attested by
Kong et al. by means of SEM [76].

An interesting finding regarding the HT stability of
MoS2 is reported in a paper by Niu et al. [78]. The
authors prepared Ni3Si-based composites with the
addition of various solid lubricants by means of hot
press sintering in vacuum at a maximum temperature
of 1050°C. After preparation, they were unable to
detect the MoS2 phase in any of the samples, a fact
that they attributed to the thermal decomposition of
the mentioned solid lubricant due to the HTs used
for hot sintering. The non-lubricious phase Mo2S3
was detected instead. A similar process had already
been described by Tiwari et al. [85], although in a
more theoretical context, suggesting also the possibility
that the thermal decomposition might be limited to a
surface layer. In any case, this highlights the impor-
tance of preparation conditions in the tribological
properties shown by MoS2 when added to a composite
material.

Figure 8. (a) Friction and (b) wear results at HT for self-lubricat-
ing materials with TMDs. For samples reported to experience
TMD decomposition during preparation, (c) friction, and (d)
wear have also been plotted. Each data series has been labelled
according to the main solid lubricants, the base material, and
the deposition technique used for sample preparation (cf.
[14,19,22,61,75–81]).
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In another reference, Hu et al. [77] deposited thin
films from a mixture of MoS2 and pure tellurium, aim-
ing at extending the lubrication range of MoS2 by
means of additives. To this end, a PVD technique com-
bining magnetron sputtering and pulsed-laser depo-
sition was chosen, and the coefficient of friction of
the deposited coatings was measured using a ball-on-
disc configuration at RT, 500°C and 700°C. The results
for the Mo–S–Te thin film were compared to those of
reference MoS2, MoSe2, and MoTe2 coatings deposited
with the same technique. MoS2 showed a low, stable
coefficient of friction close to 0.15 at 350°C, although
the newly developed Mo–S–Te coating produced
even lower friction of ∼0.05 for most of the test dur-
ation. At 450°C, MoS2 showed an unstable friction
early on, reaching values as high as 0.5, while the
observed friction for the Mo–S–Te coating remained
close to 0.10 for most of the test. Further Raman
characterisation of the Mo–S–Te films after testing at
450°C showed strong peaks corresponding to MoS2
on the wear track, with some contribution of MoO3.
This behaviour was attributed to the formation of a
tellurium-based diffusion barrier on the surface of the
coating, slowing the oxidation of the MoS2 in the
thin film up to temperatures of 450°C. It must be
recalled that the degradation of MoS2 to the volatile,
non-lubricious MoO3 has been reported to start
already at 370°C [63]. As for the other reference thin
films studied by Hu and co-workers, MoTe2 led to
high, unstable friction at both 300°C and 450°C, as
expected from the available literature [74], while pure
MoSe2 showed initial friction values comparable to
those observed for the Mo–S–Te coating at 300°C,
but significantly increasing afterwards, and its friction
at 450°C was observed to increase steadily from begin-
ning eventually reaching 0.5.

The interaction at HT of molybdenum disulfide
with other solid lubricants like graphite has also been
studied by Li et al. [79]. Powder metallurgy was used
for the preparation of NiCrWFe-based composites,
and it was found that most of the added MoS2 decom-
posed to CrxS1-x, which was nonetheless observed to
have good tribological behaviour at HT (600°C), as
measured using a pin-on-disc configuration. This high-
lights the low thermal stability of MoS2 during sample
preparation, inline with previous work [85]. Addition-
ally, a synergistic effect between graphite and MoS2 was
observed by the authors, with significantly lower fric-
tion and wear observed for the samples containing
both solid lubricants. However, the real mechanism
behind this behaviour at HT was not discussed in
detail.

Other TMDs

Although to a lesser extent than their molybdenum-
based counterparts, tungsten-based TMDs have also

been the subject of research in recent years. Polcar
et al. [73] studied the behaviour of W-S thin films
doped with nitrogen, prepared by magnetron sputter-
ing. HT unidirectional testing using a ball-on-disc con-
figuration showed friction lower than 0.05 from 100°C
to 300°C, with higher, unstable friction up to 0.25 at the
maximum temperature of 400°C.

References have also been found dealing with WS2
in the context of laser claddings. This technique fea-
tures advantages such as the high quality of the result-
ing coatings (low defect density) or the excellent
metallurgical bonding to the substrate [86]. However,
the HTs involved in the process may again have unin-
tended effects on the chemistry of the deposited clad-
ding. In particular, the development of self-
lubricating materials by means of laser cladding has
been reported to be problematic. Several instances
have been found in the literature reporting the
decomposition of MoS2 during laser cladding [87,88],
leading in many cases to its complete disappearance
from the finished coating or even to the formation of
molybdenum carbides [89]. The main mechanism
leading to the observed decomposition has been
reported to be the dissociation and combination of sul-
fur with chromium present in the base alloy and/or in
the substrate, leading to the formation of chromium
sulfides including CrS, Cr3S4, and Cr5S6 [14,79,90],
with some of them having been reported to be mild
solid lubricants.

No systematic comparison of the tribological prop-
erties of WS2 to other related TMDs has been found.
The limited available data suggest that it experiences
more severe wear than MoS2 at RT [91]. As for its
HT behaviour, Yang et al. [19] used a CO2-laser in
order to deposit NiCr–Cr3C2 coatings with the
addition of 30 wt-% WS2 as a solid lubricant. The
resulting coatings were tested using a ball-on-disc con-
figuration up to 600°C and the results compared to
those of the reference, unmodified NiCr–Cr3C2 cermet.
Friction was observed to decrease with temperature for
both materials, although the coefficient of friction
values were found to be lower in the case of the WS2-
enriched cladding. On the other hand, wear rates
increased with temperature for both materials,
although NiCr–Cr3C2–WS2 experienced lower wear
at 300°C than the reference material. This was attribu-
ted to the formation of lubricant patches in the wear
scar composed of a mixture of the remaining WS2
with the lubricious phase CrS formed due to the HTs
reached during powder melting. At 600°C, an inferior
tribological behaviour was observed, which was attrib-
uted to the thermal decomposition of solid lubricant
phases like WS2 and CrS. This paper has been regarded
to be highly relevant as it clearly shows the feasibility of
using laser cladding for the preparation of HT self-
lubricating coatings. This deposition technique has sig-
nificant advantages like the excellent quality of the
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resulting claddings and its suitability for repairing and
re-working high-value industrial components [92].

Summary

Both MoS2 and WS2 are the most referenced dichalco-
genides for HT solid lubrication. They form easy-to-
shear protective layers up to the 300–400°C range,
above which oxidation takes place. WS2 is more HT
resistant than MoS2 [93], with their oxidation tempera-
tures reported to be 540°C and 350°C, respectively.
However, only a limited number of references have
been found dealing with the tribological behaviour of
the former at HT, thus further study on the role of
WS2 as solid lubricant is suggested.

It must be also noted that TMDs may thermally
degrade during sample preparation, even under vac-
uum or protective atmosphere, as temperatures found
during deposition processes like laser cladding or sin-
tering may be too high and lead to unintended chemi-
cal reactions with the matrix. This has to be taken into
consideration prior to deposition. Chemical character-
isation of the compounds found within the finished
samples prior to testing is thus advisable, as TMDs
may decompose during the preparation stage. On the
other hand, MoS2 has been reported to be more stable
during deposition by PVD techniques, due to the lower
temperatures involved in the process, although a coat-
ing with an amorphous microstructure may result
[84,94], which may require an extra annealing step
after deposition.

Binary oxides

Lubricious oxide phases can also be used as solid lubri-
cants at HTs due to their stability under such severe
conditions, although their adhesion to substrates can
be poor [95]. Several references concerning HT lubri-
cation by means of binary oxides have been found,
with the most-cited deposition techniques are plotted
in Figure 9. Unlike previous cases, only two techniques
have been reported in the available literature, powder

metallurgy and PVD deposition, with a similar number
of references for each. In particular, PVD techniques
such as reactive magnetron sputtering under oxygen-
containing atmosphere can be readily used for the
deposition of lubricious thin oxide films, although
the in-situ formation of oxides at HT is often
preferable, as they tend to be abrasive at lower
temperatures [25].

Lubrication by means of oxides is a complex issue.
The chemical composition is an important parameter:
many oxides may break up and contribute to abrasive
wear during sliding, while some of them can deform
plastically and protect the interacting surfaces [96],
leading to low friction similar to what has been already
described for soft metals. However, temperature can
also play a role in oxide lubrication, as significant
changes in the observed tribological behaviour have
been reported for the same oxides as temperatures
increased. This was linked to a brittle-to-ductile tran-
sition taking place above a characteristic threshold
temperature [97], although alternative explanations
have been formulated for oxide lubrication. In 2005,
Erdemir et al. postulated a new approach centred
around the crystal chemistry of oxides present at slid-
ing interfaces [96,98]. In this case the ionic potential,
defined as ϕ = Z/r, with Z being the charge and r the
radius of the cation, was considered to be a key par-
ameter that could be used to predict the tribological
behaviour of such oxides. According to Erdemir, high
ionic potentials generally lead to low friction
(Figure 10), as cations are screened more effectively
by oxygen atoms and are thus less likely to interact
with other cations at the sliding interface, decreasing
the overall shearing strength. From this, the observed
lubricious behaviour of vanadium or molybdenum
oxides could be explained.

Figure 9. Share of deposition techniques for HT self-lubricating
materials with oxide lubricants, as found in the available
literature.

Figure 10. Ionic potentials and averaged friction coefficients
according to Erdemir. Reprinted with permission from Erdemir
[96]. Copyright ©2005, Elsevier.
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Additionally, a special class of oxides known as
Magneli phases show an oxygen-deficient microstruc-
ture with weakly bonded layers, leading to lubrication
mechanisms similar to those reported for TMDs, as
will be discussed in further detail.

As for the chemical composition of lubricant oxides,
copper oxides (CuOs) have been reported to shear
more easily than the base metal [99], thus suggesting
an improved tribological behaviour of CuOs. CuO is
reported to be a soft oxide, potentially exhibiting ben-
eficial solid lubrication properties [57]. In particular,
low friction coefficients can be achieved at RT in con-
trolled environments like nitrogen atmospheres [100],
although the tribological behaviour of CuOs at HT in
oxygen-containing environments has not been studied
adequately. Valefi et al. [101] studied the role of CuO as
a solid lubricant when added to a tetragonal zirconia
polycrystalline ceramic composite produced by
means of powder metallurgy. Its tribological behaviour
was studied using a pin-on-disc configuration up to
temperatures of 700°C. In particular, large decreases
in the coefficient of friction were observed at 600°C
and 700°C when compared to RT, while in the same
temperature range the authors reported wear rates
dropping between three and four orders of magnitude
compared to that at RT. A smooth protective tribolayer
could be identified after testing at 600°C and 700°C,
and the improved wear behaviour was attributed to
the formation of the more ductile Cu2O from CuO.

Zhu et al. [102,103] studied the role of NiAl-based
composites with the addition of pure chromium, mol-
ybdenum, and a variable amount of CuO, prepared by
means of powder metallurgy. HT tribotesting of the
resulting alloys showed low, stable friction at 800°C
in addition to a significant decrease in the observed
wear rates. This was attributed to the formation of
glaze layers containing a mixture of MoO3 and CuO.
Similarly, Kong et al. [104] studied the role of CuOs
in the context of ceramics, aiming at reducing their
observed high friction at HT. To this end, yttria-stabil-
ised zirconia and molybdenum composites with the
addition of a variable amount of CuO up to 10 wt-%
were prepared using powder metallurgy. CuO was
observed to reduce to pure copper after sintering, likely
due to the HTs involved. Tribotesting in the range 700–
1000°C showed lower wear rates than the reference
material, again attributed to the beneficial effect of
in-situ formed MoO3 and CuO.

As for lead monoxide (PbO), it has been reported to
be beneficial in HT tribological applications, as it
becomes soft and highly shearable at HT [15] and
has been observed to form in-situ during the sliding
of lead-based layers [67]. However, there are significant
drawbacks to its use, like its toxicity and also reduced
performance at low sliding speeds, making PbO
suitable only for applications like high-speed wire
drawing [105].

Tungsten-based oxides like WO3 have been subject
to a smaller amount of scientific research than their
molybdenum counterparts. The available evidence
also reported an influence of the resulting crystalline
structure on its tribological properties, with amorphous
WO3 leading to higher friction and wear than the crys-
talline phase [106]. MoO3, resulting from the in-situ
oxidation of molybdenum compounds including the
widely used MoS2, has been considered for use as a
solid lubricant phase, although it has been observed
to be unstable at HT [25,107]. Suszko et al. [97] studied
the tribological properties of the molybdenum oxide
formed during HT sliding on a MoN-coating deposited
by means of PVD (reactive pulsed magnetron sputter-
ing). Tribotesting was performed with a ball-on-disc
configuration up to 400°C. A significant increase in
wear resistance was observed during testing at 230°C,
owing to the observed formation of MoO3 in the
wear scar. This was attributed by the authors to an
oxide softening process taking place between 0.4 and
0.7 times the melting temperature (in Kelvin), which
in this case would take place between 160°C and 450°
C, consistent with the transition to lower wear
observed at 230°C. However, significantly higher
wear rates were observed at 400°C. It is possible that
this decreased wear resistance was due to the thermal
degradation of MoO3 at HT, thus limiting its value as
a solid lubricant to the 250–350°C range. Gulbinski
et al. [108] deposited several multilayer coatings featur-
ing MoO3 by means of reactive pulsed magnetron sput-
tering. Friction measurements were performed with a
ball-on-disc tribometer from 100°C up to 600°C,
although no data on wear rates were provided. For
the MoO3-based thin films, comparatively high coeffi-
cient of frictions (0.7–0.8) were observed up to ∼200°C,
with a steady decrease for rising temperatures, down to
∼0.4 at 600°C. It is not clear how the lower coefficient
of friction values reported by Gulbinski et al. [108] at
HT can be reconciled with the wear rates described
for the in-situ formation of MoO3 in Suszko et al.
[97]. There is still significant disagreement about the
tribological behaviour of MoO3, with authors such as
Gassner reporting high friction and wear above 400°
C, while others even regarding it as beneficial at elev-
ated temperatures (see Muratore and Voevodin [22]
and Wang et al. [45] for details).

Magneli phases

The role of Magneli phases in HT self-lubrication has
been studied since the late 1980s, mostly in the context
of PVD coatings. These phases are substoichiometric,
oxygen-deficient oxides of transition metals such as
Ti, V, W, or Mo with a layered/slab microstructure
[109,110]. The main lubrication mechanism is related
to the existing high density of planar defects, which
results in the formation of crystallographic planes
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with reduced shear strength [111]. As a result, layers
between these weaker planes can easily slide against
each other similarly to what has been already described
for TMDs, making Magneli phases good candidates for
solid lubrication [112].

The present oxide class has also been reported to
have additional advantages such as reduced tribo-oxi-
dation and adhesion to the counter body due to their
stable chemical composition [107]. A comprehensive
set of relevant references found in the available litera-
ture dealing with different Magneli phases of transition
metals at HT are reviewed below.

WOx/MoOx

A paper by Gassner et al. [107] described the HT tribo-
logical properties of WN/W2N in addition to MoN/
Mo2N PVD coatings deposited by way of reactive
unbalanced magnetron sputtering. Dry sliding tests
were performed using a ball-on-disc configuration up
to 700°C with X5CrNi1810 steel grade counter bodies.
The W-N coatings were found to oxidise at HT to a
mixture of WO3 and a series of related lubricious tung-
sten Magneli phases, leading to slightly lower friction at
the maximum testing temperature of 700°C. Addition-
ally, WO3 was found to be more thermally stable [107]
and better suited to HT applications than MoO3. As for
molybdenum-based Magneli phases, Cura et al. [113]
reported decreasing friction for alumina-based compo-
sites with the addition of molybdenum, linked to
the formation of the Magneli phase Mo4O11 by the
tribochemical reduction of MoO3 during testing at
400°C. Gassner [107] also reported the results of static
oxidation tests performed on Mo2N PVD coatings
up to 900°C. The in-situ formation of a mixture of
MonO3n−1 Magneli phases like Mo4O11, Mo8O23, and
Mo9O26 was observed, but simultaneously with the for-
mation of the volatile MoO3. Ball-on-disc sliding fric-
tion tests on Mo2N coatings against X5CrNi18
showed lower friction values at 500°C, attributed to
the formation of the Magneli phases observed after sta-
tic oxidation tests. However, the mechanisms of lubri-
cation by means of Mo- and W-based oxides and
Magneli phases are far from clear, as multiple oxides
with different stoichiometries and tribological proper-
ties may form during sliding at HT.

TiOx

Titanium features a particularly high affinity for oxy-
gen [114]. Its oxides have been reported to have a
potential for Magneli phase formation [25], but their
tribological behaviour at HT is not fully understood.
Erdemir [96] described pure TiO2 as an oxide with
high friction by taking into account its ionic potential,
while Fateh et al. [115] reported no efficient solid lubri-
cation by the in-situ formed TiO2 during tribo-oxi-
dation of TiN PVD coatings. However, as already
mentioned, the formation of other suboxides with

Magneli structure could improve the tribological
behaviour of titanium-based alloys and coatings due
to reduced shear strength [114,116]. Woydt et al.
[109] reported the formation of Magneli phases like
Gamma-Ti3O5, Ti5O9, and Ti9O17 (TinO2n−1) on hot-
pressed (Ti,Mo)(C,N)+Ni composites by means of
tribo-oxidation at 800°C, with a large decrease in
wear rates compared to similar tests performed with
Si3N4–TiN composites. It is possible that these tita-
nium-based Magneli phases contributed to the
observed increase in wear resistance, thus the oxidation
of titanium compounds under proper conditions may
give rise to protective tribolayers. However, the use of
titanium-based Magneli phases at HT has to be care-
fully considered, as Berger [110] reported that coatings
based on Magneli phases of titania will re-oxidise at
380°C during heating after deposition, potentially
changing the tribological properties of the affected
material due to their low thermal stability. The unstable
behaviour of titanium oxides at HT has also been
reported by Gardos [117], who attributed it to micro-
structural and stoichiometric changes at HT due to
increased vacancy formation, making them unsuitable
for use under severe conditions.

VxOy

Solid lubrication by means of vanadium oxides has
been reviewed in Franz and Mitterer [112]. Magneli
lubricious phases similar to those observed for titanium
have been reported for vanadium oxides, correspond-
ing to the general formulations VnO2n−1 and VnO2n

+1, with V2O5 in particular reported to have great
potential for friction reduction at HT [96]. Its shearing
strength has been reported to be similar to that of
graphite, although an observed transition to VO2

under prolonged exposure to HT is regarded as detri-
mental [112].

Several papers have been found dealing with the in-
situ formation of vanadium oxides during the tribotest-
ing of PVD coatings: Ouyang et al. [119] studied in
particular (V,Ti)-N thin films deposited by means of
reactive cathodic arc ion plating. Reciprocating wear
testing was performed using a ball-on-disc configur-
ation up to 700°C, and it was found that friction values
started to decrease significantly at 500°C in concur-
rence with the formation of a smooth tribolayer con-
taining oxides such as TiO2 and the easy-to-shear
Magneli phase V2O5. The melting of the latter was
expected during testing at 700°C, as its melting point
has been reported to be close to 680°C [120], leading
on one hand to a further decrease in CoF, but also to
damage to the coating and possibly also to increased
material loss [112]. In a previously mentioned paper
[115], Fateh et al. also described similar experiments
with thin film vanadium nitride (VN) coatings depos-
ited by DC reactive magnetron sputtering. A steady
decrease in friction was already observed at
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temperatures higher than 400°C. Additionally,
vanadium oxides, such as VO2 and the Magneli
phase V2O5 were formed in-situ on the wear track
after testing at 500°C [121]. The latter was assumed
to contribute to the lower friction due to its easy-to-
shear microstructure [112] (see also Figure 11). The
lowest reported coefficient of friction was measured
at 700°C. The VN coating was found to be completely
oxidised at that temperature, and the authors attributed
the low observed friction to the melting of the V2O5

phase, as in the previous case.
In another paper, Fateh et al. [122] also studied the

frictional behaviour of vanadium oxide coatings depos-
ited by means of reactive magnetron sputtering, which
could potentially be used in low-oxygen containing
atmospheres as no in-situ formation of vanadium
oxides was required in this case. Frictional testing per-
formed up to 600°C with a ball-on-disc tribometer
showed steadily decreasing friction values. However,
V2O5 coatings were found to fail due to microstructural
causes, with more complex coatings formed by mul-
tiple layers of VN in addition to V2O5 being a better
choice.

The role of vanadium-based Magneli phases was
studied by Mayrhofer et al. [123] in the context of
hard coatings for tooling applications. Composite coat-
ings consisting of layers of TiAlN and VN were depos-
ited by means of PVD (combined cathodic arc and
unbalanced sputtering), and tested in a ball-on-disc
configuration at RT, 500°C, and 700°C. The measured
coefficient of friction was observed to be high at 500°C,
while on the other hand during testing at 700°C it
initially reached a value close to 0.2, then increasing
to 0.55 during the second half of the test. At the maxi-
mum testing temperature of 700°C, the formation of
Magneli phases from VN, such as V3O7, V4O9,
V6O13, and V2O5 could be detected by means of
XRD. The latter was, according to the authors, respon-
sible for the low observed friction, as it was expected to

form a lubricious molten layer, thus explaining the low
initial friction, while the increase of friction later
during the test was attributed to the formation of the
other three Magneli phases depleting the amount of
the lubricious V2O5 at the interface. In any case, the
in-situ formation of Magneli phases by oxidation of
VN was again assumed to be beneficial during
tribotesting.

The most representative friction data available for
vanadium-based Magneli phases, both formed in-situ
during tribotesting at HT and deposited as such, is
plotted in Figure 12. For the former case, temperature
ranges for which vanadium oxides were observed have
been marked with black lines. Regardless of the chemi-
cal composition of self-lubricating materials, V2O5 and
related Magneli phases have been consistently linked to
decreased friction in the temperature range from 450°C
to 650°C, just below the melting point of V2O5. No
general trend could be deduced for the reported wear
rates, partly due to the difficulty of performing wear
measurements on PVD thin films.

Summary

The lubricious behaviour at HT of a wide set of binary
oxides has been studied in recent years. Among them,
the transition metal oxide MoO3 has raised some inter-
est as a solid lubricant, but no agreement on its HT
behaviour exists in the available literature.

The in-situ formation of vanadium Magneli oxides
from coatings by tribo-oxidation in oxygen-containing
atmospheres seems a promising path for binary-oxide-
based solid lubrication, although this approach would
exclude space-based and other vacuum-related appli-
cations. Vanadium oxides were reported to exhibit
good tribological behaviour, especially V2O5 due to
its low shearing strength. On the other hand, tita-
nium-based Magneli phases have been reported to be
less effective, likely due to lower thermal stability.
The role of CuOs as solid lubricants has been insuffi-
ciently studied, with few results published so far.

Ternary oxides

These complex oxide phases, either formed in-situ by
tribo-oxidation or deposited as coatings, have also
been studied as effective HT solid lubricants. As in
the case of silver, a majority of the retrieved references
for ternary oxide-related lubrication reported the use of
powder metallurgy for the preparation of self-lubricat-
ing materials (Figure 13). PVD techniques have also
been widely cited, with only a small number of the
available publications reporting the use of thermal
spray coatings.

It must be noted that no single lubrication mechan-
ism has been reported for this very diverse class of solid
lubricants, and for many compounds no relevant

Figure 11. The layered structure of V2O5, according to Beke.
Reprinted with permission from Beke [118]. Copyright
©2011, Elsevier.
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information on the fundamentals of lubrication is pro-
vided at all in the available literature. As it will be
further detailed for both oxide classes, silver molyb-
dates and vanadates like Ag3VO4 [125,126] have been
described as having layered microstructures similar to
TMDs, which have been regarded to be the source of
their low friction at HT. However, this has not been
the only postulated explanation for their lubricious
behaviour. The crystal structure of a silver molybdate
like Ag2MoO4 can be defined as consisting of mixed
Ag2O and MoO3 layers bonded by silver ions [39];
such an oxide mixture has been shown by Erdemir to
produce low friction at HT due to the high difference
in ionic potential between Ag2O and MoO3 [96].
From this point of view, it is possible that the good tri-
bological behaviour of Ag2MoO4 may be due to its
crystal chemical properties instead of its layered
microstructure.

It is also worth noting here that other effective self-
lubricating ternary oxides like sulfates (CaSO4, BaSO4,
for instance) have been reported to show microstruc-
tures with no easy-to-shear interplanar bonds [127],
with no consensus reached so far in their lubrication
mechanisms at HT.

Silver molybdates

A clear trend has been observed in the literature invol-
ving the use of noble metals like silver with the addition
of molybdenum compounds for the in-situ formation
of silver molybdate-rich protective tribolayers under
oxygen atmospheres in the temperature range 300–
600°C [24]. The microstructure of such molybdates
has been described to be layered in nature [25,125]
(see Figure 14 for details), with the easy-to-break Ag–
O and O–Ag–O interlayer bonds being proposed to
be the source for their observed HT solid lubricity.
The corresponding lubrication mechanism for com-
pounds like Ag2MoO4 and Ag2Mo2O7 has been con-
sidered by Aouadi et al. [39] to be layer sliding
during relative motion due to weak bonding.

It must also be noted here that the in-situ formation
of ternary oxides at HT is favoured, as they may show
inadequate tribological behaviour at lower tempera-
tures when deposited as a coating [128]. In this context,
the combination of silver and molybdenum com-
pounds like MoS2 has been extensively studied, as
both compounds can provide effective lubrication at
lower temperatures while reacting to form beneficial
silver molybdates at HT.

As plotted in Figure 15 using data from several rel-
evant papers, silver molybdate formation, taking place

Figure 12. Friction results at HT for self-lubricating materials with vanadium Magneli phases. Each data series has been labelled
according to the main solid lubricants, the base material, and the deposition technique used for sample preparation (cf.
[115,119,122,124]).

Figure 13. Share of deposition techniques for HT self-lubricat-
ing materials with ternary oxide content, as found in the avail-
able literature.
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already at 500°C, correlates with low friction up to
temperatures of 900°C. A similar behaviour has been
observed for the wear rates, decreasing at HT due to
the reported formation of silver molybdates even if
the chemical compositions of the studied self-lubricat-
ing materials led to a very different wear behaviour at
lower temperatures. This emphasises the effectiveness
of this class of solid lubricants, as it will be described
in further detail below for several relevant references.

The in-situ formation of silver molybdates has been
studied in a series of influential papers by Aouadi,
Muratore, and others between 2006 and 2009
[22,39,46,130], leading to an increasing interest in
these compounds as HT solid lubricants. In particular,
Muratore et al. [22] studied PVD-deposited YSZ coat-
ings with the addition of Ag, Mo, and a variable
amount of MoS2. The authors report coefficient of fric-
tion values of 0.2 at the maximum testing temperature
of 700°C for an addition of 8 wt-% of MoS2, compared
to a coefficient of friction of 0.4 when no molybdenum
disulfide was added. Additionally, lubricious ternary
oxides like the already described Ag2MoO4 and

Ag2Mo2O7 were detected on the wear track for the
coatings including MoS2, Ag, and pure Mo after testing
at 700°C. However, no molybdates were found for the
thin films with 0 wt-% MoS2, even if silver and molyb-
denum were present, as the authors stated that sulfur
was necessary as a catalyst to promote the formation
of silver molybdates. This has to be taken into account
when designing the chemical composition of coatings
intended for the in-situ formation of ternary molyb-
denum oxides. Aouadi et al. [46] reported similar con-
clusions regarding the role of sulfur in molybdate
formation for PVD coatings. As previously discussed
(see the section ‘Soft metals’), Mo2N/Ag/MoS2 thin
films were evaluated up to 600°C. Coatings featuring
a 45 at.-% content of molybdenum, and 16 at.-% silver
showed much lower coefficients of friction than their
undoped Mo2N counterparts, with wear rates falling
at 600°C to one-fifth of the values observed for the
reference coating. The improved frictional behaviour
of Mo2N/Ag/MoS2 was attributed again to the for-
mation of silver molybdates, likely mediated by sulfur
acting as a catalyst. In this case, Ag2Mo4O13 was
formed already after testing at 350°C due to the very
high contents of molybdenum. However, only at the
testing temperature of 600°C molybdate formation
could be linked to significant wear and friction
reduction. As stated by the author, and as further
detailed in Wenda [131], the relative contents of silver
and molybdenum can influence the stoichiometry of
the resulting molybdates, another fact to take into
account when designing self-lubricant coatings.

Stone et al. [125] chose a different approach and
studied the performance at HT of ternary oxides
directly deposited as thin films by means of PVD (no
in-situ formation). To this end, they deposited coatings
based on the already described Ag2Mo2O7, in addition
to the tungsten-based Ag2WO4 with no reported
layered structure. Their tribological behaviour was
tested in a ball-on-disc configuration up to 600°C. Fric-
tion was observed to decrease with temperature for
both coatings, although lower friction values were
observed for the silver molybdate compared to the sil-
ver tungstate (0.12 and 0.43, respectively, at 600°C).
Interestingly, Stone et al. were able to perform
Raman measurements at HT, reporting the disappear-
ance of peaks related to Ag2Mo2O7 at 550°C due to the
melting of the mentioned molybdate phase and its seg-
regation to a disordered structure composed of MoO3

and Ag. Unfortunately, no further information con-
cerning the wear behaviour of the coatings was
provided.

Similarly, Gulbinski et al. deposited single phase
Ag2MoO4 coatings by means of PVD, as reported in
Gulbinski et al. [108]. Although again no wear rates
were reported, the measured coefficient of frictions
for silver molybdate thin films were observed to be
clearly lower than those of MoO3-based coatings.

Figure 14. The structure of (a) Ag2MoO4 and (b) Ag2Mo2O7, as
described by Aouadi et al., with blue, green, and red spheres
representing Ag, Mo, and O, respectively. Reprinted with per-
mission from Aouadi et al. [39]. Copyright ©2009, Elsevier.
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Friction was also observed to decrease with tempera-
ture, from ∼0.35 at 100°C to ∼0.25 at 500°C, with a
slight increase at the maximum testing temperature
of 600°C, just above the reported melting point of Ag2-
MoO4 (574°C). These results once more highlight the
good performance of silver molybdates at HT. How-
ever, for adaptive lubrication, their in-situ formation
instead of their PVD deposition seems more advan-
tageous, as precursors needed for molybdate formation
such as Ag or MoS2 may also provide effective lubrica-
tion at lower temperature intervals.

The in-situ formation of molybdates in plasma-
sprayed coatings containing silver and pure molyb-
denum was studied by Chen et al. [40]. Both friction
and wear of the coatings decreased at 600°C and even
up to 800°C compared to the reference, unmodified

Ni-based alloy. A smooth tribolayer was observed on
the wear tracks at HT. Molybdate formation was also
reported at HT, as Ag2Mo4O13 was already detected
at 600°C, while Ag2Mo2O7 and Ag2MoO4 were
observed after testing at the maximum temperature
of 800°C. However, in the context of the study per-
formed by Chen, molybdates during testing at HT
could be in molten state, as eutectic mixtures of Ag2-
Mo2O7 and Ag2MoO4 were reported to already melt
below 500°C [131]. This can influence the tribological
behaviour of the resulting composite material, as mol-
ten phases have been reported to decrease the friction
of the tribosystem [132]. It is also not clear how these
results and the formation of silver molybdates can be
reconciled with the requirement for sulfur as a catalyst
formulated by Muratore [22].

Figure 15. (a) Friction results at HT and (b) wear rates normalised by dividing by the RT values, as found in the literature for silver
molybdates. For in-situ formed compounds, the temperature range for observed molybdates is marked with a black line, while the
effective lubrication range is shaded (cf. [22,39–41,45,125,129]).
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The thermal stability of silver molybdates was
among the issues examined by Liu et al. [129,133].
For this study, nickel-based self-lubricating composites
were prepared with the addition of Ag2MoO4 by means
of powder metallurgy. However, silver molybdate was
found to decompose under the temperatures used for
sample preparation (∼1100°C), reverting to pure silver
and molybdenum dissolved in the Ni-based matrix.
After HT testing in a pin-on-disc configuration, Ag2-
MoO4 re-formation was observed at 500°C and 700°
C, correlating with lower friction and wear compared
to the reference Ni-based alloy. The reported decompo-
sition of silver molybdates at the typical process temp-
eratures required for sample preparation using
techniques such as hot press sintering or laser cladding
is one of the reasons making the in-situ formation of
lubricious molybdates from silver- and molybdate-
based compounds at HT preferable to the straight
addition of silver molybdates to prospective self-lubri-
cating materials.

Copper molybdates

Copper-based ternary oxides have also been discussed
in the available literature as potential additives for
self-lubricating materials. Özturk et al. [134] reported
the beneficial effect of adding copper to MoN-based
PVD coatings when tested at RT, both in terms of fric-
tion and wear. This was attributed to the formation of
molybdenum oxide compounds such as MoO3 and
CuMoO4 already at RT, although no further testing
at HT was reported. The behaviour of copper molyb-
dates at HT has been studied by Takeichi et al. [128].
In this case, Cu3Mo2O9 and CuMoO4 powder coatings
were deposited and compared to CuO and MoO3 using
a ring-on-disc tribometer up to temperatures of 700°C.
The average coefficients of friction for both molybdates
were observed to be significantly lower than those of
CuO and MoO3 at 600°C and 700°C. Additionally,
wear rates for both molybdates were observed to be
much lower than for the other coatings at temperatures
of 600°C or above. The authors attributed this to the
formation of FeMoO4 and pure copper from the cop-
per molybdates. Wahl et al. [12] also studied the tribo-
logical behaviour of copper molybdates at HT. In
particular, they deposited amorphous copper–molyb-
denum coatings by means of ion-beam deposition,
and tested them up to 650°C using a reciprocating
ball-on-disc configuration. At low loads, friction values
were observed to decrease from ∼0.5 to 0.25 in the
temperature range of 300–600°C. It must be noted
that crystalline copper molybdate was observed to
form on the wear track at 530°C in addition to
MoO3, suggesting their possible role as solid lubricants.
Due to their relatively high melting point, copper mol-
ybdates were observed up to the maximum testing
temperature of 650°C.

Alkaline-earth-based molybdates

A recent trend in HT self-lubrication is the use of alka-
line-earth elements for the synthesis of ternary oxides.
Ouyang et al. [4] prepared a nickel-chromium compo-
site material with the addition of BaMoO4 by means of
powder metallurgy (hot pressing sintering). The result-
ing self-lubricating composites were characterised
using a ball-on-disc tribometer up to 600°C. The best
results were achieved for the composite featuring
20 wt-% BaMoO4, with the friction values being
slightly lower than those observed for the unmodified
Ni-Cr composite. The measured wear rates at 600°C
were significantly lower with the 20 wt-% BaMoO4

addition, more than an order of magnitude lower com-
pared to the reference composite. This was linked to
the formation of a smooth and dense oxide layer at
the highest testing temperature, with strong Raman
peaks corresponding to BaMoO4.

Additional research into the lubricant role of in-situ
formed alkaline-earth molybdates was carried out by
Zhen et al. [138]. Self-lubricating composites based
on the nickel alloy Ni15Cr12Mo3Ti1Al, also including
the addition of pure silver (12.5 wt-%) and an eutectic
mixture of BaF2 and CaF2 (up to 15 wt-%), were depos-
ited using powder metallurgy and tested up to 900°C
using a ball-on-disc configuration. The measured fric-
tion was observed to decrease significantly at 900°C
regardless of the BaF2/CaF2 content, to values close
to 0.25. The observed wear rates peaked at 600°C, up
to five times the values measured at RT, and showing
a clear increase with BaF2/CaF2 content. This was in
contradiction with the statement in Sliney [33] linking
the addition of alkaline-earth fluorides such as CaF2
and BaF2 with improved solid lubrication at tempera-
tures above 500°C. However, Zhu et al. also reported
significant wear reduction at 800°C and 900°C, attrib-
uted to the observed formation of smooth tribolayers
containing BaMoO4 and CaMoO4 [139]. It is also inter-
esting to note that the high wear rates reported after test-
ing at 600°C were in conjunction with the observed
formation of Ag2MoO4 and Cr2O3 on the wear track.

Tungstates

Only a few references concerning the behaviour of
tungsten-based ternary oxides have been found in the
available literature. Prasad et al. [70] investigated burn-
ished films made of WS2 and ZrO at HT using a uni-
directional ball-on-disc configuration. The authors
reported the formation of the ternary oxide ZrWO4

at 500°C, resulting in low and stable friction during
testing. A more detailed study into the in-situ for-
mation of tungstates, this time involving alkaline-
earth fluorides, was performed by Zhu et al. [140].
Ni3Al-based composites with the addition of silver,
BaF2, CaF2, and pure tungsten were produced using
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powder metallurgy and subsequently tested up to 800°
C using a unidirectional ball-on-disc HT tribometer.
Stable friction and low wear rates were observed at
800°C, together with the detection of CaWO4 and
BaWO4 on the wear scar after testing. These tungstates,
formed by tribochemical reaction from pure tungsten
and CaF2/BaF2, were reported to be beneficial due to
the formation of a protective tribolayer. The potential
role of tungstates as HT solid lubricants has attracted
a limited amount of interest, and no systematic com-
parison between their HT behaviour with that of the
more widely used molybdates could be found except
for the previously discussed paper by Stone et al.,
which reported higher friction for tungsten-based
double oxides [125].

Vanadates

A limited amount of experimental work has been car-
ried out on the tribology of other ternary oxides such as
vanadates. As shown in Figure 16 for several relevant
examples found in the available literature, the for-
mation of silver vanadates at HT is linked to low
measured friction over a temperature range potentially
higher than that observed for silver molybdates (com-
pare with Figure 15), from 600°C up to 1000°C. An
illustrative example, an already mentioned paper by
Gulbinski [108] reported the deposition by PVD tech-
niques of silver-based vanadate (Ag0.33V2O5) thin
films. HT tribotesting showed higher friction at moder-
ate temperatures compared to V2O5 coatings, but lower
friction above 500°C, down to ∼0.25 at 600°C. Aouadi
et al. [126] deposited VN thin films with the addition of
silver up to 57 wt-% by means of PVD (unbalanced
reactive magnetron sputtering), studying the in-situ

formation of vanadates during sliding. Tribotesting
was performed up to 1000°C using a ball-on-disc con-
figuration. VN thin films with a content of 42 wt-% of
silver showed the best frictional behaviour within the
entire temperature range, achieving a minimum coeffi-
cient of friction of ∼0.2 at 700°C, compared to ∼0.55
measured for the reference VN coating at the same
temperature. Interestingly, in-situ Raman measure-
ments could be performed at HT, providing valuable
information about the formation of oxide phases
during tribotesting (Figure 17). After reaching the test-
ing temperature of 700°C, and just prior to sliding, the
formation of AgVO3 and Ag3VO4 could be detected, in
addition to vanadium oxides. However, during testing
at 700°C no signal from AgVO3 could be discerned.
Due to this fact, the authors attributed the observed
low friction observed at 700°C to the lubricious effect
of Ag3VO4. The results of this paper make a clear dis-
tinction between the chemical phases formed during
sliding at HT, which are responsible for the tribological
behaviour of the system, and those formed during cool-
ing and observed later during sample characterisation.

A similar study involving Ag/VN thin films has been
summarised by Guo et al. [141], this time prepared
using pulsed-laser deposition. Testing at HT against
Al2O3 balls showed decreased friction at 700°C and
900°C, attributed to the formation of vanadium oxides
including V2O5 and silver vanadates like AgVO3,
Ag3VO4. These observations not only confirmed the
results reported in Aouadi et al. [126], but also showed
that the favourable tribological behaviour of V-based
layers can extend up to temperatures of 900°C.

A rare instance reporting the formation of silver
vanadates in laser claddings could also be found in
the available literature. In this case, Xin et al. [137]

Figure 16. Friction at HT for in-situ silver vanadates, with the formation temperature range marked with a solid line and effective
lubrication range shaded (cf. [126,135–137]).
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prepared NiCrAlY-based hardfacings with the addition
of solid lubricants like V2O5 and Ag2O. After perform-
ing unidirectional sliding tests against Si3N4 balls, the
authors observed low friction and wear from 600°C
to the maximum testing temperature of 800°C. This
improved tribological behaviour was linked to the
observed formation of silver vanadates like AgVO3

and Ag3VO4 in the same temperature range, providing
evidence of their effectiveness as solid lubricants at HT.

In a different context, Liu et al. [135] manufactured
NiAl-based samples with the addition of variable
amounts of an Ag3VO4 solid lubricant by means of
powder metallurgy (hot press sintering at 1300°C).
Interestingly, they found that silver vanadate comple-
tely decomposed to metallic silver and vanadium
oxides during preparation. Further HT tribological
characterisation of the resulting samples was per-
formed up to 900°C with a pin-on-disc configuration.
The best results were observed for the composites
with an initial addition of 15 wt-% of Ag3VO4, featur-
ing low friction over the entire investigated tempera-
ture range (lower than 0.1 at 900°C compared to 0.7
for the reference material). Wear rates, on the other
hand, were up to an order of magnitude higher for
the composite with 15 wt-% Ag3VO4 below 500°C,
while they were observed to drop at higher tempera-
tures. In particular, wear rates at 900°C were almost
three orders of magnitude lower than those measured
for the reference material. The observed tribological
behaviour was influenced by the in-situ re-formation
of silver vanadates from the metallic silver and
vanadium oxides present in the composites. Ag3VO4

was observed after testing at 500°C, while AgVO3

was prevalent at the higher temperatures of 700°C
and 900°C, being assumed to be the source of the
observed very low wear. It is also interesting to note
that the results reported by Liu et al., namely the higher
thermal stability of AgVO3 compared to Ag3VO4 at
HT, are in contradiction to the findings reported by
Aouadi et al. [126], suggesting that further research
into the role of vanadates as HT solid lubricants is
needed. It must also be noted here that the toxicity of
vanadium-based compounds like AgVO3 may prevent
their widespread implementation [142].

Cobalt- and chromium-based double oxides

A role of the matrix in the in-situ formation of lubri-
cious oxides has also been reported in the literature,
as the components of the base alloy can also react
with one or more of the solid lubricant species added.
Cui et al. [143] studied the tribological behaviour at
HT of NiCr-based composites with the addition of
pure silver (8 wt-%) and molybdenum (9 wt-%), pro-
duced by means of powder metallurgy and tested in a
ball-on-disc configuration up to 1000°C. A significant
drop in wear was observed between 800°C and the
maximum testing temperature of 1000°C, which was
attributed to the formation of molybdenum-based
compounds like MoO2, MoCrO4, and CoMoO3, the
latter two involving a chemical reaction with the matrix
alloy instead of with the other added solid lubricant.

Chromium-based ternary oxides have also been
studied as potential solid lubricants. ZrO2-based coat-
ings with the addition of BaCrO4 were deposited by
means of low-pressure plasma spray by Ouyang et al.

Figure 17. Results of the in-situ Raman measurements performed during HT tribotesting by Aouadi et al. Reprinted with permission
from Aouadi et al. [126]. Copyright ©2010, Elsevier.
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[144]. Subsequent reciprocating ball-on-flat tribotest-
ing showed lower friction and wear for the BaCrO4-
containing samples compared to the reference in the
range 400–800°C. This was attributed to the formation
of BaCrO4-rich tribolayers with low shear strength
[145]. However, there are important drawbacks to the
use of BaCrO4 as a solid lubricant: first of all, its brittle
behaviour below 400°C, increasing wear and friction,
and also its reported toxicity [146].

It can in general be stated that, although the reaction
of solid lubricants at HT to form beneficial double
oxides is well studied in the literature, this is not the
case for the combination of lubricant species with
industrial-grade base alloys containing iron, nickel,
chromium, or cobalt. Further experimental work has
to be performed to ascertain if suitable combinations
of solid lubricants and matrix alloys can lead to
decreased friction and wear via in-situ formation of
new kinds of double oxides.

Sulfates

Although to a lesser extent, sulfates have also been
studied for their prospective use in HT self-lubricating
composite materials, including compounds such as
CaSO4, BaSO4, and SrSO4[3,127,147–149]. Contrary
to what has been reported for silver molybdates, the
barite microstructure of the aforementioned sulfates
features no easy-to-shear planes [127], so that the
true mechanism behind their tribological properties
at HT still remains unclear [148]. Already in 1998,
John et al. [3] deposited CaSO4 films by means of
PVD, reporting an effective role of the sulfate in
decreasing friction when testing the coatings at 500°
C. Further experimental work on the same subject
[127], also including other sulfates such as BaSO4

and SrSO4, showed that all three materials had mark-
edly low friction during tribotesting at 600°C, with
coefficient of friction values lower than 0.2 measured
using a ball-on-disc configuration. Interestingly, the
authors reported the formation of carbonates such as
CaCO3, BaCO3, and SrCO3 in the coatings after testing,
a fact which they considered to be beneficial in terms of
HT friction as the calcite microstructure is layered and
thus could be easier to shear than sulfates. However,
this suggestion remains unconfirmed so far [150],
and even contradictory statements have been found
in the literature [140], reporting higher friction and
wear in the presence of BaCO3. Further experimental
work on the HT tribological properties of in-situ
formed carbonates is thus deemed necessary.

Similarly to other solid lubricants like TMDs or even
vanadates, the aforementioned sulfates were observed
to be thermally unstable during deposition at HT. As
reported by Liu et al. in 2013 [148], SrSO4 added to a
NiCr-based cermet as a solid lubricant was reported
to react with the base material during hot pressing,

forming phases such as SrAl4O7 and NiCr2O4 with
lubricious properties in the range from 200°C to 600°
C. Murakami et al. [147] were able to prevent this by
selecting sintering temperatures below 1000°C for the
fabrication of Al2O3-based composites. The decreasing
wear and friction observed for the samples with the
addition of SrSO4 and BaSO4 at HT was attributed to
the softening of both sulfates above 400°C.

The use of even more chemically complex sulfates
has been described in the literature, as Zhang et al.
[151] have reported the deposition of Fe3Al-based
alloys with the addition of Ba0.25Sr0.75SO4 by means
of powder metallurgy, and their subsequent tribological
characterisation up to 800°C. The samples featuring
30 wt-% of Ba0.25Sr0.75SO4 showed the best behaviour,
with lower friction than the reference Fe3Al alloy
especially at HT (0.2 at 600°C compared to 0.7 for
the reference material). The base alloy Fe3Al performed
better in terms of wear up to 200°C, but the observed
wear rates increased sharply at 400°C, while those of
the composite with 30 wt-% Ba0.25Sr0.75SO4 remained
roughly constant up to 800°C. This was attributed to
the formation of a smooth sulfate lubricating film as
observed at 600°C due to the increased ductility of
the compound at HT [127].

Tantalates

In recent years, tantalum-based ternary oxides have
been studied as potential HT solid lubricants, with sil-
ver tantalate raising particular interest. AgTaO3 has
been reported to show a perovskite structure, with a
layered microstructure expected to provide effective
self-lubrication [152]. Recently, the tribological proper-
ties of tantalate-based PVD thin films have been
studied by Stone, Gao et al. [153–155]. In particular,
Ag/AgTaO3 coatings could be prepared by means of
magnetron sputtering, with silver contents close to
20 at.-%. Subsequent unidirectional ball-on-disc tribo-
testing against Si3N4 showed a significant decrease in
friction with temperature, with values as low as 0.06
at the maximum testing temperature of 750°C [153].
In this case, the main lubrication mechanism was not
related to the structure of AgTaO3, but due to the
decomposition of silver tantalate into nanocrystalline
Ag and Ta2O5[155], with the former being identified
as the main lubricious phase at HT.

The substitution of silver by copper in tantalates has
also been studied due to lower costs [34]. PVD was
used for the deposition of CuTa2O6-based thin films,
which were evaluated at HT and compared to their
AgTaO3-counterparts. Copper tantalate coatings
showed higher friction, but remarkably lower wear
than silver tantalates at 750°C, a fact that was attributed
to the decreased formation of copper aggregates on the
wear scar compared to what had been observed on its
silver-based counterpart.
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Summary

The available literature highlights the potential of tern-
ary oxides such as silver molybdates as solid lubricants
at HT, especially Ag2MoO4, if they can be formed in-
situ. However, the melting point of molybdates is
reported to be in the range of 500–600°C, which may
influence their tribological properties at HT. There is
evidence suggesting that the presence of molten phases
in the interface leads to lower friction [132,156,157] as
they can form a lubricant layer during HT tribocontact,
although the overall wear resistance of the material
may at the same time be compromised. Under such
conditions, the molten material can be easily expelled
from the contact [158], thus simultaneously leading
to low friction and high wear rates [132]. On the
other hand, few papers have been found concerning
the HT tribology of silver tungstates [125], with the
available evidence pointing towards higher friction
compared to molybdates. References have also been
found dealing with sulfates at HT, but there is no sys-
tematic comparison to the tribological behaviour of
other lubricious double oxides such as silver molyb-
dates. Additionally, sulfates were not formed in-situ
during sliding at HT, thus not being useful for adaptive
lubrication, while showing a poor performance when
tested at RT, making them less useful than the pre-
viously mentioned silver molybdates. Silver vanadates,
on the other hand, show a great potential for effective
lubrication at temperatures even higher than those
reported for silver molybdates, and there are good
opportunities for further research in this area. How-
ever, the toxicity of compounds like AgVO3 may be
problematic for their widespread use and restrict
them to niche applications.

Taking in view the above discussion, it can be stated
that ternary oxides show a great potential for self-lubri-
cation over a wide temperature range. Compounds like
silver molybdates may form in-situ at HT from low-
temperature solid lubricants by means of tribo-
oxidation [24], leading to improved tribological behav-
iour. However, this approach can be unsuitable for
applications of interest involving thermal cycling like
metal forming, as the ternary oxides formed at HT
may not be lubricious at lower temperatures [128].
As a result of this, the reversal of the self-lubricating
material to its original form at RT is one of the main
challenges in ternary oxide lubrication [24], with no
clear solution being reported in the existing literature.
Some thought has been given to the use of diffusion
barriers in self-lubricating thin films to control oxi-
dation at HT [25], as it could be done to slow silver dif-
fusion (see the section ‘Silver’ for details), while
another suggested solution involves the alternating
deposition of layers containing RT and HT solid lubri-
cants [39]. However, in both cases the complexity and
high economical costs of techniques such as multilayer

thin film deposition are a significant drawback of this
approach.

Alkaline-earth fluorides

Fluorides of alkaline-earth metals like LiF, CaF2, and
BaF2 are known to provide solid lubrication in the
range from 500°C to 900°C, decreasing both friction
and wear rates [33], but on the other hand exhibiting
poor tribological behaviour at low tomoderate tempera-
tures. As shown in Figure 18, amajority of the references
found in the literature dealing with the HT tribology of
fluoride-containingmaterials report powdermetallurgy
as the chosen deposition technique for sample prep-
aration [17,146,159–161]. References to other depo-
sition techniques have also been found, like the use of
plasma spray coatings by Sliney et al. [162] already in
the 1970s and 1980s. A smaller number of papers invol-
ving laser cladding have been found, like those authored
by Xiang et al. [163] and Yan et al. [164], although the
latter reported the partial decomposition of CaF2 during
deposition due to theHTs experienced in laser cladding.
Interestingly, only a single reference dealing with the
deposition of alkaline-earth fluorides by means of
PVD techniques could be found so far [3]. A possible
explanation for this could be the low deposition speed
for CaF2 using PVD techniques, as reported in themen-
tioned paper for magnetron sputtering.

The main lubrication mechanism at work for alka-
line-earth fluorides is based on a marked softening
taking place at temperatures close to 500°C, which
has been attributed to a brittle-to-ductile transition
[4]. Fluorides are thus expected to act as solid lubri-
cants at HT similar to what has already been described
for soft metals, while on the other hand being brittle at
lower temperatures and leading to increased wear due
to three-body abrasion. In this context, eutectic mix-
tures of CaF2 and BaF2 have also been reported to be
beneficial for HT applications, as the resulting lower
melting point also involves a lower softening tempera-
ture, potentially decreasing it down to 400°C [165].

Figure 18. Share of deposition techniques for HT self-lubricat-
ing materials with alkaline-earth fluoride content, as found in
the available literature.

22 H. TORRES ET AL.

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

2:
14

 2
0 

D
ec

em
be

r 2
01

7 



The results in terms of friction and wear as reported
in several relevant papers for fluoride-containing self-
lubricating materials are plotted in Figure 19(a,b),
respectively. In general, lower friction and wear are
observed above 400°C, in conjunction with the
reported brittle-to-ductile transition taking place at
HT which lies behind the lubricious behaviour of fluor-
ides such as CaF2. Also, a peak in wear rates at 100°C
can be seen in one case in Figure 19(b), as alkaline-
earth fluorides are reported to contribute to increased
abrasive wear at moderate temperatures. Some of the
most relevant papers found are discussed in detail
below.

In the context of powder metallurgy, Ouyang et al.
[146] produced ZrO2/Al2O3 ceramic matrix compo-
sites stabilised with Y2O3 by means of spark plasma
sintering, with the addition of several solid lubricant
compounds. The resulting samples were evaluated by
means of ball-on-block reciprocating friction testing
up to 800°C. The addition of 31 wt-% BaF2 and
19 wt-% CaF2 led to a better tribological behaviour
compared to the reference ceramic at temperatures of
400°C or above, with friction stabilising at around 0.4
for the samples with fluorides, while it steadily
increased for the reference material, reaching values
in excess of 1 at 800°C. The samples with BaF2 and

CaF2 content showed a worse wear behaviour at RT,
almost an order of magnitude higher than the refer-
ence, but on the other hand much a better behaviour
at 800°C. As reported by the authors, BaF2 and CaF2
can perform effectively as solid lubricants above 400°
C, although their tribological properties at low temp-
eratures are poor.

Jin et al. [159] produced Al2O3 ceramic matrix com-
posites with the addition of up to 50 wt-% CaF2 solid
lubricant by means of powder metallurgy. The result-
ing samples were tested using a pin-on-disc configur-
ation up to 800°C and compared to the unmodified
Al2O3. As in the previous case, CaF2 performed poorly
at RT (see Figure 20), with higher friction than the
reference material and wear rates almost two orders
of magnitude higher than those of Al2O3. A significant
increase in wear resistance was observed already at 400°
C for the samples with 50 wt-% CaF2, while at 650°C
the wear rates were found to be almost two orders of
magnitude lower than those of the reference Al2O3.
SEM/EDX analysis revealed the formation of a smooth,
Ca-rich tribolayer at 650°C, both on the Al2O3/CaF2
samples and on the counter body, expected to be
responsible for the decreased wear rates. At 800°C
the mentioned layer was found to be mechanically
unstable, featuring frequent break-up and more severe
contact conditions during tribotesting.

In an already discussed paper by Ouyang et al. [17]
dealing with ZrO2/Y2O3-based composites with the
addition of CaF2 and gold, the tribological properties
of ceramic materials with CaF2 content were also
studied up to 800°C. Calcium difluoride was again
reported to perform poorly at RT compared to the
reference yttria-stabilised zirconia, showing higher fric-
tion (∼1.0 compared to∼0.6) and wear rates more than
an order of magnitude larger than those of the refer-
ence material. However, the observed behaviour chan-
ged at HT: the wear rates for the reference material
increased dramatically, more than two orders of mag-
nitude at 200°C, while they were observed to decrease
significantly for the samples with CaF2 already at
600°C, likely due to the already-discussed brittle-to-
ductile transition. At 700°C wear rates were observed
to be more than an order of magnitude lower than
those of the reference ceramic. As for the wear mech-
anisms, the formation of a smooth layer was reported
at 800°C due to the smearing of CaF2 with ZrO2 par-
ticles. The stability of the observed layer in this temp-
erature range was in stark contrast to what was
reported in the previously discussed paper, suggesting
that other factors like the normal loads chosen for test-
ing may also play a significant role in tribolayer for-
mation and stability.

Laser cladding was used by Yan et al. [164] for the
deposition of cobalt-based hardfacings with the addition
of TiC as a reinforcement and CaF2 as a HT solid lubri-
cant. Subsequent tribotesting performed at 400°C

Figure 19. (a) Friction results at HT and (b) wear rates normal-
ised by dividing by the RT values, as found in the literature for
alkaline-earth fluorides. Note that each data series has been
labelled according to the solid lubricants added, the base
material, and the deposition technique used for sample prep-
aration (cf. [17,33,146,159]).
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showed good tribological properties of the claddings
with CaF2, with lower wear rates compared to the base
Co-alloy and low, stable friction around 0.2. However,
as previously described for TMDs, high deposition
temperatures led to the partial decomposition of CaF2
during sample preparation, although in this case its ther-
mal stability was considered higher than that of MoS2 or
WS2, making it better suited for laser cladding.

Taking into account the reports found in the avail-
able literature, it can be said that alkaline-earth fluor-
ides exhibit beneficial tribological behaviour at HT,
while performing poorly at temperatures below the
brittle-to-ductile transition temperature, especially at
RT. However, the use of CaF2 has been reported to
be particularly challenging due to its buoyancy and
bad interfacial compatibility with metal matrixes
[19,164], thus limiting its implementation in HT appli-
cations, while the toxicity of BaF2 is also a concern.

Hexagonal boron nitride

hBN is one of several possible crystal structures for
boron nitride, featuring a layered, graphite-like micro-
structure with low shearing strength, thus making it an
interesting compound for self-lubricating materials. Its
lubrication mechanism is similar to that reported pre-
viously for TMDs, due to the formation of easy-to-
shear layers that can slide against each other during
relative motion. The main advantages of hBN as a
self-lubricating material include its high thermal con-
ductivity, chemical stability, and oxidation resistance,
making it also suitable for HT use [166,167]. However,
hBN also has significant drawbacks, being particularly
difficult to sinter [168] and having weak adhesion to
most metals and ceramics [169], thus potentially lead-
ing to low-strength, low-quality coatings. It has even
been regarded to be inferior to other solid lubricants
like graphite or MoS2[170].

In the light of these limitations, only a limited work
has been found dealing with the properties of hBN at
HT. Also, no preferred deposition technique has been
reported in the literature for hBN-containing self-

lubricating materials. Zhang et al. [2] studied the temp-
erature behaviour of Ni-based laser claddings with the
addition of hBN. In order to alleviate the previously
mentioned compatibility issues of hBN powder with
the matrix, electroless nickel plating was performed
on the base powder prior to deposition. HT tribotesting
performed on the resulting samples showed low wear
and friction at temperatures between 500°C and 800°
C, with an observed minimum wear at 600°C more
than an order of magnitude lower than the values
measured at RT. This was in conjunction with the for-
mation of a smooth tribolayer on the cladded samples
and a transfer layer on the counter body.

Tyagi et al. [16] chose powder metallurgy for the
preparation of nickel-based self-lubricating composites
with the addition of silver and unmodified hBN, testing
them up to 600°C using a unidirectional ring-on-disc
configuration. Silver-containing coatings were
observed to outperform the reference material in
terms of both friction and wear. However, the samples
containing a mixture of 12 wt-% silver and a 4 wt-% of
hBN showed poorer tribological behaviour compared
to the ones with only 12 wt-% of silver, a reminder of
the current limitations of hBN as a HT solid lubricant.
As mentioned in the previously cited papers, surface
treatment or encapsulation of hBN to improve its com-
patibility to base metals and ceramics is thus deemed
necessary for further advances in this field.

MAX phases

In the last decade there has been a growing interest in
the role of the so-called MAX phases as solid lubri-
cants. This class of materials share a common chemical
formulation, Mn+1AXn, with M being an early tran-
sition metal like titanium, chromium, or tantalum, A
being an A-group element like aluminium or silicon,
and X being usually carbon, although MAX phases
with nitrogen have also been described [171]. Although
the most studied of them is Ti3SiC2, other lubricious
MAX phases have been reported in the available litera-
ture, such as Ti2SnC, Nb2SnC, Ti4AlN3, Cr2GaC, and

Figure 20. (a) The relationships between friction coefficient and test temperature. (b) The effects of temperature on the wear rate
of different disks, as measured by Jin et al. on Al2O3/CaF2 ceramic matrix composites up to 800°C. Reprinted with permission from
Jin et al. [159]. Copyright ©1998, Springer.
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Cr2GeC. All of them share a hexagonal layered micro-
structure, which has attracted a good deal of interest
because of its potential self-lubricating properties,
with a lubrication mechanism similar to those
described for TMDs and hBN. MAX phases have
been reported to exhibit properties intermediate to
those of both metals and ceramics, in addition to a sig-
nificant thermal stability and oxidation resistance,mak-
ing them interesting for use in HT applications [172].

The earliest reference found dealing with HT tri-
bology of MAX phases dates back to 2005 [173],
although some work on their RT tribological behav-
iour had been previously carried out by Hu et al.
[174] in 2004. All instances of the use of MAX phases
at HT have reported the use of powder metallurgy as
the chosen sample preparation technique. Extensive
research performed by Gupta et al. [171,175,176]
showed that MAX phases like Ti3SiC2 and Ti2AlC
deposited by means of powder metallurgy showed a
stable coefficient of friction below 0.6 and low wear
rates when tested at 550°C. The lubrication mechan-
ism at HT was related to the formation of protective
oxide layers from the nickel-based counter body
with no apparent role of the layered microstructure
of the MAX phases. Additional testing performed at
RT was observed to reduce their tribological perform-
ance with significant three-body abrasion [177].

In a more recent reference, Ma et al. [178] prepared
Ti3AlC2 samples by means of powder metallurgy. Wear
was observed to decrease more than an order of mag-
nitude at 600°C compared to the values measured at
RT. This was attributed to the formation of a protective
glaze layer resulting from the oxidation of the MAX
phase, in particular due to the formation of aluminium
oxides, since titanium oxides like the observed TiO2

have been linked to poor tribological behaviour.
These results are in the line with the work by Hai
et al. [179], reporting the HT tribological properties
of self-mated Ti3SiC2 up to 800°C. In this case, signifi-
cant decreases in wear and friction were observed
above 500°C, this time linked to the formation of sili-
con oxides on the wear scar.

While MAX phases have been reported to be
effective at HT, their behaviour at low to moderate
temperatures is regarded as poor. Additionally they
are considered to be highly dependent on the
selected testing conditions [178], with the effective
lubrication regimes reported in the available litera-
ture often being special cases that may be unrelated
to the contact conditions found in real applications
of interest.

Graphene

In recent years, graphene has steadily gained interest as
a solid lubricant. First isolated in a stable form in 2004
[180], graphene is an allotropic form of carbon with a

two-dimensional structure, as shown in Figure 21.
Multilayer graphene possesses a low shear strength
[181], similar to previously described solid lubricants
like MoS2, WS2, or hBN, making it a promising
material for friction and wear reduction in tribological
systems. Chemically inert [182], its tribological behav-
iour has been reported to be independent of environ-
mental conditions such as humidity, unlike other
solid lubricants for use at moderate temperatures like
graphite or boric acid [180].

Due to its recent discovery, only a limited number of
references have been found dealing with the HT tribo-
logical behaviour of graphene. Interestingly, the only
reported processing technique in the context of HT
applications was powder metallurgy, even though
CVD techniques are widely used for the deposition of
graphene thin films in other contexts [180]. In 2015,
Xiao et al. [181] reported the results of a study invol-
ving a self-lubricating NiAl-based alloy with the
addition of graphene nanoplatelets. The composite
material was prepared by means of powder metallurgy,
at sintering temperatures of 1100°C, and tested using a
ball-on-disc configuration up to 600°C. In particular,
the composite material showed significantly lower fric-
tion and wear than the NiAl-base alloy up to 400°C,
due to its graphene content. However, at 500°C and
600°C the tribological behaviour of both materials
was similar, which was attributed to the oxidation of
graphene at HT. Similar results were reported by Xu
et al. [184] in the context of TiAl-based composites.
Tribological testing up to 700°C again showed lower
friction and wear below 550°C due to the formation
of a graphene-rich tribolayer. At higher temperatures,
friction and wear increased to values similar to those
seen for the reference alloy.

Despite the sparse literature available on its HT
behaviour, graphene has so far shown high potential
for self-lubrication up to 500°C, a temperature slightly
higher than the values traditionally quoted for graphite
decomposition at HT (around 400°C [185]). Recently,
simulation work performed by Berman et al. [186]
has shown that graphene friction can reach values as
low as 0.005 during sliding at temperatures of 327°C.
Additionally, the addition of graphene to self-

Figure 21. (a) Overview of a single graphene layer, with (b)
graphite as a stack of multiple graphene layers. © 2013, Ajay
Kumar and Chee Huei Lee. Originally published in Kumar and
Lee [183] under CC BY 3.0 license. Available from:
doi:10.5772/55728.
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lubricating materials has been reported to slow down
the oxidation of the base material at HT by blocking
oxygen diffusion into the material [184]. However, as
already stated, there is still a significant research gap
concerning the tribological properties of graphene,
especially at HT [187], and further work is required
in order to exploit its potential in various tribological
applications.

Concluding remarks

An extensive review was performed on current trends
and design strategies implemented in HT solid lubrica-
tion, as described in the available literature for various
classes of self-lubricating materials. A notable increase
in the amount of scientific work in this field was
observed to start in the early 2000s. The effective lubri-
cation ranges for several of the most relevant solid
lubricants are plotted in Figure 22, as extracted from
the available literature.

Among the preparation techniques for HT self-
lubricating materials reported in the literature, a preva-
lence of PVD and powder metallurgy techniques has
been observed regardless of solid lubricant class.
Laser cladding, on the other hand, is largely underre-
presented, although it has proven to be effective for
the preparation of self-lubricating thick layers. This is
an important fact, as additive manufacturing (also
known as 3D-printing or rapid prototyping) can be
achieved by means of a similar technique, Selective
Laser Melting, which also involves the melting of a
base powder and the incremental, layer-by-layer man-
ufacturing of complex metallic parts [188]. The devel-
opment of self-lubricating materials with more
complex geometries is thus expected to be a field
with great potential in the future, linked to further
developments in additive manufacturing. In particular,
the so-called 4D-printing involves the manufacturing
of smart materials that can change their mechanical
and chemical properties over time due to external
stimuli [189]. This has obvious similarities with the

previously discussed in-situ formation of lubricious
compounds at HT, as described among others by
Aouadi and Muratore [22,46]. However, there is still
much work to be done in the field of multilayer
deposition of self-lubricating materials by means of
laser cladding, as single-pass processes are preferred
in order to avoid the detrimental re-melting of
underlying layers often found during multilayer laser
cladding [190].

The choice of counter body as reported in the litera-
ture for HT tribotesting has also been taken into
account, as it can strongly influence the behaviour of
the self-lubricating materials during testing at HT
[191]. In particular, it has been found that more than
three quarters of the reviewed papers reported the
use of a ceramic-based counter body, with 40% of the
total citing Si3N4 and a similar percentage Al2O3 as
counterface materials. Although the former can be
used in applications involving moderately HTs like
hybrid bearings, it seems more likely that the popular-
ity of ceramic counter bodies for HT tribotesting has
more to do with their inertness and their availability
in spherical form from ball bearing manufacturers.
However, in spite of their advantages, testing results
obtained using ceramic counter bodies are expected
to be less representative of real applications of interest
involving metallic contacts, like metal forming pro-
cesses. This can be especially important in the case of
the literature dealing with binary oxides, as an over-
whelming majority of the papers referenced in the pre-
sent review cite the use of alumina as the counter body.
It has also been observed that the use of metal-based
counter bodies is underrepresented in the available lit-
erature compared to ceramics. Metallic counter bodies
are a more realistic approach to the simulation of HT
applications like hot stamping or metal cutting, and
because of this further work with metal-based counter
bodies is advisable.

From the information gathered, it seems possible to
develop new materials and coatings with self-lubricant
properties in a broad temperature range by combining
different solid lubricants and even by the in-situ for-
mation of new compounds at HTs. Based on this
review, the following concluding remarks be made:

. Among the soft metals, silver is the most widely used
as solid lubricant due to its superior cost-efficiency
and relatively low environmental risks. However,
high diffusion rates at HT may lead to silver
depletion, limiting the re-usability of Ag-containing
coatings. Additionally, there is no unanimous view
so far regarding the specific temperature interval
for effective Ag-based lubrication.

. As for TMDs, WS2 is regarded as more thermally
stable than MoS2, but lower costs and the excellent
behaviour in dry air and vacuum of the latter

Figure 22. Temperature ranges for effective lubrication for
several solid lubricants, as reported in the available literature.
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make molybdenum disulfide a very good option for
lubrication up to 400°C.

. The combination of silver and molybdenum disul-
fide seems promising for adaptive HT self-lubrica-
tion up to 600°C. Silver and MoS2 could provide
decreased friction and wear up to 400°C, while the
in-situ formation of silver molybdates could extend
the lubrication range to even higher temperatures.
The substitution of MoS2 by WS2 has been sparsely
studied, but it seems that the resulting tungstates
have generally inferior tribological properties at
HT as compared to those of molybdates.

. There is also potential for vanadium-based adaptive
coatings, with silver vanadates being in particular
promising as they have been reported to be effective
up to 1000°C. However, further experimental work
in addition to a systematic comparison with the tri-
bological behaviour of silver molybdates is
necessary.

. Considerable work on HT self-lubrication using
alkaline-earth fluorides like CaF2 or BaF2 has been
carried out. These materials show good lubricant
properties from 500°C to 900°C but their tribologi-
cal behaviour at RT is poor due to their brittleness.
Technical difficulties for deposition have also been
reported for CaF2.

. New classes of HT solid lubricants have gained sig-
nificant interest in recent years. MAX phases like
Ti3SiC2 and Ti2AlC could reduce friction and wear
at HT, although their tribological properties at RT
are poor. Graphene, on the other hand, has been
found to be effective up to 500°C and shows a
good potential for its addition to HT self-lubricating
materials.
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A B S T R A C T

Nickel-based self-lubricating claddings with the addition of Ag and MoS2 were prepared by means of laser
cladding on stainless steel substrates, aiming at their implementation in metal forming applications involving
demanding tribological conditions at high temperatures. The novelty of this approach is the addition of MoS2
with the aim to achieve a uniform silver distribution within the resulting cladding by means of an encapsulation
mechanism. This prevents it from floating to the surface during the deposition process and thus being subse-
quently lost during surface preparation. The role of Ag and MoS2 concentration on the encapsulation process is
discussed in terms of phase composition and resulting microstructures. The tribological behaviour of the re-
sulting laser claddings was evaluated at up to 600 °C under unidirectional sliding. The encapsulation of Ag leads
to outstanding tribological properties while keeping the concentration of used Ag low, thus increasing the
economic viability of the claddings. An improvement in terms of both friction and wear was observed for the
self-lubricating claddings compared to the nickel-based reference alloy, thus making them good candidates for
use in high temperature applications such as hot metal forming.

1. Introduction

Metal forming processes performed at high temperatures (HT) are
known to have significant advantages like the decrease of strain hard-
ening and the increased ductility of the work piece material, which can
reduce both the amount of energy required for forming and the scale of
the machinery required for the process [1]. HT forming techniques
include hot rolling, forging or hot stamping, the latter being of in-
creasing importance in recent years for automotive applications [2].
However, from the tribological point of view, hot metal working in-
volves demanding contact conditions which are responsible for the
significant damage experienced by the tools during prolonged opera-
tion. In this context, reduced wear is not only beneficial in terms of
maintenance costs [3], but it is also required to ensure the dimensional
stability and the quality of the produced parts. As conventional lu-
bricants degrade above 350 °C, new lubrication strategies at high
temperatures need to be developed to mitigate tool wear and increase
the overall efficiency of the hot metal forming process.

Solid lubricants in powder form have been considered as possible
alternatives for HT applications, including metal forming, aerospace,
power generation and even ore processing [4]. However, their use may

also require an additional cleaning step to remove them from the sur-
face of the finished parts or components [5,6]. This could be avoided by
the development of multifunctional materials with self-lubricating be-
haviour at HT, an approach which is well referenced in the available
literature for material classes such as PVD thin films, claddings and bulk
materials [7–13].

The present study is focused on the deposition of HT self-lubricating
coatings by means of laser cladding. This technique can be used for the
deposition of protective thick layers which can decrease the wear ex-
perienced by metallic alloys and also can be used for the repair and
refurbishment of key components such as expensive dies and tools in
industrial applications [14–16]. The cladding process involves the use
of a laser beam for the melting of a precursor material, generally used in
powder form due to its large surface-to-volume ratio. The aforemen-
tioned powder can be either deposited on the surface to be coated (pre-
deposition) or blown into the contact region (co-deposition). Different
microstructures including hard phases in a ductile matrix can be
achieved by changing process parameters [17], thus making it possible
to obtain coatings with tailored mechanical and chemical properties.
Some of the main advantages of laser cladding are summarised below:
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• The high quality of the resulting coating, as a low density of defects
such as pores can be achieved [18].

• Reduced dilution with the substrate [19,20], potentially lower than
5%, due to fast solidification.

• Strong metallurgical bonding of the cladding to the substrate due to
the aforementioned reduced dilution [21].

• The high efficiency of the process, as the laser beam can be accu-
rately focused on the surface, thus decreasing energy consumption.
Efficiency values as high as 50% can be thus reached [22].

• A microstructure with fine, metastable hard phases may be
achieved, improving abrasion, corrosion and fatigue resistance
among others.

• Reduced heat affected zone (HAZ) in the substrate material, due to
controlled heat input [22,23].

Among the disadvantages, the following may be mentioned:

• High costs, both in infrastructure and training.

• High sensitivity to changes in process parameters [20].

The recently developed laser claddings generally excel in wear and
corrosion protection at high temperatures but are not able to control
friction. However, some attempts in developing laser claddings with
self-lubricating properties for use at HT with the addition of solid lu-
bricants like transition-metal dichalcogenides (TMDs) [24,25] and al-
kaline-earth fluorides [26], among others have also been made. Despite
these attempts, the literature dealing with self-lubricating laser clad-
dings is still limited, well behind other deposition techniques such as
powder metallurgy or PVD. This might be related to the degradation of
solid lubricants during deposition due to the high temperatures in-
volved in the process.

Silver is in particular a well-known soft metal acting as a solid lu-
bricant, having additional advantages for tribological applications like
its high thermal conductivity. The combination of Ag and MoS2 is
particularly promising, as it has been reported to provide effective lu-
brication in a wide temperature range, potentially up to 800 °C, by
means of the in-situ formation of lubricous silver molybdates at HT with
an easy-to-shear microstructure due to the weak AgeO bonding [27].
Additionally, the sulfur contained in TMDs is considered to be bene-
ficial as it can decrease the diffusion rates of silver at HT. Thus, the
addition of TMDs like MoS2 to self-lubricating materials is expected to
slow silver depletion and extend their lifetime without the need for
diffusion barriers like the ones used in PVD coatings [28–30].

Taking into account the previous work, silver and molybdenum
disulfide have been chosen in the present study for incorporation to
nickel-based, self-lubricating laser claddings. The microstructure of the
resulting claddings and their tribological behaviour at HT were in-
vestigated as a first step towards their potential use in metal forming
applications as wear and friction controlling coatings.

2. Experimental

2.1. Materials preparation

A direct diode laser with a wavelength of 975 nm was chosen for the
deposition of the self-lubricating claddings, as this technique allows for
a single-pass melting of the precursor material avoiding the re-melting
of the resulting claddings. A NiCrSiB commercial powder supplied by
Castolin Eutectic was chosen as the base material of the cladding alloy,
with a chemical composition consisting of 0.2 C, 4 Cr, 1 B, 2.5 Si,< 2
Fe, 1 Al and balance Ni (in wt%) and a particle size between 50 and
150 μm. Boron and silicon additions lower the melting point of the
cladding powder, which is beneficial for the deposition of this nickel-
based self-fluxing alloy [31]. Ag powders to be used as solid lubricants
were procured from Goodfellow, with a maximum particle size of
45 μm. MoS2 was provided by Tribotecc GmbH, with a particle size

between 5 and 75 μm. The base powder and the solid lubricants were
mechanically mixed using ethanol as binder, and spread over a 1.4301
grade stainless steel plate. The substrate alloy was chosen to prevent
oxidation during subsequent HT tribotesting. Prior to the deposition, a
sandblasting step with silica sand was performed in order to improve
the adhesion of the resulting claddings. Afterwards, a heating step was
performed in an oven at 100 °C for 1 h, to ensure the evaporation of the
ethanol binder. The final step of laser cladding was performed using a
rectangular shaped beam of 24 × 3 mm2 with a protective argon at-
mosphere to prevent the oxidation of the resulting coatings. The clad-
ding samples used in the present study were prepared using beam
speeds between 7.5 and 11.0 mm/s and beam power inputs from 4700
to 7000 W depending on the sample geometry and dimensions, and
were subsequently ground after preparation.

The chemical compositions of the precursor powders mixtures used
for the laser claddings are listed in detail in Table 1. An unmodified
NiCrSiB alloy was used as the reference material, in addition to several
self-lubricating claddings featuring different silver and MoS2 contents.
This was aimed at studying the role of different concentrations of both
compounds in the resulting microstructure, hardness and HT tribolo-
gical behaviour of the coatings.

2.2. Hot hardness measurements

Hardness at high temperatures is an important parameter in tribo-
logical applications as it has been shown to correlate with both the yield
strength and wear resistance of metallic alloys [32]. In the present
work, the hot hardness of the most relevant as-deposited laser claddings
measured using a test rig developed at the Austrian Center of Compe-
tence for Tribology (AC2T research GmbH) described earlier in [33].
The following claddings were chosen for hot hardness measurements:
the unmodified base alloy used as the reference, the self-lubricating
cladding 5 Ag–10 MoS2 which was considered to be optimum in terms
of microstructure as it will be further detailed, and its silver-free
counterpart 10 MoS2.

Vickers indentation tests (HV10) were performed at RT, 150, 300,
400, 500 and 600 °C. The testing chamber was kept under low vacuum
conditions (5 mbar) to prevent damage to the diamond indenter by
oxidation. Three indentations were made for each temperature, and the
hot hardness measurements up to 600 °C were performed on two dif-
ferent samples for each material, to ensure the repeatability of the re-
sults.

2.3. High temperature unidirectional sliding tests

For the tribological experiments, the reference alloy, 5 Ag–10 MoS2
in addition to 10 MoS2 were deposited in a single pass laser cladding
step on ring-shaped samples with an external diameter of 90 mm and
tested under unidirectional sliding motion against three equi-spaced
cylindrical flat pins (Ø4 × 12 mm) made of AISI 52100 bearing steel,
which were used as the counter bodies. The ground and rounded edges
of test pins were expected to reduce the indentation (edge) effect when

Table 1
Solid lubricant content for the deposited coatings.

Claddings Solid lubricant content (wt%) RT hardness [HV1]

Ag MoS2

Reference 0 0 356 ± 11
10 MoS2 0 10 409 ± 6
3 Ag–10 MoS2 3 10 399 ± 16
5 Ag–10 MoS2 5 10 386 ± 37
10 Ag–10 MoS2 10 10 395 ± 13
15 Ag–10 MoS2 15 10 393 ± 4
10 Ag–15 MoS2 10 15 407 ± 10
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in contact with the surface of the claddings. Ra roughness measure-
ments performed on the coated ring samples prior to testing returned
values of 0.37 ± 0.07 μm for the reference alloy, 0.27 ± 0.04 for 10
MoS2 and 0.29 ± 0.04 μm for 5 Ag–10 MoS2.

The test parameters are summarised in Table 2. The rotational speed
was set to 28 rpm. As the wear track had a diameter of 70 mm, this
meant that the sliding speed was 0.1 m/s, which lies within the range
reported for metal forming applications [34–36].

The applied load was set to 225 N so that it led to a contact pressure
of 6 MPa, ensuring that it would be within the range from 1 to 10 MPa
characteristic of hot stamping processes [37]. Two repetitions were
performed for each of the chosen temperatures (RT and 600 °C).

Finally, the microstructures of the as-deposited claddings in addi-
tion to the morphology of the worn surfaces were investigated by means
of a JSM-IT300 and a ZEISS Supra 40VP scanning electron microscopes,
including the determination of the elemental composition through EDS.
3D topography measurement (Alicona InfiniteFocus) was also used for
the measurement of the wear volume after tribotesting of the claddings.
The volume of the resulting wear scar was measured for each sample on
two different spots, each of them with a surface of 10 × 10 mm2, and
subsequently averaged for both repetitions.

X-ray diffraction analysis of the as-deposited self-lubricating clad-
dings 10 MoS2 and 5 Ag–10 MoS2 in addition to the unmodified NiCrSiB
base alloy was performed using a multipurpose diffractometer
(Empyrean, PANalytical) with a copper X-ray tube (λ = 0.154056 nm).
The scan range was adjusted between 25 and 70° as all the relevant
phases can be found in this interval. The voltage and tube current were
set at 40 kV and 40 mA respectively. Furthermore, a primary low
background optics with a fixed divergence slit was used in the Bragg-
Brentano geometry.

3. Results

3.1. Microstructure of the resulting claddings

Fig. 1 shows the microstructures of the as-deposited laser claddings,
as observed by means of optical microscopy performed on cross sections
of the coatings. The reference, unmodified NiCrSiB alloy showed a
dendritic microstructure (Fig. 1a) which was observed to be a common
feature for all the deposited claddings, including those containing self-
lubricating alloying elements. The coating containing 10 wt% MoS2
showed additionally a finely distributed second phase, with an ap-
proximate size smaller than 5 μm (Fig. 1b). The addition of silver to the
MoS2-containing powder was responsible for the formation of an ad-
ditional phase, consisting of uniformly distributed bright inclusions as it
can be seen in Fig. 1c and d for 3 Ag–10 MoS2 and 5 Ag–10 MoS2
respectively. These bright inclusions were composed mostly of silver,
and were more abundant and have larger sizes when the silver content
was increased to 5 wt%, reaching sizes ranging from sub-micron up to
20 μm (see Fig. 2 for further detail on the microstructure). Most of the
bright inclusions were surrounded by the darker, MoS2-related phase
forming aggregates, as it will be further discussed.

Interestingly, an increase of over 5 wt% in the silver content in the
precursor powder showed worse results in terms of the retained fraction
of Ag. As it can be seen in Fig. 1e, 10 Ag–10 MoS2 had a markedly
smaller silver content than its counterpart with 5 wt% Ag (Fig. 1d),

with less abundant inclusions which were also observed to be smaller
than 10 μm. Further increases in silver content in the precursor powder
were observed to be ineffective: the microstructure of 15 Ag–10 MoS2
(Fig. 1f) showed a slightly higher density of silver-like inclusions, but
again not larger than 10 μm. It is also noteworthy that in this case, the
large agglomerates with bright inclusions seen for lower silver contents
(Fig. 1d, for instance) could not be observed in the bulk of the coating,
suggesting a less effective encapsulation mechanism. The last deposited
cladding, featuring 10 wt% Ag coupled to an increased MoS2 content in
the precursor powder to 15 wt%, showed again the formation of ag-
glomerates larger than 50 μm, containing brighter, silver-like particles
with sizes up to 20 μm (Fig. 1g). However, most of the bright particles
observed in the microstructure were still smaller than 10 μm.

As hot metal forming applications require stable friction and low
wear, the addition of 5 wt% Ag and 10 wt% MoS2 to the powder was
considered to be optimum due to the uniform distribution of solid lu-
bricant achieved and the increased silver encapsulation compared to
claddings with higher Ag and MoS2 content. For this reason, 5 Ag–10
MoS2 was chosen for further microstructural characterisation by means
of SEM/EDS. A detailed view of one of the observed aggregates is
shown in Fig. 3. In particular, it could be confirmed that the brighter
inclusions were completely encapsulated by the darker phase, first
observed after the MoS2 addition. Further EDS measurements per-
formed in the spots marked in Fig. 2b are summarised in Table 3. Spot A
corresponded to an almost pure silver inclusion (> 98 at.%). Spot B,
corresponding to the dark phase encapsulating the silver inclusions as
seen in Fig. 2b and Fig. 3, was identified as a chromium sulfide, a family
of chemical compounds which have been referenced in the literature as
by-products of the thermal degradation of TMDs during laser cladding
in the presence of Cr [9,38]. Interestingly, they also show some po-
tential as solid lubricants, as it will be further discussed. The bright,
non-encapsulated phase marked C in Fig. 2b showed a molybdenum
content in excess of 80 at.% and was regarded to be a Mo-based carbide.

The HV1 hardness for all of the deposited claddings is given in
Table 1. The addition of MoS2 to the self-lubricating claddings led to
perceivable hardness increases compared to the reference alloy, up to
50 HV1 for 10 MoS2. However, the self-lubricating claddings were ob-
served to have similar hardness values regardless of their chemical
compositions.

According to the XRD data shown in Fig. 4, the main crystal-
lographic phases identified for the reference material were borides such
as Ni2B and Ni3B, in addition to a nickel-based solid solution, being
typical for the NiCrSiB base alloy. The addition of solid lubricants like
MoS2 led to the formation of new phases due to TMD thermal de-
gradation such as Mo3S4 and Cr3S4 for both 10 MoS2 and 5 Ag–10 MoS2
claddings, which were linked to the chromium-rich darker phases ob-
served in Fig. 2. Additionally, MoC could also be identified for both self-
lubricating coatings. The addition of silver to 5 Ag–10 MoS2 led to the
detection of metallic silver, as previously observed by means of EDS
(Fig. 3).

3.2. Hot hardness measurements

High temperature hardness results for the reference alloy in addi-
tion to 10 MoS2 and 5 Ag–10 MoS2 claddings are shown in Fig. 5. The
unmodified NiCrSiB alloy showed an almost linear decrease in hot
hardness up to the maximum testing temperature of 600 °C, from
350 HV10 at RT to 292 HV10 at 600 °C. Additionally, no transition to a
faster softening regime has been observed in the chosen temperature
range, unlike to what has been reported for different steel grades [32].
This suggests a higher resistance against HT softening of the reference
NiCrSiB cladding when compared to iron-based alloys.

The addition of pure MoS2 led to a higher hardness of the resulting
claddings from RT up to temperatures of 500 °C, with the observed
increase in hardness compared to the hardness of the reference reaching
up a maximum of 50 HV10 at 150 °C. On the other hand, the addition of

Table 2
Test parameters chosen for the HT sliding tests against AISI 52100 flat pins.

Test parameters Sliding pin-on-flat

Load [N] 225
Sample temperature [°C] RT, 600
Rotational speed [rpm] 28
Duration [s] 900

H. Torres et al.



5 wt% Ag and 10 wt% MoS2, led to a lower hardness increase compared
to the reference material, which could be due to the incorporation of
softer silver to the resulting composite. Higher standard deviations
were also observed in this case and these can be attributed to the higher

inhomogeneity of the microstructure as a consequence of silver parti-
cles randomly distributed over the surface of the samples.

Fig. 1. Microstructure of the as-deposited claddings, as seen in cross-sections by optical microscopy for a) the reference nickel-based alloy, and the following self-lubricating claddings: b)
10 MoS2, c) 3 Ag–10 MoS2, d) 5 Ag–10 MoS2, e) 10 Ag–10 MoS2, f) 15 Ag–10 MoS2 and g) 10 Ag–15 MoS2.

H. Torres et al.



3.3. High temperature sliding tests

The tribological performance of the self-lubricating claddings was
investigated at room and high temperature (RT and HT, respectively).
As it can be seen from Fig. 6a, the reference alloy during RT uni-
directional sliding showed an initial friction peak (running-in), with
friction coefficient values reaching as high as 1.2. After 100 s, and up to
the end of the test, friction decreased and remained on average around
0.7, although it was observed to be more unsteady than that of the self-
lubricating claddings. For 10 MoS2, friction was observed to be lower,
remaining around 0.5 and decreased slightly towards the end of the
test, confirming the effectiveness of chromium sulfides as solid lu-
bricants. Interestingly, 5 Ag–10 MoS2 showed even lower and stable
friction, with values close to 0.4, attributed to a beneficial role of silver
at RT.

Friction results at the maximum testing temperature of 600 °C are
shown in Fig. 6b. It can be clearly seen that friction is significantly
lower and more stable for all three materials as compared to that at RT.
The reference alloy showed friction values close to 0.7 for most of the
test, decreasing suddenly to 0.5 after approximately 700 s. Friction for
10 MoS2, on the other hand, remained slightly lower than 0.3 for most
of the test duration, while its silver-containing counterpart 5 Ag–10

MoS2 experienced even lower friction, slightly above 0.2. This again
suggests a beneficial role of silver under the chosen testing configura-
tion, although to a lesser extent than at RT.

As for the measured wear volumes, large differences were found for
both the materials and the test temperatures, as can be observed in
Fig. 7. The reference alloy showed in particular much larger wear than
the self-lubricating claddings. RT tests showed a wear volume of
9.29 mm3 for the chosen 10 × 10 mm2 spots, which was almost two
orders of magnitude larger than the values measured for both 10 MoS2
and 5 Ag–10 MoS2, 0.11 and 0.06 mm3 respectively. The slightly lower
wear volume for 5 Ag–10 MoS2 compared to 10 MoS2 suggests the
beneficial role of silver at RT, similarly to what has previously been

Fig. 2. a) SEM overview of the cladding featuring 5 Ag–10 MoS2 with b) a detail thereof.

Fig. 3. Detail of an encapsulated silver inclusion in the as-deposited 5 Ag–10 MoS2 as observed by SEM, and an EDS mapping thereof including nickel, silver, chromium, sulfur and iron.

Table 3
Chemical composition in at.% of the spots marked in Fig. 2b.

Spot Chemical composition (at.%)

Mo Ni S Fe Cr Si Ag

A 0.9 0.3 0.6 98.2
B 4.6 34.2 61.2
C 83.0 13.7 1.2 1.1 0.9 0.2
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described for the observed friction coefficient. The maximum depths of
the wear scars showed similarly significant differences, as seen in
Fig. 8a, b and c, with depths as high as 175 μm measured for the re-
ference alloy while the wear scars of both self-lubricating claddings
were much shallower, with depths between 2.5 and 5 μm.

Tests at 600 °C showed still large differences between the chosen
alloys, with a measured value of 1.06 mm3 for the nickel-based re-
ference compared to 0.32 mm3 and 0.29 mm3 for both modified clad-
dings. Wear depths for all three claddings showed significant changes
compared to the results from RT tests: for the reference alloy the wear
depth decreased to ~100 μm, while the opposite behaviour was seen
for both 10 MoS2 and 5 Ag–10 MoS2, increasing to values close to
15 μm (Fig. 8d, e and f). It is also noteworthy that the observed wear for
the reference alloy experienced a nine fold decrease from RT to 600 °C,
whereas both 10 MoS2 and 5 Ag–10 MoS2 experienced significant in-
crease from RT to 600 °C, almost three times for the former and up to
four times for the latter, although no significant difference in terms of
their wear volume was observed at 600 °C. This suggests that silver had
no beneficial role at this temperature, compared to what had been
previously observed at RT.

The EDS analysis results of the laser cladded samples from RT tests
are summarised in Table 4. For the reference material at RT, surface
degradation by plastic deformation and adhesive wear could be iden-
tified. Flattened patches could also be found (Fig. 9a), distributed ir-
regularly over the wear scar and with an iron content higher than 60 wt

% (spot A in Table 4), indicating material transfer from the bearing
steel counter bodies during sliding. However, most of the wear scar was
observed to be rough as a consequence of plastic deformation (Fig. 9b)
and with a chemical composition similar to that of the base alloy. No
oxidation of the nickel-based matrix could be detected (see for instance
spot B in Fig. 9a), as the self-fluxing NiCrSiB alloy was expected to show
a high oxidation resistance. The cladding 10 MoS2, on the other hand,
showed a smoother wear scar, with very fine (microscopic) scratch
marks suggesting polishing effect during sliding at RT (Fig. 9c). The
abundant dark spots in the interface were identified by means of EDS as
chromium sulfides (spot C in Table 4), expected to provide solid

Fig. 4. XRD spectra for the reference, 10 MoS2 and 5Ag–10MoS2
laser claddings after deposition.

Fig. 5. Hot hardness results up to 600 °C for the reference alloy and the laser claddings 10
MoS2 and 5 Ag–10 MoS2.

Fig. 6. Measured friction during unidirectional tests against AISI 52100 flat pins, at a) RT
and b) 600 °C.
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lubrication during sliding, although the presence of other degradation
products detected by XRD like Mo3S4 in these spots could not be con-
firmed by means of EDS. The brighter spots shown in Fig. 9d were
molybdenum-rich phases, possibly MoC as detected by XRD (Fig. 4), but
oxidised during sliding as revealed by EDS (spot D in Table 4). As for 5
Ag–10 MoS2, the wear scar was similar to that in the previous case,
smooth with microscopic abrasion marks (Fig. 9f). Patches of bright
material (identified as silver by EDS) could also be observed. These
were smeared along the sliding direction (spot E; Fig. 9f) as has been
reported earlier for similar silver-based self-lubricating materials [39].
This mechanism is possibly the reason for the lower friction observed at
RT compared to 10 MoS2.

Sliding testing at 600 °C led to perceivable oxidation of the nickel-
based matrix for all three claddings, with oxygen contents in excess of
10 at.% being detected by EDS (spot A in Fig. 10a). For the reference,
unmodified alloy, patches of darker spots could be observed in the wear
scar (Fig. 10a). Chemical characterisation by means of EDS of the spot
marked B in Fig. 10b showed high contents of nickel and oxygen,
suggesting the embedding of oxidised wear debris back into the clad-
ding instead of material transfer from the counter bodies as seen pre-
viously at RT. The continuous generation of these oxide patches as the

sliding progresses is likely to be the origin of the friction drop observed,
as the presence of nickel oxides prevents metal to metal contact. For
both self-lubricating claddings 10 MoS2 and 5 Ag–10 MoS2 a smooth
wear track was observed as that from RT tests, with scratching marks
related to mild abrasion mechanism (Fig. 10d and f). Several dark spots
observed were again identified as chromium sulfides, oxidised after
testing at HT, as ascertained by means of EDS (spot E in Table 5 and
Fig. 10g). As in the case of the reference alloy, both modified claddings
showed nickel-based, oxidised embedded particles embedded, but
smaller than those seen for the reference material and typically not
larger than 20 μm. Interestingly, the molybdenum-rich particles ob-
served in the microstructure of both 10 MoS2 and 5 Ag–10 MoS2 were
found to be oxidised and appeared to be fractured during sliding (see
for example spot C in Table 5 and Fig. 10d). Finally, the main difference
between both self-lubricating claddings was the abundant presence of
silver inclusions in the wear track of 5 Ag–10 MoS2 after testing at
600 °C, although in this case silver was not smeared along the sliding
direction as seen in RT tests (Fig. 10f). EDS characterisation confirmed
the occurrence of significant oxidation of silver at 600 °C (spot D in
Table 5), which adversely affected its role as a solid lubricant.

4. Discussion

This study has shown that the microstructural design of self-lu-
bricating laser claddings depends on a homogeneous encapsulation of
silver taking place in the melt pool during cladding deposition. The
formation of Ag-rich inclusions as seen in Fig. 1c to g can be explained

Fig. 7. Wear volumes after unidirectional sliding tests against AISI 52100 flat pins, in
logarithmic scale.

Fig. 8. 3D profilometry imaging of the resulting wear tracks after sliding tests for the claddings: a) reference, b) 10 MoS2, c) 5 Ag–10 MoS2 at RT, d) reference, e) 10 MoS2, f) 5 Ag–10
MoS2 at 600 °C.

Table 4
Chemical composition in at.% of the spots marked in Fig. 9.

Spot Chemical composition (at.%)

Ni Mo S Fe Cr Si Al Mn O Ag

A 11.6 1.6 64.8 18.2 1.6 2.2
B 83.9 2.1 4.7 6.4 2.7 0.2
C 10.3 51.6 1.7 36.3
D 12.0 65.6 3.8 18.6
E 9.1 6.9 3.0 81.0
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due to the low solubility shown by binary systems involving silver and
nickel, the main constituents of the base alloy. This was expected to
lead to their segregation in the melt pool into two immiscible liquid
phases (L ➔ L1 + L2) [40]. Interestingly, Curiotto et al. reported a si-
milar microstructure for CueCo alloys prepared using an arc-melting
furnace [41], observing droplets of a cobalt-rich phase distributed in a
copper-rich matrix due to a comparable liquid miscibility gap at HT.

In the present case, the addition of MoS2 led to the formation a
sulfur-rich phase encapsulating the silver inclusions and preventing
them from floating to the surface, a mechanism which proved to be
especially effective for claddings like 5 Ag–10 MoS2 (Fig. 2). Thus, a
uniform distribution of solid lubricants could be achieved with a cost-
effective silver content of 5 wt%, while contents as high as 30 wt% have
been for instance reported in literature for the plasma-sprayed coatings
[42]. However, it was observed in this work that increasing the silver
content above 5 wt% in the base powder was detrimental, as it appar-
ently decreased the efficiency of the previously described encapsulation
mechanism. Thus, the inclusions in the melt pool would float to the
surface before solidification only to be removed during sample pre-
paration (see Fig. 11 for an example observed after deposition of a 10
Ag–10 MoS2 sample). This is a counter-intuitive behaviour as the
density of molten silver is actually higher than that of molten nickel
[43,44], although Marangoni convection, caused by a gradient in sur-
face tension within the melt pool, is expected to play a key role during

the cladding process [45]. Interestingly, this mechanism has been re-
ported to be influenced by the addition of small amounts of sulfur,
leading to a downwards flow from the melt pool surface [46,47]. This
behaviour could be behind the increased silver retention observed in
the present case after the addition of sulfur-containing MoS2.

As for the chemical composition of the resulting laser claddings, one
of the main findings is the detection of HT degradation products of
MoS2 formed during laser cladding such as chromium sulfides, carbides
like MoC and Mo3S4. In particular, chromium sulfides have been re-
ported in the literature in the context of self-lubricating laser claddings
with the addition of TMDs [9,48] and also for powder metallurgy
techniques with temperatures above 1000 °C [49]. The sulfide com-
pound detected in this work, Cr3S4, has been described in the available
literature as an effective solid lubricant up to temperatures of 600 °C
[50]. This was in agreement with the results of the present study, as the
self-lubricating claddings with chromium sulfides showed remarkably
superior friction and wear characteristics than the reference alloy at RT
and 600 °C.

Hot hardness has been regarded as an important parameter in HT
tribology, being related to the abrasion resistance of materials [51]. The
observed increase in HT hardness of the resulting laser claddings with
the addition of MoS2 in this work has been attributed to the formation
of the MoC phases already described in Section 3.1. Interestingly, the
formation of molybdenum carbides identified as Mo2C has been

Fig. 9. SEM imaging of the resulting wear scars after testing at RT for a) the reference alloy with b) a detailed image of the deformed base material, with additional imaging for c) 10 MoS2
including d) a higher magnification view of the second phases observed. Finally, e) shows an overview of the wear scar for 5 Ag–10 MoS2 with f) an observed smeared particle.
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recently reported by Wang et al. [52] in a similar context, involving
laser claddings with the addition of Mo-based compounds. In our case,
if these carbides were formed, they could not be identified due to peak
overlapping with other phases present in the claddings.

Recently, Cheng et al. have studied the tribological properties of
nickel-based composites with the addition of solid lubricants including
silver [39]. They reported the smearing of soft silver particles in the
sliding direction, similar to what has been observed in our case after
tests at RT (see Fig. 9f), although in the case of Cheng this behaviour
was reported under vacuum conditions. In any case, the observed
shearing of silver was regarded in [39] as beneficial in terms of both

Fig. 10. SEM imaging of the resulting wear scars after testing at 600 °C for a) the reference alloy with b) a detailed image of the embedded debris, with additional imaging for c) 10 MoS2
including d) a higher magnification view of the second phases observed. e) Shows an overview of the wear scar for 5 Ag–10 MoS2 with f) a detail of the silver-containing agglomerates and
g) a high magnification picture of a chromium-based aggregate.

Table 5
Chemical composition in at.% of the spots marked in Fig. 10.

Spot Chemical composition (at.%)

Ni Mo S Fe Cr Si Al Mn O Ag

A 74.6 1.2 3.3 4.7 2.7 13.5
B 40.9 4.1 1.9 2.7 49.2
C 12.4 39.1 1.7 2.8 1.2 42.8
D 3.2 1.0 2.1 1.4 52.4 40.0
E 7.2 42.6 26.2 22.3 1.8
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friction and wear and could help explain the lower friction observed in
our case for 5 Ag–10 MoS2 at RT compared to 10 MoS2, as the smearing
of silver even if to a limited extent is expected to better accommodate
frictional stresses between the cladding and the counter bodies during
sliding. As this mechanism could not be observed by Cheng and co-
workers at HT in air, it is expected that the oxides formed under such
conditions in the interface are brittle and are not sheared easily. This is
relevant to our case, as the oxidation of silver particles at HT in the
wear scar of 5 Ag–10 MoS2 has been confirmed in our case by means of
EDS (with oxygen contents up to 50 at.%), a fact which could explain
the similar behaviour of both self-lubricating claddings at 600 °C in
terms of both friction and wear, regardless of silver content.

Finally, it can be said that the self-lubricating coatings deposited in
our case by means of laser cladding have shown significantly improved
tribological behaviour in terms of friction and wear compared to the
reference alloy during sliding tests at RT and 600 °C. Additionally, the
deposition of claddings with thicknesses in the millimetre range has
other advantages, as it requires the use of less silver than other alter-
natives like bulk materials prepared by powder metallurgy. Silver-
containing claddings are expected to be more cost-effective than bulk
composites, not only in terms of solid lubricant use but also since laser
cladding offers the possibility of reworking and repairing worn com-
ponents. Coupled to their oxidation resistance at HT, this makes them
very good candidates for use in HT applications. However, further
studies will have to be performed under conditions closer to those
found in applications of interest like hot stamping, including the use of
Al-Si-coated steel grades as the counter body, in order to assess their
performance in alleviating severe adhesion and galling.

5. Conclusions

• The addition of the sulfur-based MoS2 has resulted in the en-
capsulation of silver during laser cladding, ensuring a uniform dis-
tribution of the latter across the entire thickness of the resulting
coatings and also preventing it from floating to the melt pool surface
during deposition for silver contents up to 5 wt%.

• The optimum composition for the claddings corresponds to the ad-
dition of 5 wt% Ag and 10 wt% MoS2, to the NiCrSiB base powder,
leading to an improved retention of silver compared to other, more
Ag-rich claddings.

• MoS2 has been observed to decompose during sample preparation
due to the high temperatures involved in laser cladding, leading to
the formation among others of chromium sulfides. These com-
pounds seem to be effective solid lubricants as is evident from the
decreased friction and wear for both self-lubricating coatings com-
pared to the base alloy for temperatures up to 600 °C.

• The addition of silver has been observed to be beneficial in terms of

the tribological behaviour of the claddings, further decreasing fric-
tion at RT. Oxidation may however limit its role as a solid lubricant
at HT.
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A B S T R A C T

Many high temperature (HT) forming processes require the use of solid lubricants in order to control friction and
reduce wear. In an attempt to eliminate the need for solid lubrication in high temperature sliding applications,
nickel-based self-lubricating coatings with the addition of Ag and MoS2 were prepared by means of laser clad-
ding on stainless steel substrates.

The behaviour of the resulting laser claddings was thoroughly evaluated up to 600 °C, including the oxidation
behaviour and reciprocating tribotesting using different counter body geometries (ball and flat pin). The self-
lubricating coatings showed lower friction than the unmodified reference alloy at all tested temperatures, in
addition to a significant microstructural stability after prolonged exposure at high temperatures. The addition of
solid lubricants to the claddings was also found to be beneficial in terms of the counter body wear at HT, as no
material loss could be measured for the bearing balls after testing at 600 °C against the self-lubricating claddings,
despite the significant softening experienced by AISI 52100 bearing steel at HT.

1. Introduction

The use of lubricants during metal forming processes is a common
procedure, as it helps not only to reduce tool wear but also to control
friction to low and stable values, as a small amount of plastic de-
formation preventing surface wrinkling of the blank piece is necessary
to ensure the quality of the finished product [1]. However, the use of
lubricants in such industrial processes involves significant environ-
mental and health hazards, not to mention the related cleaning steps
[2,3] and increased disposal costs [4] as in recent years more strict
regulations are being implemented. Oils and greases have other sig-
nificant disadvantages as they thermally degrade if used in forming
processes involving temperatures above 300 °C, like for instance hot
stamping. For these reasons, the development of new lubrication
methods is considered to be beneficial for HT applications and has the
potential to mitigate costs and decrease environmental hazards while at
the same time ensuring the quality of the produced parts. However,
such an approach is not devoid of problems. In recent years, there has
been an increased interest in vanadium-based self-lubricating materials
for use in demanding applications such as metal cutting or aerospace
[5,6]. However, vanadium-based compounds also pose health risks due
to their toxicity. A reported solid lubricant like V2O5 can detrimentally
affect the respiratory function [7], while other promising compounds

like vanadates have been reported to interfere with key cellular pro-
cesses [8], so their implementation in industrial applications should be
carefully considered.

In this context, low-toxicity solid lubricants like silver and MoS2
have been regarded as a better choice for hot forming processes. In fact,
they have been the subject of many studies in recent years due to their
self-lubricating behaviour at high temperature (HT) [9]. Silver is an
effective lubricant at HT whose main mechanisms is based on its low
shearing strength and its diffusion to the sliding surface at HT [10,11].
The lubricous role of transition metal dichalcogenides (TMDs) like
MoS2, on the other hand, is based on their layered microstructure. Such
layers can align in the direction of motion and slide easily over each
other, decreasing friction and wear up to temperatures of 400 °C [12].
The combined use of silver and MoS2 in composite materials is also of
interest as it can lead to the in-situ formation of lubricous silver mo-
lybdates at temperatures between 300 and 600 °C. The crystal structure
of molybdates such as Ag2MoO4 and Ag2Mo2O7 has been described to
be layered as well [9,13], with the Ag-O and O-Ag-O interlayer bonds
being particularly weak and thus shearing easily and providing effec-
tive lubrication at HT.

New lubrication strategies as the ones previously described are of
significant interest for industrial applications like hot metal forming, as
severe contact conditions are prevalent during such processes. In this
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context, decreased tool wear in addition to low and stable friction are
beneficial in such applications to ensure the surface quality of the re-
sulting product. Thick layers with increased wear resistance can be
deposited by means of laser cladding, a manufacturing process which
also allows for the reworking and repairing of high-value industrial
components. This technique involves the melting of a precursor in
powder form by means of a laser beam to produce coatings with low
defect density [14], reduced dilution [15,16] and at the same time
excellent metallurgical bonding with the substrate [17]. In an effort to
control the friction of the resulting claddings, the addition of different
classes of solid lubricants to the base powder has been studied in recent
years [18–20], showing promising results for HT applications. How-
ever, the high temperatures reached during laser cladding can lead to
the thermal degradation of TMDs like MoS2 and WS2 solid lubricants
[21–23]. In addition to the chemical composition and the preparation
technique, the chosen testing configuration can also influence the tri-
bological behaviour of self-lubricating materials. The lab-scale simula-
tion of tribological systems of industrial interest is done in many cases
using Hertzian point contacts like the well-known ball-on-disc config-
uration. Such geometries have significant advantages as non-conformal
contacts allow for an easy alignment of both samples, in addition to the
generation of measurable wear scars in a comparatively short testing
time due to the severe contact conditions. However, despite its popu-
larity for tribotesting, point contacts involve unrealistic assumptions
and can lead to wear mechanisms different from those observed in
actual applications. Interestingly, it has even been reported that there
are no industrial applications featuring the pure sliding of point con-
tacts [24]. Additionally, the initial contact pressures for non-conformal
geometries like ball-on-disc can be very high and are usually linked to
severe running-in wear during the initial stages of testing. As the con-
tact area increases due to wear, contact pressure quickly decreases
leading to changes in wear mechanisms. However, such a behaviour is
unrealistic as industrial applications are usually designed to operate
under constant pressures, and thus line and area contact geometries
should be considered instead for more realistic tribotesting. Point
contacts can be used for screening tests due to accelerated wear and
high repeatability, but closer simulation of real applications must be
performed under testing configurations with lower contact pressures.

In the present study, laser claddings with the addition of silver and
MoS2 have been prepared and tribologically characterised up to 600 °C,
aiming at their implementation in metal forming applications like hot
stamping. To this end, different testing configurations have been
chosen: Hertzian point contacts in addition to lower pressure flat con-
tacts expected to be closer to metal forming applications. The oxidation
resistance and microstructural stability of the claddings have also been
studied after prolonged exposure to HT, as it is an important property
for their prospective use in metal forming.

2. Experimental

2.1. Materials preparation

For the present study, the deposition of the claddings was performed
by means of a direct diode laser. This technique offers significant ad-
vantages like the single-pass melting of the precursor material, an ex-
cellent metallurgical bonding with the substrate [17] and the low defect
density of the resulting claddings [14].

A NiCrSiB commercial powder supplied by Castolin Eutectic was
chosen as the base material of the cladding alloy, with a chemical
composition of 0.2 C, 4 Cr, 1 B, 2.5 Si,< 2 Fe and 1 Al (in wt. %) with a
grain size between 50 and 150 μm. The addition of boron and silicon
lowered the melting point of the mixed powder, improving the de-
position of this nickel-based alloy [25]. Ag powders to be added as solid
lubricants were supplied by Goodfellow, with a maximum particle size
of 45 μmMoS2 powder was provided by Tribotecc GmbH with a particle
size between 5 and 75 μm. Table 1 lists the chemical composition of the

claddings deposited during this study, including the reference un-
modified NiCrSiB cladding in addition to several self-lubricating hard-
facings with silver and MoS2. This was aimed at investigating the role of
both solid lubricants on the microstructure, hardness and HT tribolo-
gical behaviour of the resulting coatings.

The coatings were deposited on grade 1.4301 stainless steel plates to
prevent the oxidation of the substrate during laser cladding and HT
tribotesting. Prior to laser cladding, the plates were rinsed with ethanol
and sandblasted with silica sand in order to improve the adhesion of the
resulting coatings. The Ni-based powder and the solid lubricants were
mechanically mixed using ethanol as the binder, and spread over the
stainless steel substrate. This mixture was heated in an oven at 100 °C
during 1 h in order to ensure the evaporation of ethanol before clad-
ding, which was performed under a protective argon atmosphere to
prevent the oxidation of the resulting claddings. The choice of this
procedure over other similar techniques such as powder flow or wire
feeding led to a simpler cladding deposition process.

A thorough description of the laser cladding parameters used during
the deposition process such as beam speed and input power together
with a detailed description on the optimum selection of solid lubricant
content is given in a previous publication by the authors [26].

Sample preparation prior to testing included the machining to a size
of 12.6× 12.6× 4.7mm3, subsequent manual grinding using #360
and #600 grit sizes SiC- abrasive papers, and rotating the samples
during the last step to remove any directionality in the observed surface
topography. Roughness Ra prior to testing was measured using a Zygo
New View 7300 3D optical profiler and was found to be∼0.1 μm for all
of the chosen claddings. All specimens were ultrasonically cleaned in
petroleum ether and rinsed with acetone before tribological tests.

2.2. High temperature oxidation tests

HT oxidation tests have been described for self-lubricating materials
in the available literature [27]. In the present study, such tests were
chosen to obtain further information on the behaviour of the deposited
laser claddings at high temperatures, especially their thermal stability
and the diffusion of silver to the sample surface, a process which may
lead to lubricant depletion [28] and in some cases to coating collapse
due to increased porosity [29]. To this end, samples of both the un-
modified nickel-based alloy and 5 Ag – 10 MoS2 were chosen, and
heated up to 600 °C in an induction oven in air. For the reference ma-
terial and 5 Ag – 10 MoS2 two samples were used: the first one was
tested for 48 h and the second one for 100 h. Further characterisation of
the tested samples was done by means of optical microscopy with an
emphasis on the resulting microstructure of the claddings and SEM/EDS
to characterise the resulting oxide layers both in terms of morphology
and chemical composition.

2.3. High temperature reciprocating tests

The tribological behaviour at HT of the laser claddings was studied
using an Optimol SRV friction and wear tester. An upper counter body
sample was loaded against a stationary cladding sample by means of a
spring deflection mechanism during the test. The upper sample oscil-
lated by means of an electromagnetic drive while the lower flat sample

Table 1
Solid lubricant content for the deposited coatings.

Claddings Solid lubricant content (wt.
%)

RT hardness
[HV1]

Ra (μm)

Ag MoS2

Reference 0 0 393 ± 13 0.09 ± 0.03
10 MoS2 0 10 392 ± 15 0.10 ± 0.02
5 Ag – 10 MoS2 5 10 398 ± 5 0.10 ± 0.03
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was placed on a block heated by a cartridge heater up to nominal
temperatures of 800 °C. For the present study, metal-based counter
bodies were used as they were considered to be closer to metal forming
applications than the ceramic ones reported in most of the available
literature dealing with self-lubricating claddings at HT [30]. To that
end, all the chosen counter bodies were made of AISI 52100 bearing
steel since they are readily available, and in the present study re-
presented a low-alloyed steel workpiece in a typical forming process.

During testing, the actual temperatures on the cladding sample
surface were measured using a thermocouple and these values were
subsequently used when reporting the results of the tests. More details
about the testing device can be found in Refs. [31,32]. The re-
ciprocating frequency and stroke length were chosen so that the
average sliding speed for all of the tests was 0.1m/s, within the range
reported for metal forming applications like hot-stamping [33–35]. For
this series of tests, the self-lubricating claddings with the maximum
silver content, 5–Ag - 10 MoS2, in addition to 10 MoS2 were studied.
Furthermore, the unmodified NiCrSiB alloy was used as the reference
material. The following counter body configurations, resulting in dif-
ferent contact pressure ranges during testing, were chosen:

2.3.1. Ball-on-flat configuration
Commercial AISI 52100 steel bearing balls of ø10mm were used as

the counter bodies. For this series of tests, the applied normal load was
set to 50 N as it was observed to lead to more stable tribological be-
haviour during preliminary testing. Estimated maximum contact pres-
sures at RT, assuming a Hertzian contact and no wear to the bearing
ball counter body, were calculated to be 1691MPa by treating the thick
coating as a bulk material. The chosen parameters for ball-on-flat tests
are summarised in Table 2. Every test was performed three times to
ensure the repeatability of the results.

2.3.2. Flat pin-on-flat configuration
Flat pins of ø2 mm were manufactured from commercial needle

rollers, with the resulting edges being manually ground with #600 grit
sandpaper to reduce the edge effect and indentation during testing. The
reciprocating flat-on-flat contact was expected to lead to a different
tribological behaviour compared to the previously described ball-on-
flat, as it has been reported that in this case the wear debris can stay in
the contact region for multiple cycles [36]. In order to improve the
alignment of the flat pin against the cladding samples, before each test a
pre-load was applied and the counter body was de-clamped and sub-
sequently re-clamped to accommodate it to the flat cladding sample.

As in the previous case, AISI 52100 steel grade was chosen as the
counter body material, and the stroke rate was increased in order to
reduce as much as possible the diameter-to-stroke ratio and thus max-
imise the fraction of the wear scar not in contact with the pin in any
given moment, to be closer to previous tests against bearing balls
(Hertzian contact). In order to fix the average sliding speed as close as
possible to 0.1 m/s the reciprocating frequency was reduced to 13 Hz.
In this case, testing was limited to three temperatures, RT, 400 and
600 °C. Three repetitions were performed again for each condition.

The applied load was set to 50 N to ensure a stable contact between
cladding samples and the counter body, leading to a calculated pressure

during flat pin testing of 16MPa. This value was found to lie close to the
pressure range between 1 and 10MPa characteristic of hot stamping
processes [37,38]. The chosen testing parameters for this series are
summarised in Table 3.

Finally, the microstructure of the as-deposited claddings in addition
to the morphology of the worn surfaces were investigated by means of a
JSM-IT300 SEM, including measurements of their elemental composi-
tion through EDS. 3D topography measurement (Alicona InfiniteFocus)
was also used for the measurement of the wear volume after tribo-
testing of the claddings and wear rates were subsequently calculated
using Archard's equation (Eq. (1)), dividing the measured wear volume
Vw by the normal load N and the total reciprocating distance d.

=

⋅

K V
N d
w

(1)

3. Results

3.1. Microstructure of the resulting claddings

Fig. 1 shows the microstructures of the as-deposited laser claddings,
as observed by means of optical microscopy performed on cross sections
of the coatings. The microstructure and chemical composition of the
resulting claddings is discussed in detail in Ref. [26], including also
XRD measurements of the crystallographic phases formed after laser
cladding.

SEM imaging of the as-deposited microstructure of 5 Ag – 10 MoS2
is shown in Fig. 2, featuring aggregates formed by bright inclusions
surrounded by the darker phase with sizes occasionally up to ∼50 μm
in diameter. Such aggregates were observed to be spread across the
entire thickness of the hardfacing. Further chemical characterisation by
means of EDS was performed (see Fig. 2 and Table 4). By means of it,
the bright phases could be confirmed to be composed mostly of silver
(spot A) while the darker phases surrounding them (spot B) consisted of
chromium and sulfur. An EDS mapping of one such aggregate is given in
Fig. 3. Additionally, molybdenum from MoS2 could be detected dis-
solved in the nickel-based matrix (spot C).

The results of XRD measurements performed on the self-lubricating
claddings have been reported in detail by the authors in Ref. [26]. The
presence of both Cr3S4 and Mo3S4 arising from the thermal decom-
position of MoS2 during laser cladding could be confirmed, with the
dark sulfur-rich phase (spot B in Fig. 2) being considered to be a mix-
ture of both compounds as EDS peaks of Mo and S overlap. The pre-
sence of molybdenum carbides could also be observed by XRD, linked
to the molybdenum-rich phases observed in the microstructure of the
MoS2-containing claddings (see Ref. [26] for details).

The RT hardness for all of the deposited claddings remained close to
400 HV1 as shown in Table 1. Due to its observed uniform micro-
structure, 5 Ag – 10 MoS2 was judged to be optimum in terms of silver
retention during cladding due to the encapsulation effect by the sulfur-
rich phase.

Table 2
Test parameters chosen for the HT reciprocating tests against AISI 52100
bearing balls.

Test parameters Reciprocating ball-on-flat

Load [N] 50
Sample temperature [°C] RT, 150, 300, 400, 600
Stroke length [mm] 2
Frequency [Hz] 25
Duration [s] 900
Total sliding distance [m] 90.0

Table 3
Test parameters chosen for the HT reciprocating tests against AISI 52100 flat
pins.

Test parameters Reciprocating pin-on-flat

Load [N] 50
Sample temperature [°C] RT, 400, 600
Stroke length [mm] 4
Frequency [Hz] 13
Duration [s] 900
Total sliding distance [m] 93.6

H. Torres et al.



3.2. High temperature oxidation tests

The oxide layers grown on the samples exposed to a temperature of
600 °C for 48 and 100 h are shown in detail in Fig. 4, with the results of
further chemical characterisation by means of EDS summarised in
Table 5. After 48 h, the formation of nickel oxides on the surface of the
reference sample could be detected (spot A in Fig. 4a), with an oxygen
content close to 30 at. %. The self-lubricating cladding 5 Ag – 10 MoS2
experienced also the formation of additional phases (Fig. 4b). In par-
ticular, the blocky particles such as the one labelled as spot B showed
silver and chromium contents in excess of 20 at. % in addition to high
amounts of oxygen (close to 50 at. %). They were assumed to be the
oxidised remnants of silver/chromium sulfide aggregates similar to
those seen in Fig. 2. Spot C, on the other hand, consisted of nickel, iron

and chromium in addition to 43 at. % of oxygen. Although its chemical
composition could not be properly identified by means of EDS, it must
be noted that the formation of spinel compounds like NiCr2O4 and
NiFe2O4 has been described in the literature for HT oxidation tests

Fig. 1. Microstructure of cross sections of the as-deposited coatings, as seen by optical microscopy for a) the reference nickel-based alloy, and the self-lubricating
claddings b) 10 MoS2, c) 5 Ag - 10 MoS2. (cf. [26]).

Fig. 2. a), b) SEM imaging of the microstructure of 5 Ag −10 MoS2 after deposition with c) a detailed view of an aggregate.

Table 4
Chemical composition as measured by EDS for the spots marked in Fig. 3c.

Spot Chemical composition (at. %)

Ni Mo S Fe Cr Si Al Ag

A 1.5 0.8 1.8 95.9
B 25.3 27.3 39.9 7.5
C 82.0 11.2 4.2 1.1 1.1 0.5
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performed on nickel-based alloys [39].
Increasing the oxidation test duration to 100 h led in general to

increased oxygen content, as seen in the surface of the reference ma-
terial (spot D in Fig. 4c) and in the chromium/silver aggregates in 5 Ag
– 10 MoS2 (spot E in Fig. 4d), reaching up to 64 at. % oxygen for the
latter. It is also worth noticing that for the self-lubricating cladding, the
blocky Cr-Ag-oxides were observed to cover a larger part of the sample
surface after 100 h (compare Fig. 4b and d).

An additional cross section of the self-lubricating 5 Ag – 10 MoS2
after 100 h at 600 °C was examined and is shown in Fig. 5. It appears
that the original microstructure of the cladding was unaffected due to
the prolonged exposure to HT. Silver was still encapsulated across the
entire thickness of the coating and had not massively diffused to the
surface, as described in the literature [28]. On the sample surface only a
thin oxide layer with a thickness lower than 5 μm could be observed
after 100 h at 600 °C (Fig. 5b), due to the high oxidation resistance of
the base alloy. These HT oxidation tests thus proved that the micro-
structure of the self-lubricating claddings is stable after prolonged ex-
posure to high temperatures and that silver remains encapsulated.
Further, the addition of solid lubricants does not hamper the high

oxidation resistance of the Ni-based matrix.

3.3. High temperature reciprocating tests

3.3.1. Friction results – ball-on-disc configuration
Friction results for all chosen temperature tests are plotted in Fig. 6.

It is clear that the self-lubricating claddings showed lower friction than

Fig. 3. Chemical analysis of a silver aggregate found in the as-deposited 5 Ag – 10 MoS2, as seen by means of EDS mapping.

Fig. 4. SEM imaging of the oxidation samples at 600 °C after 48 h for a) the reference alloy and b) 5 Ag – 10 MoS2. Characterisation after 100 h is also given for c) the
reference alloy and d) 5 Ag – 10 MoS2.

Table 5
Chemical composition as measured by EDS for the spots marked in Fig. 4 after
the oxidation tests.

Spot Chemical composition (at. %)

Ni Fe Cr Ag Si Al Mo O

A 60.9 1.5 3.9 3.1 1.7 28.8
B 3.6 1.0 22.6 23.1 49.6
C 13.7 7.9 32.6 1.2 1.1 43.5
D 49.8 1.1 2.8 1.1 1.7 43.5
E 3.7 15.3 16.3 64.7

H. Torres et al.



Fig. 5. a) Optical microscopy performed on a cross section of 5 Ag – 10 MoS2 after 100 h oxidation test, and b) a detail thereof.

Fig. 6. Measured friction during reciprocating tests against AISI 52100 bearing balls, at a) RT and b) 150, c) 300, d) 400 and e) 600 °C.

H. Torres et al.



the reference for all testing temperatures. At RT, friction peaked for the
reference material during the first 10–20 s, reaching up to 1.6. This
behaviour has been linked to adhesive wear and increased metal-to-
metal contact during the early stages of sliding [40]. Friction was ob-
served to stabilise around 1.1 for most of the test, increasing slightly to
1.3 by its end. The self-lubricating claddings in contrast showed rela-
tively lower friction than the unmodified Ni-based alloy (Fig. 6a). For
10 MoS2, friction was initially close to 0.5, with a transient increase to
0.8 after 5min and stabilising back to 0.6 towards the end of the test. 5
Ag – 10 MoS2 performed even better, with initial friction values of 0.5,
increasing slightly towards the end of the test to 0.6. However, it must
also be noted that both self-lubricating claddings were observed to
become more unstable with increasing testing time. This was attributed
to the formation of wear debris at the interface during reciprocating
sliding, contributing to higher and unsteady friction.

Testing at 150 °C (Fig. 6b) showed lower friction for the reference
alloy, although still fairly unsteady, ranging from 0.6 to 1.0. The self-
lubricating claddings showed a good tribological behaviour with fric-
tion coefficient values between 0.4 and 0.6, steadier than at RT and
with no perceivable difference in terms of friction between 10 MoS2 and
5 Ag – 10 MoS2. Increasing the temperature to 300 °C led to a further
decrease in friction for all of the tested materials (Fig. 6c). The re-
ference alloy reached a stable friction of 0.7 early on, while both self-
lubricating claddings, regardless of silver content, showed friction
coefficients between 0.4 and 0.6. A slightly more unstable frictional
behaviour was again observed for 10 MoS2 and 5 Ag – 10 MoS2 towards
the end of the test. The improved tribological behaviour of the self-
lubricating claddings extended to testing at 400 °C (Fig. 6d), as during
the first minutes of testing both claddings experienced friction coeffi-
cients as low as 0.25. Although the friction was observed to increase up
to 0.45 by the end of the test, this temperature was assumed to be the
optimum operation point under the current contact configuration for 10
MoS2 and 5 Ag – 10 MoS2. As for the reference alloy, testing at 400 °C
marked a return to a more unstable behaviour, with friction fluctuating
between 0.6 and 0.9 for most of the test duration.

The maximum testing temperature of 600 °C (Fig. 6e) led to a dif-
ferent tribological behaviour for all of the tested materials, showing in
general higher and unstable friction. High friction coefficients were
observed at this temperature for the reference material, reaching up to
1.3 after 100 s, but decreasing to 0.7 after approximately 360 s of
sliding. The modified claddings showed on the contrary lower friction,
with initial values close to 0.2 but increasing steadily to ∼0.8 by the
end of the test, likely owing to higher oxidation rates and debris for-
mation at HT. The self-lubricating claddings performed better than the
reference alloy during the first half of the test, while no significant
differences in terms of friction could be seen for all three chosen ma-
terials after 9min of testing at this temperature.

3.3.2. Friction results – flat pin-on-disc configuration
Friction results for tests against flat pins are plotted in Fig. 7. As

similarly observed during testing against bearing balls, the self-lu-
bricating claddings performed better in terms of friction than the re-
ference at all temperatures.

During testing at RT, friction for the silver-containing 5 Ag – 10
MoS2 remained around 0.45 and was slightly lower than that of its
counterpart 10 MoS2, which remained between 0.5 and 0.6 for most of
the test. The reference alloy showed higher friction, fluctuating around
1.2 for most of the test duration. Increasing the testing temperature to
400 °C improved the frictional behaviour of both self-lubricating coat-
ings (Fig. 7b), with relatively stable friction between 0.2 and 0.3 and
this time no perceivable differences between the cladding with the
addition of silver, 5 Ag – 10 MoS2, and the one without it, 10 MoS2
could be seen. The reference alloy showed higher friction for the entire
test duration, although friction was also observed to be more stable
after a few minutes, remaining between 0.5 and 0.6.

Testing against flat pins at the maximum temperature of 600 °C (see

Fig. 7c) showed a different tribological behaviour for all three chosen
alloys compared to what had previously been observed during sliding
against bearing balls, even though the counter body material was un-
changed. For the reference alloy, unstable friction increasing from 0.6
to 1.2 was observed for the first 600 s, although the coefficient of
friction was later observed to become very stable around 1.1 up to the
end of the test. On the other hand, both self-lubricating claddings
showed a quite unstable tribological behaviour at 600 °C, with rela-
tively low friction around 0.2 for the first 120 s and increasing up to 0.6
afterwards. Friction for the last 300 s of testing was especially unstable
for both 10 MoS2 and 5 Ag – 10 MoS2, although the maximum observed
values were still lower than those seen for the reference alloy.

3.3.3. Wear results – ball-on-disc configuration
Volumetric wear rates, as measured after HT reciprocating testing,

are shown in Fig. 8 for the claddings featuring the addition of solid
lubricants in addition to the reference, unmodified Ni-based alloy. At
RT, both modified claddings showed a clear improvement over the re-
ference material, with wear rates being roughly one half of the value
measured for the nickel-based alloy (5.6 10−5 mm3/Nm for the re-
ference alloy compared to 2.7 10−5 mm3/Nm for 5 Ag – 10 MoS2),
although different silver contents did not show any discernible effect on
the measured wear rates.

Intermediate testing temperatures like 150, 300 and 400 °C resulted
in very similar wear rates for all three materials, especially at the latter.
The maximum temperature of 600 °C showed a very different tribolo-
gical behaviour, as seen in Fig. 8a. The wear rates for the modified, self-
lubricating claddings increased almost sevenfold compared to the va-
lues observed after testing at RT, while on the other hand wear for the
reference alloy was almost negligible (1.4 10−5 mm3/Nm), an order of
magnitude lower compared to the modified claddings (1.9 10−4 mm3/
Nm for 5 Ag – 10 MoS2, for instance) and again with no discernible
effect of silver content. This was coupled to a macroscopic wear track
on the bearing ball used as a counter body, a feature which could not be
observed for any of the modified claddings regardless of the testing
temperature (see Fig. 9 for details).

3.3.4. Wear results – flat pin-on-disc configuration
The wear rates measured after testing against flat pins are plotted in

Fig. 10. For the reference alloy an average wear rate of 9.1 10−5 mm3/
Nm was calculated after RT flat pin testing, almost doubling the values
seen for bearing ball tests. Both self-lubricating claddings, 10 MoS2 and
5 Ag – 10 MoS2, proved again to be more wear-resistant than the base
alloy at RT, with averaged wear rates of 2.3·10−5 mm3/Nm and
2.5·10−5 mm3/Nm respectively, showing a negligible difference be-
tween them.

Increasing the temperature to 400 °C led to a wear increase for both
self-lubricating claddings compared to RT, with the measured wear
volumes being 3.3·10−5 mm3/Nm again with no significant difference
between them. As for the reference alloy, it showed a lower wear rate of
2.0·10−5 mm3/Nm.

At the maximum testing temperature of 600 °C, the reference ma-
terial showed low wear rates of 2.1·10−5 mm3/Nm, slightly higher than
those observed against bearing balls. The self-lubricating cladding 5 Ag
– 10 MoS2 showed very high wear rates at 600 °C, close to 2.5·10−4

mm3/Nm, again an order of magnitude higher than those seen for the
reference material, as observed during testing against bearing balls.
Interestingly, the silver-free cladding 10 MoS2 showed lower wear
rates, with an average value of 1.9·10−4 mm3/Nm.

3.3.5. SEM/EDS characterisation – ball-on-disc configuration
Representative wear scars of 5 Ag – 10 MoS2 obtained after testing

at 300 °C against a bearing ball were examined by means of SEM/EDS
and shown in Fig. 11a and Fig. 11b. The results for the chemical
characterisation performed on the marked spots are additionally sum-
marised in Table 6. In particular, abundant inclusions could be seen in
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the wear scar after testing at 300 °C, including sulfur-rich particles (spot
A), molybdenum carbides (spot B) and even silver-based inclusions
(spot C). Embedded oxidised debris was found to be especially pre-
valent after testing at 600 °C (spot D in Fig. 11c, Table 6). The observed
improvement in friction for the self-lubricating claddings was mainly
attributed to the chromium sulfide phases detected in the as-deposited
claddings (see Ref. [26]). Such sulfides formed from the decomposition
of TMDs during sample preparation, as similarly described in the
available literature both for laser cladding [41] and also for powder
metallurgy techniques [42]. They have been reported to be effective
solid lubricants up to temperatures of 600 °C, above which they oxidise
[19]. In the present case, only a slight oxidation of the chromium

sulfides could be detected by means of EDS (see spot E in Table 6 and
Fig. 11c). Low oxygen contents were similarly observed in the bright
silver particles (spot F), and also the cladding base material (spot G)
due to the high oxidation resistance of nickel-based alloys. As for the
main wear mechanisms, abrasion was considered to be prevalent at
300 °C as microscratching marks could be observed all over the wear
scar, while at the maximum testing temperature oxidational wear was
considered to be the main mechanism due to the formation and em-
bedment of oxidised wear debris.

Interestingly, no wear scar could be measured for the bearing balls
tested against self-lubricating claddings like 5 Ag – 10 MoS2 at 600 °C,
as only the formation of a ∼30 μm-thick transferred patches on the
counter body could be observed (Fig. 9c). Further SEM/EDS char-
acterisation was performed on one such bearing ball (Fig. 12), showing
a nickel-based transferred layer with chromium and silver contents
close to 5 at. % (spot A in Table 7), in contrast to the iron-based sub-
strate (spot B). This layer was considered to form from oxidised wear
debris from the self-lubricating cladding and protect the counter body
from material loss during sliding.

The unexpected low wear rates observed for the reference alloy at
the maximum temperature of 600 °C led to further SEM/EDS char-
acterisation of the wear scar after testing against a bearing ball
(Fig. 13a and Fig. 13b). Signs of widespread adhesive wear could be
seen, with the formation of a discontinuous iron oxide layer due to the
severe wear of the bearing ball (spot A in Table 8), with the nickel-
based alloy remaining mostly unaffected (spot B).

3.3.6. SEM/EDS characterisation – flat pin-on-disc configuration
Another interesting finding of the present study was the higher wear

rates observed for 5 Ag – 10 MoS2 tested against flat pins at 600 °C,
compared to its silver-free counterpart 10 MoS2 (Fig. 10). The results of
additional SEM/EDS characterisation performed on worn samples of

Fig. 7. Measured friction during reciprocating tests against AISI 52100 flat pins, at a) RT, b) 400 and c) 600 °C.

Fig. 8. Wear rates of the claddings after reciprocating tests against AISI 52100
bearing balls.
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both claddings are shown in Fig. 14. A large number of bright phases
were observed on the wear scar of 5 Ag – 10 MoS2, whose chemical
composition was mostly molybdenum and oxygen (see spot A in
Table 9), and were regarded to be the oxidised remnants of the

molybdenum carbides described in Ref. [26]. However, the fact that
such oxide inclusions were almost absent from the wear scar of 10 MoS2
has yet to be explained. It is possible that the sensitivity of laser clad-
ding to small changes in process parameters led to the aforementioned
molybdenum carbides not forming or sinking into the melt pool for 10
MoS2, while remaining close to the sample surface for 5 Ag – 10 MoS2
samples. In any case, the molybdenum oxides formed during HT sliding
were linked in this case to higher wear, even if compounds like MoO3

have been described in the available literature as effective yet unstable
HT solid lubricants [9,27].

Fig. 9. 3D Topography of the wear scar found on an AISI 52100 bearing ball after testing against the reference cladding at the maximum temperature of 600 °C a) as
measured and b) after subtracting the curvature radius. c) Similar measurement performed on a bearing ball tested at 600 °C against the self-lubricating 5 Ag – 10
MoS2, showing the tribolayer formed.

Fig. 10. Wear rates of the claddings after reciprocating tests against AISI 52100
flat pins.

Fig. 11. Wear scar of 5 Ag – 10 MoS2, as seen by SEM after testing at a), b) 300 and c), d) 600 °C against AISI 52100 bearing balls.

Table 6
Chemical composition in at. % of the spots marked in Fig. 11.

Spot Chemical composition (at. %)

Ni Mo S Fe Cr Si Al O Ag

A 21.6 30.6 1.6 45.7 0.3 0.3
B 11.0 87.4 0.9 0.6
C 16.0 3.5 1.0 1.4 78.1
D 72.8 1.4 3.6 3.5 0.9 6.1 11.7
E 44.9 19.0 1.5 31.4 0.7 0.3 2.3
F 5.6 1.4 0.2 3.3 89.5
G 84.2 6.6 3.7 1.6 0.7 0.4 2.8
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4. Discussion

The encapsulation mechanism observed to take place in the Ag-
containing cladding was based on the formation of aggregates of Cr3S4,
Mo3S4 and silver during laser cladding. This process was expected to be
mediated by the sulfur content in the MoS2 added to the base powder,
influencing the convective flow in the melt pool and leading to an
improved retention of silver in the cladding in addition to a uniform
resulting microstructure, as previously discussed in further detail by the
authors [26].

During tribotesting of the laser claddings, it was observed that the
lower contact pressures during flat pin tests led to noticeable differ-
ences in the tribological behaviour of the claddings compared to
bearing ball tests. At RT, lower and more stable friction was observed
for both self-lubricating claddings when tested against flat pins (com-
pare Figs. 6 and 7a). At 400 °C, a similar trend was observed, this time

also for the reference material, as seen in Fig. 7d. At 600 °C, on the
other hand, friction was increasingly unstable for both self-lubricating
claddings regardless of the counter body geometry. Interestingly, fric-
tion for the reference material become much more stable by the end of
the test at 600 °C against flat pins, assumed to be related to the for-
mation of the already described oxide layer due to counter body wear
and material transfer.

As it has been previously discussed, the unmodified base alloy
showed unexpectedly very low wear rates after testing against AISI
52100 bearing balls at the maximum temperature of 600 °C (Fig. 8a),
with a significant wear of the counter body, as shown in Fig. 9. A si-
milar adhesive mechanism has been described in the literature for HT
tribotesting involving AISI 52100 bearing balls against harder PVD
coatings [43]. In the present case the bearing balls for ball-on-flat tests

Fig. 12. a) SEM characterisation of the transferred layer observed in a bearing ball after testing at 600 °C against the self-lubricating cladding 5 Ag – 10 MoS2 at
600 °C, with b) a detail thereof.

Table 7
Chemical composition in at. % of the spots marked in Fig. 12b.

Spot Chemical composition (at. %)

Ni S Fe Cr Si O Ag

A 77.6 1.6 3.4 4.8 1.1 6.2 5.4
B 1.8 93.8 1.4 0.4 2.6

Fig. 13. SEM characterisation of reference samples after testing at the maximum temperature of 600 °C against a), b) bearing balls and c), d) QRO 90 tool steel pins.

Table 8
Chemical composition in at. % of the spots marked in Fig. 13.

Spot Chemical composition (at. %)

Ni Fe Cr Si Al O

A 86.2 1.5 12.3
B 87.1 5.8 3.5 1.1 2.4
C 81.7 1.8 3.8 1.1 0.7 11.0
D 93.5 1.6 3.6 1.4
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were harder at RT than the deposited claddings, 62 to 66 HRC (ap-
proximately 790–890 HV) compared to values close to 400 HV1 for the
latter, but it must be noted that AISI 52100 bearing steel experiences a
significant softening at temperatures above 500 °C. In particular hard-
ness values close to 200 HV10 have been reported for grade AISI 52100
above 400 °C [44], while the hardness of the reference cladding was
previously measured to be ∼300 HV10 at 600 °C [26]. This change in
the relative hardness of the samples was expected to lead to the pre-
ferential wear of the counter body during testing at 600 °C, as they were
considered to be softer than the laser claddings. In order to cast further
light into the role of the composition of the counter body at HT, ad-
ditional tests were performed using flat pins of Uddeholm QRO 90 hot
work too steel, with an as-delivered RT hardness of 52 HRC and a
chemical composition as follows: 0.38C, 0.30 Si, 0.75 Mn, 2.6 Cr, 2.25
Mo and 0.9 V, all in wt. %, with the molybdenum content being ex-
pected to increase the mechanical resistance of this steel grade at HT
[45]. It was found that testing against the more thermally stable QRO90
led to high wear rates for the reference alloy at 600 °C despite the ob-
served high standard deviation (Fig. 15). In spite of the large scatter,
the averaged wear rate against QRO90 was an order of magnitude
higher than the values previously measured after testing against AISI
52100-based counter bodies (2.6·10−4 mm3/Nm compared to 2.1·10−5

mm3/Nm against flat pin and 1.4·10−5 mm3/Nm against ball). The self-
lubricating cladding 5 Ag – 10 MoS2, on the other hand, showed very

similar wear rates against QRO90 tool steel pins and AISI 52100 balls,
1.8·10−4 mm3/Nm and 1.9·10−4 mm3/Nm respectively, with a slight
increase against AISI 52100 flat pins.

Further characterisation on the reference alloy performed by means
of SEM/EDS showed that the high observed wear against QRO90 at
600 °C was linked to the formation of a nickel oxide layer on the wear
scar (see Fig. 13c, spot C in Table 8). Patches of unoxidised nickel alloy
could be found in the wear scar (spot D), but in this case no material
transfer from the iron-based counter body could be detected after
testing against QRO90. This suggested that the choice of QRO90 tool
steel as the counter body led to a change in the main wear mechanism,
from the adhesive wear observed against AISI 52100 balls to oxida-
tional wear. From these results it can be stated that wear mechanisms at
HT can be significantly influenced by the choice of counter body ma-
terial, a fact which has been sparsely addressed in the available lit-
erature.

Summarising, the self-lubricating claddings showed lower friction
than the reference alloy for all temperatures under all chosen config-
urations, with the increasingly unsteady coefficient of friction observed
during the latter stages of HT tests (see Fig. 6c and d for instance) being
attributed to the detrimental role of wear debris increasingly formed
during reciprocating sliding [46]. In terms of wear, a clear improve-
ment was observed at RT for the self-lubricating claddings compared to
the reference material, although no beneficial effect of silver addition
could be inferred for the cladding 5 Ag – 10 MoS2 under the chosen
testing configuration. However, it is interesting to note that silver had
previously been observed to decrease friction when testing the same
cladding under HT unidirectional sliding, as detailed in Ref. [26]. Ad-
ditionally, the self-lubricating claddings led to no measurable counter
body wear when testing against bearing balls, regardless of tempera-
ture, even if AISI 52100 grade steel has been observed to experience
massive wear against the reference alloy at 600 °C. It was considered
that the softening of AISI 52100 at HT made it less wear resistant than
at RT, but it was seen that the solid lubricants present in laser claddings
like 5 Ag – 10 MoS2 were able to build a protective layer on the counter
body, leading to its negligible wear despite the higher wear rates ex-
perienced by the self-lubricating claddings. This is an important feature
and it is expected that the self-lubricating claddings will be able to
prevent or reduce the surface damage experienced by the finished
product during metal forming. It also shows that the performance of the
proposed self-lubricating coatings is promising, since it improves when
getting closer to forming conditions (conformal contact, unidirectional
sliding with lower contact pressures and a harder counter body). Hence,
counter bodies made of materials closer to those found in the intended
field application (hot stamping) need to be used in future tests.

5. Conclusions

For the present study the behaviour at HT of self-lubricating clad-
dings with the addition of Ag and MoS2 has been investigated. The main
conclusions are as follows:

Fig. 14. SEM imaging of the wear scars found for a) 10 MoS2 and b) 5 Ag – 10 MoS2 after testing at 600 °C against flat pins.

Table 9
Chemical composition in at. % of the spot marked in Fig. 14.

Spot Chemical composition (at. %)

Ni Mo S Fe Cr Si O

A 15.7 29.7 4.3 1.4 1.5 1.0 46.3

Fig. 15. Comparison of the measured wear rates at 600 °C for both the self-
lubricating cladding 5 Ag – 10 MoS2 and the reference alloy, according to the
chosen counter body.
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• The presence of MoS2 and Ag in self-lubricating Ni-based coatings
led to the encapsulation of Ag within S-rich phases. This helped
prevent solid lubricant depletion by diffusion to the surface during
prolonged exposure to high temperatures.

• Oxidation tests performed at 600 °C showed no perceivable micro-
structural changes in the self-lubricating cladding 5 Ag – 10 MoS2.
The presence of MoS2 and Ag does not hamper the excellent high
temperature oxidation resistance of the Ni-based matrix.

• Both self-lubricating claddings showed lower friction than the re-
ference alloy from RT to 600 °C, due to the lubricous role of chro-
mium sulfides formed due to the thermal degradation of MoS2
during cladding.

• No relevant role of silver addition was found during HT re-
ciprocating testing. However, Ag was previously found to decrease
friction under HT unidirectional contact [26].

• Significant differences in the tribological behaviour were found
when testing the claddings against ball and flat pin counter bodies,
as lower and more stable friction was observed for the latter con-
figuration.

• The choice of counter body materials led to significant differences in
terms of tribological behaviour at HT: AISI 52100 bearing steel was
observed to undergo severe wear against the reference material,
while QRO90 tool steel led to massive material loss in the reference
cladding.
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A B S T R A C T

In this work, laser cladding has been employed for the preparation of nickel-based self-lubricating coatings
featuring the addition of different combinations of soft metal solid lubricants such as Ag and Cu. Transition metal
dichalcogenides (WS2, MoS2) were evaluated as precursors for encapsulating and uniformly distributing the soft
metals throughout the microstructure. The tribological behaviour of the resulting claddings was evaluated under
high temperature reciprocating sliding conditions, including two different counter body geometries that lead to
very different ranges of contact pressures during testing. An improved tribological behaviour was observed for
the self-lubricating claddings compared to the unmodified nickel-based alloy up to 600 °C, attributed to the
presence of silver and the formation of lubricous sulfides during sample preparation due to the thermal de-
gradation of the transition metal dichalcogenides precursors. Additionally, the role of the contact conditions
observed when testing the self-lubricating claddings against flat pins instead of spherical counter bodies are
discussed in terms of frictional and wear microstructural mechanisms.

1. Introduction

Laser cladding can be effectively used for the deposition of protec-
tive coatings for reducing wear in a wide range of industrial applica-
tions including ore processing, steel making and aerospace [1–3]. In
addition to the good quality of the deposited coatings [4] and their
excellent metallurgical bonding to the substrate [5], this technique also
allows for the repair and refurbishing of damaged, high-value compo-
nents like turbine blades which otherwise would have to be replaced.
The fundamentals of the cladding process involve the use of a laser
beam for the melting of a precursor material, generally used in powder
form. The controlled heat input allows for a small heat affected zone
(HAZ) in the substrate [6,7], thus leaving the mechanical properties of
the underlying material unaffected. The precipitation of metastable
hard phases in the cladding is also an interesting feature of this tech-
nique [8], as it can lead to improved resistance to damage mechanisms
such as abrasion or corrosion.

In recent years there has been a growing interest in self-lubricating
materials capable of operating at high temperature (HT), as oils and
greases are no longer an option above temperatures of 350 °C [9].
Within this context, nickel-based alloys have attracted a good deal of
interest as the base material for the preparation of laser claddings suited

for high temperature applications [10–12]. The subsequent addition of
solid lubricants has led to the development of nickel-based self-lu-
bricating laser claddings showing good performance at HT, as it is well
attested in the available literature [13–16]. Among these added solid
lubricants, silver is widely reported [17] due to its high thermal con-
ductivity and low toxicity, making it well suited for its incorporation in
self-lubricating composites and coatings, as shown by in the available
literature [9,18–21].

Transition metal dichalcogenides (TMDs) like MoS2 and WS2 have
been widely referenced in the available literature dealing with self-lu-
bricating materials [22–24], although they have also been observed to
thermally decompose during laser cladding due to the very high tem-
peratures involved in the melting process, despite the use of a protec-
tive atmosphere to prevent oxidation [13,25]. However, previous stu-
dies [16,26] have shown the feasibility of using MoS2 in combination
with silver as dopants in nickel-based self-lubricating laser claddings.
The observed microencapsulation of silver inclusions surrounded by a
sulfide phase led to a uniform distribution of solid lubricants
throughout the entire width of the resulting laser claddings, a me-
chanism which was regarded to be beneficial in terms of the resulting
microstructure and the tribological properties of the claddings.

The available literature also points to other constituents as potential
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additions to HT self-lubricating materials. Copper, a soft metal like
silver, has been the subject of some research due to interesting prop-
erties like its high thermal conductivity, which could help reduce fric-
tional heating during sliding and could be also important in applica-
tions like hot stamping. However, most if not all of the available
references dealing with pure copper involve tribotesting at room tem-
perature (RT), less representative for applications like metal forming.
Additionally, a TMD like WS2 has been reported to be an effective HT
solid lubricant [13], with a thermal stability higher than that of MoS2
(WS2 oxidises at ~ 540 °C, in contrast to the 370–480 °C interval re-
ported for the latter [27,28]), although having a higher density and
being on the other hand significantly more expensive than its mo-
lybdenum-based counterpart. However, it must be noted here that no
systematic comparison of the HT tribological behaviour of WS2 and
MoS2 has been found in the available literature. Additionally, the
available literature studying the HT tribological behaviour of self-lu-
bricating laser claddings is sparse [9], despite of the favourable prop-
erties which can be achieved for the resulting coatings.

In order to shed further light into the HT tribological behaviour of
potential solid lubricant dopants like the ones previously discussed for
laser claddings, nickel-based self-lubricating coatings were prepared
with the incorporation of soft metals like silver and copper in addition
to TMDs precursors like MoS2 and WS2. The claddings were subse-
quently evaluated at HT under conditions representative of those found
in metal forming. Steel-based counter bodies with different geometries
(bearing balls and flat pins) were chosen for testing. It must be noted,
however, that in the available literature concerning self-lubricating
materials, the use of ceramic ball counter bodies is still prevalent.

Additionally, during the present study the role of different TMDs
like MoS2 and WS2 on the resulting microstructure and HT properties of
the laser claddings will be studied in detail, as this issue has been in-
sufficiently addressed in the available literature. Additionally, the ef-
fectiveness of copper as a cheaper substitute of silver in sliding appli-
cations will also be assessed.

2. Experimental

2.1. Materials preparation

The preparation of the self-lubricating claddings was performed
using a direct diode laser, due to the low defect density of the resulting
coatings in addition to their excellent metallurgical bonding with the
substrate. This technique features also a higher efficiency than other
types of laser-based deposition [29] and allows for the single-pass
melting of the precursor material, preventing the detrimental re-
melting of the claddings. The base material was a NiCrSiB commercial
powder supplied by Castolin Eutectic, with a chemical composition in
wt% of 0.2 C, 4 Cr, 1 B, 2.5 Si,< 2 Fe and 1 Al. Boron and silicon
additions decreased the melting point of the mixed powder, being
beneficial for the deposition of this nickel-based self-fluxing alloy [30],
while the chromium content contributed to decrease oxidation at HT.

Ag powders to be used as solid lubricants were purchased from
Goodfellow, with a maximum particle size of 45 μm. Copper powder
was procured from Oerlikon Metco, with a particle size up to 90 μm.
MoS2 was provided by Tribotecc GmbH with a particle size ranging
from 5 to 75 μm, while WS2 delivered by Goodfellow had a particle size
smaller than 10 μm. The chemical compositions for all of the coatings
prepared in this study are listed in detail in Table 1, including an un-
modified NiCrSiB cladding used as the reference material. The coatings
used for this study were deposited on grade 1.4301 stainless steel plates
to prevent scale formation during laser cladding and HT tribotesting.
For the present study, the maximum dilution of the prepared claddings
was 10.7%.

2.2. High temperature reciprocating sliding tests

The tribological behaviour at HT of the laser claddings was studied
using an Optimol SRV friction and wear tester, as described in [26]. The
upper counter body samples were made of AISI 52100 steel as it was
readily available in the form of spherical balls and cylindrical bearings.
The AISI 52100 steel represents in our case the workpiece in a typical
forming process. The steel samples were loaded against a stationary
hardfacing sample by means of a spring deflection mechanism and os-
cillated by means of an electromagnetic drive while the lower flat
sample representing the tool was heated resistively up to nominal
temperatures of 800 °C. Actual temperatures on the sample surface were
measured using a thermocouple prior to test start. The preparation of
the cladding samples consisted of a machining step to a size of
12.6×12.6×4.7mm³ followed by a manual grinding with grit 360
and grit 600 SiC-abrasive paper, rotating the samples during the last
step to remove any directionality or lay in the resulting sample surface.
Roughness Ra prior to testing was measured using a New ViewTM 7300
3D optical profiler and was found to lie between 0.1 and 0.2 μm for all
of the chosen claddings. All specimens were ultrasonically cleaned in
petroleum ether prior and after testing and rinsed with acetone.

The reciprocating frequency and stroke length were chosen so that
the average sliding speed for all of the tests was 0.1 m/s, within the
range reported for metal forming applications [31–33]. Three repeti-
tions were performed at least for each condition, in order to ensure
repeatability. The following counter body configurations, leading to
different contact geometries and pressure ranges during testing, were
chosen:

2.2.1. Ball-on-flat
For this series of tests, commercial AISI 52100 bearing balls with a

diameter of 10mm were used as the counter bodies. The applied normal
load was set to 50 N as it was observed to lead to more stable tribolo-
gical behaviour during preliminary testing. The maximum Hertzian
contact pressures during testing were calculated to be 1691MPa. The
chosen parameters for ball-on-flat tests are summarised in Table 2.

2.2.2. Flat pin-on-flat
In this case, flat pins with a diameter of 2mm were manufactured

from commercial AISI 52100 needle rollers, with the resulting edges
being manually ground with grit 600 sandpaper to reduce the onset of

Table 1
Solid lubricant content for the deposited coatings. Results for the reference
alloy, 10 MoS2 and 5 Ag – 10 MoS2 were taken from [26].

Claddings Solid lubricant content (wt%) Roughness
Ra [μm]

RT
hardness
[HV1]Ag Cu MoS2 WS2

Reference 0 0 0 0 0.09 ± 0.03 356 ± 11
10 MoS2 0 0 10 0 0.10 ± 0.02 392 ± 15
5 Ag – 10 MoS2 5 0 10 0 0.10 ± 0.03 398 ± 5
10 WS2 0 0 0 10 0.15 ± 0.06 391 ± 5
5 Ag – 10 WS2 5 0 0 10 0.15 ± 0.02 394 ± 8
10 Cu – 10 MoS2 0 10 10 0 0.11 ± 0.01 359 ± 6

Table 2
Test parameters chosen for the HT reciprocating tests against AISI 52100
bearing balls.

Test parameters Reciprocating ball-on-flat

Load [N] 50
Sample temperature [°C] RT, 150, 300, 400, 600
Stroke length [mm] 2
Frequency [Hz] 25
Duration [s] 900
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edge effect and indentation during testing. The reciprocating flat-to-flat
contact was expected to lead to a different tribological behaviour
compared to the previously described point contact as imparted by the
ball-on-flat configuration. In addition to a possible indentation/edge
effect, in this case the wear debris can stay in the contact region for
multiple cycles [34], potentially being the source for increased three-
body abrasion or tribolayer formation.

For this set of tests the stroke length was increased in order to re-
duce as much as possible the contact diameter-to-stroke ratio and thus
maximise the fraction of the wear scar not in contact with the pin in any
given moment, in order to be closer to previous tests against bearing
balls (Hertzian contact). In order to fix the average sliding speed to
0.1 m/s the reciprocating frequency was reduced to 12.5 Hz.

The applied load was set to 50 N to ensure a stable contact between
cladding samples and the counter body, leading to a calculated pressure
during flat pin testing of 16MPa. This value was found to lie close to the
pressure range between 1 and 10MPa characteristic of hot stamping
processes [35]. Although contact stresses have been reported to peak at
~ 100MPa in bending regions, the maximum values found in the
available literature for the lab scale simulation of hot stamping were
found to be lower than 30MPa [31,36], in the line of the contact
pressure chosen for this series of HT tests. In this case, only three
temperatures were chosen for testing, RT, 400 and 600 °C, as they were
considered to be the most relevant in terms of tribological behaviour.
The parameters for this series of tests are summarised in Table 3.

The microstructure of the as-deposited claddings in addition to the
morphology of the worn surfaces were investigated by means of a JSM-
IT300 and a ZEISS Supra 40VP scanning electron microscopes, in-
cluding detailed measurements of their elemental composition by
means of EDS. X-ray diffraction (XRD) was also performed to obtain
further information on the phases formed in the as-deposited claddings,
by means of a PANalytical Empyrean diffractometer with a X-ray tube
with a Cu anode (λ=0.154056 nm). The voltage and tube current were
set respectively to 40 kV and 40mA, and a primary low background
optics with a fixed divergence slit was used in the Bragg-Brentano
geometry. The scan range was adjusted between 25° and 70° as all the
relevant phases were expected to be within this interval.

3D topography measurement (Alicona InfiniteFocus) was also used
for the measurement of the wear volume after tribotesting of the
hardfacings. Wear coefficients were subsequently calculated using
Archard's equation (Eq. (1)), dividing the measured wear volume Vw by
the normal load N and the total reciprocating distance d.

=

⋅

K V
N d
w

(1)

3. Results

3.1. Microstructure of the resulting claddings

Fig. 1 shows the microstructures of the as-deposited laser claddings,
as observed by means of optical microscopy performed on cross sections
of the coatings.

The microstructure of both the reference unmodified alloy in ad-
dition to those of 10 MoS2 and 5 Ag – 10 MoS2 are discussed in detail in

a previous paper, including the formation of silver-rich inclusions
uniformly distributed across the resulting hardfacings [16]. In the
present study, the substitution of MoS2 by WS2 led to a similar en-
capsulation process for 5 Ag – 10 WS2, featuring the retention of silver
across the entire thickness of the cladding. However, in this case the
distribution of silver particles was found to be slightly different, fea-
turing particles larger than those seen for 5 Ag – 10 MoS2 (compare for
instance Fig. 1c with f), in some cases larger than 50 μm. The darker
phase surrounding the silver inclusions (spot A in Fig. 2b and Table 4)
was composed mostly of chromium and sulfur, as seen by EDS char-
acterisation (spot B), but it was observed to be thinner than for 5 Ag –
10 MoS2 [16]. Tungsten dissolved in the nickel-based matrix during
laser cladding could also be detected (spot C). Another interesting
feature characteristic of these claddings was the observation of small
bright particles (marked with an arrow in Fig. 2c) close to the interface
with the stainless steel substrate. They were found to be tungsten-rich
(spot D in Table 4) and were assumed to be mixed carbides of high
density sinking to the bottom of the melt pool during sample deposi-
tion. An additional EDS mapping of different phases found in the bulk
of 5 Ag – 10 WS2 is given in Fig. 3.

For the claddings with the addition of copper, darker inclusions
likely to be chromium sulfides could similarly be seen distributed all
over the microstructure (Fig. 4a). EDS measurements performed in the
spot marked A suggested that these are composed of chromium sulfides,
although featuring also a significant amount of copper (Table 5).
Abundant brighter spots could also be seen, which were shown to be
molybdenum-rich particles as detected by means of EDS (spot B). In-
terestingly, a relatively high oxygen content could be detected for these
inclusions, despite the use of an argon protective atmosphere during
sample preparation. The nickel-based matrix of the cladding (spot C)
showed also a significant amount of copper close to 10 at%. In this case,
copper appeared to have dissolved preferentially both in the sulfides
and the matrix, forming no pure phase. This was in contrast to what was
observed in previous cases after the addition of silver to other self-lu-
bricating claddings.

Table 1 shows the measured HV1 hardness for all of the as-deposited
claddings. In particular, the addition of WS2 led to a noticeable hard-
ness increase, with hardness values close to 400 HV1 for both 10 WS2
and 5 Ag – 10 WS2. This has been attributed to solution strengthening of
the matrix due to the observed dissolved tungsten (spot C in Fig. 2b),
even though the formation of hard phases such as carbides could also
play a role. Interestingly, no similar hardness increase could be ob-
served for 10 Cu – 10 MoS2, even if the addition of MoS2 to silver-
containing claddings has been linked to increased hardness [26].

3.2. XRD results

The results of the XRD measurements performed on the self-lu-
bricating claddings are shown in Fig. 5. The corresponding XRD spectra
for the reference alloy, 10 MoS2 and 5 Ag – 10 MoS2 can be found in a
previous publication [16]. As for the self-lubricating claddings de-
scribed in the present study, the formation of Cr3S4 could be confirmed
for both 10 WS2 and 5 Ag – 10 WS2, due to the thermal degradation of
tungsten disulfide during laser cladding. This chromium-based phase
has been already described in the available literature as an effective
solid lubricant at HT [13]. Interestingly, no formation of W3S4 could be
observed after the deposition process, in contrast to the claddings
containing MoS2 as dopant, which feature the presence of Mo3S4. Fur-
ther, no tungsten carbides could be detected in any of the WS2-con-
taining self-lubricating claddings, as they likely sank to the hardfacing
interface during melting due to their high density and thus could not be
reached during XRD analysis by the incident X-ray beam. For 5 Ag – 10
WS2, additional peaks corresponding to pure silver could be also
identified, analogously to the cladding featuring 5 Ag – 10 MoS2.

The cladding 10 Cu – 10 MoS2 showed significant differences in its
chemical composition compared to its WS2-based counterparts. As

Table 3
Test parameters chosen for the HT reciprocating tests against AISI 52100
flat pins.

Test parameters Reciprocating pin-on-flat

Load [N] 50
Sample temperature [°C] RT, 400, 600
Stroke length [mm] 4
Frequency [Hz] 12.5
Duration [s] 900

H. Torres et al.



previously reported for other MoS2-containing laser claddings [16],
thermal degradation products like MoC and the non-lubricous Mo3S4
could be identified. However, in this case, the addition of copper led to

compositional changes as the formation of CuCrS2 instead of the Cr3S4
observed for other self-lubricating claddings. The relatively high in-
tensity of the MoC peaks was attributed to the larger density of the
molybdenum-based particles observed by means of SEM/EDS across the
as-deposited cladding (see Fig. 4a). Interestingly, no molybdenum-
based oxides could be identified, as previously detected by means of
EDS (see Fig. 4 and spot B in Table 5).

3.3. High temperature reciprocating tests

3.3.1. Friction results- spherical counter body
HT reciprocating tests were performed under Hertzian point contact

conditions using AISI 52100 bearing balls as counter bodies.
Representative friction results for each self-lubricating cladding are
plotted in Fig. 6.

Fig. 1. Microstructure of cross sections of the as-deposited hardfacings, as seen by optical microscopy for a) the reference nickel-based alloy, and the self-lubricating
composites with the addition of b) 10 MoS2, c) 5 Ag and 10 MoS2, d) 10 Cu and 10 MoS2, e) 10 WS2 and f) 5 Ag and 10 WS2 (cf. [16]).

Table 4
Chemical composition in at% as measured by EDS for the spots marked in Fig. 2
for the as-deposited 5 Ag – 10 WS2.

Spot Chemical composition (at%)

Ni Ag Cr S W Fe Al

A 100.0
B 5.9 40.2 53.8
C 80.6 3.9 6.6 6.4 2.5
D 32.8 28.6 1.7 17.1 19.9
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During RT testing comparatively high friction was observed for all
of the chosen materials (see Fig. 6a), although friction was lower for the
self-lubricating claddings compared to the reference coating. The
NiCrSiB alloy showed in particular unstable friction ranging from 0.9 to
1.2, with even larger values initially attributed to running-in. 10 Cu –

10 MoS2, 5 Ag – 10 MoS2 and 5 Ag – 10 WS2 on the other hand showed
friction coefficients between 0.5 and 0.6, increasing slightly by the end
of the test. It is also noteworthy that the cladding with the addition of
10 WS2 showed higher friction at RT than the rest of the self-lubricating
claddings, increasing above 0.8 after 750 s. Additionally, an initial

Fig. 2. SEM imaging of the 5 Ag – 10 WS2 performed on a) the bulk of the cladding, b) on an aggregate and c) in the interface region with the stainless steel sample
substrate.

Fig. 3. Element mapping performed by means of EDS on the as-deposited 5 Ag – 10 WS2.

H. Torres et al.



friction spike was observed for 10 WS2 with a duration shorter than
50 s. It is interesting to note that this was not observed for 5 Ag – 10
WS2, suggesting that the addition of silver could decrease initial fric-
tional peaks and enable a smoother running-in at RT.

Increasing the temperature to 150 °C lowered the friction for all of
the tested materials (Fig. 6b). The reference alloy experienced an initial
peak of 1.8, although friction remained between 0.7 and 1.0 for most of
the test duration. All of the self-lubricating claddings showed again
lower friction than the reference alloy, between 0.4 and 0.6. Interest-
ingly, the friction experienced by MoS2-containing claddings like 10
MoS2 or 5 Ag – 10 MoS2 was slightly lower than that of their WS2-based
counterparts.

Testing at 300 °C against bearing balls showed lower and more
stable friction for all of the laser claddings (Fig. 6c). The Ni-based re-
ference alloy showed friction coefficient values close for most of the test
to 0.75, while the self-lubricating composites showed even lower values

between 0.25 and 0.50, rising steadily towards the end of the test in a
process attributed to the increasing amount of wear debris trapped in
the contact region, as it will be discussed later. In particular, the lowest
friction values were observed for 5 Ag – 10 MoS2, although 10 Cu – 10
MoS2 showed similarly low and stable friction during the first 200 s of
testing. The highest friction for the modified claddings, on the other
hand, was observed for 10 WS2.

Increasing the testing temperature to 400 °C lowered further the fric-
tion observed for the self-lubricated materials (Fig. 6d), reaching values as
low as 0.2 for 10 Cu – 10 MoS2 during the early stages of the test. This can
be considered as a promising result as the reference, unmodified NiCrSiB
alloy was observed to perform in a more unstable way at 400 °C, with
friction ranging between 0.75 and 1.25. However, in terms of friction, no
relevant differences were observed for the self-lubricated claddings after
150 s of testing under the current contact configuration.

At the maximum testing temperature of 600 °C a more unstable
behaviour was seen for all of the self-lubricating claddings (Fig. 6e).
Although low friction values close to 0.25 were observed early on, they
increased steadily during testing reaching friction values similar to
those seen for the reference alloy by the second half of the test. Inter-
estingly, some effect of the different chemical compositions of the self-
lubricating claddings could still be observed, with 5 Ag – 10 MoS2
reaching friction values up to 0.9 by the end of the test while 10 Cu – 10
MoS2, 10 WS2 and 5 Ag – 10 WS2 showing lower friction close to 0.5. As
for the reference alloy, friction was found to peak during the first half of
the test reaching values close to 1.3, while decreasing to 0.7 after 500 s.
The last minutes of testing led to steadily increasing friction for the

Fig. 4. a) Microstructure of the as-deposited 10 Cu – 10 MoS2-containing hardfacings, as seen by SEM and a b) detail thereof.

Table 5
Chemical composition in at% as measured by EDS for the spots marked in
Fig. 4b for 10 Cu – 10 MoS2.

Spot Chemical composition (at%)

Ni Fe Cu Cr Mo S Si Al O

A 24.8 10.5 19.2 5.9 38.5 1.2
B 7.4 3.3 63.0 26.2
C 70.7 2.4 10.7 1.6 3.8 6.7 4.0

Fig. 5. XRD spectra for 10 WS2, 5 Ag – 10 WS2 and 10 Cu – 10 MoS2 laser claddings after deposition.
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reference alloy, with no significant differences with the values observed
for 5 Ag – 10 MoS2.

3.3.2. Friction results- flat counter body
In an effort to obtain further insight into the role of contact condi-

tion and pressure, additional HT tribotesting was performed against flat
pins made of AISI 52100 steel for a selected set of temperatures, and the
subsequent friction results are plotted in Fig. 7.

For all three temperatures, the self-lubricating claddings showed
lower friction than the reference alloy. At RT (Fig. 7a), friction for the
unmodified NiCrSiB was observed to be high and unstable, remaining
for most of the test in the 1.0–1.2 range. The self-lubricating coatings
showed a better tribological behaviour, with all of the self-lubricating
claddings remaining for most of the test between 0.4 and 0.6. Although
the measured friction for all of them was very similar during the second
half of the test, initially 10 Cu – 10 MoS2 performed better with a
measured friction coefficient close to 0.4. 10 WS2, on the other hand,
showed higher friction than 5 Ag – 10 WS2, again suggesting an ef-
fective role of silver decreasing friction during the initial stages of RT
testing.

During testing at 400 °C (Fig. 7b), the reference alloy still showed
higher friction than the self-lubricating claddings, although it was

observed to be lower than at RT, remaining between 0.5 and 0.6 for
most of the test, lower than the values seen during tests against bearing
balls (Fig. 6d). As for the self-lubricating claddings, they showed re-
markably low friction below 0.3 for most of the duration of the test, a
behaviour similar to what had been seen against bearing balls but
without the steady increase in friction observed as testing progressed.
In particular, 10 Cu – 10 MoS2 showed again the best behaviour, with a
measured friction close to 0.2. Interestingly, the silver-containing 5 Ag
– 10 WS2 showed lower friction than its counterpart 10 WS2, although
in this case the differences in friction were smaller than at RT.

The maximum testing temperature of 600 °C resulted in more un-
stable friction for the laser claddings with the addition of TMDs
(Fig. 7c), suggesting they were approaching their upper effective lu-
brication temperature. The reference alloy showed still high friction,
increasing steadily from 0.6 at the start of the test, although it was
observed to stabilise at 1.1 after 700 s in a process which was linked to
the formation of transferred oxide layers on the cladding sample [26].
The frictional behaviour of all three self-lubricating claddings at this
temperature was observed to be quite similar, increasing steadily from
an initial value close to 0.2. However, by the end of the test both WS2-
based claddings showed slightly lower friction (close to 0.4) compared
to their MoS2-based counterparts.

Fig. 6. Friction results against bearing balls for the reference alloy, 5 Ag – 10 MoS2, 10 WS2, 5 Ag – 10 WS2 and 10 Cu – 10 MoS2 for the following testing
temperatures: a) RT, b) 150 °C, c) 300 °C, d) 400 °C and e) 600 °C. Results for the reference alloy, 10 MoS2 and 5 Ag – 10 MoS2 were taken from [26].

H. Torres et al.



Fig. 8 shows the averaged friction coefficient as measured during
the first 60 s of flat pin test at both RT and the maximum temperature of
600 °C for all of the self-lubricating claddings prepared for the present
study. It was expected that during the early stages of the test, the
presence of wear debris and/or oxides in the contact region would be
negligible, thus the tribological behaviour would be determined by the
solid lubricants present in each cladding. These conditions are closer to
the conditions found in metal forming, where a fresh workpiece surface
is in contact with the tool with a decreased presence of third bodies. In
this case, the addition of silver to both 5 Ag – 10 MoS2 and 5 Ag – 10
WS2 was observed to lead to significant decreases in friction at RT
compared to 10 MoS2 and 10 WS2. The addition of tungsten-based solid
lubricants was in turn found to cause higher friction than 10 MoS2 and
5 Ag – 10 MoS2.

The maximum testing temperature of 600 °C brought similar
average friction for all of the self-lubricating claddings, close to ~ 0.25

and with no obvious role of silver in reducing friction. No differences
could be seen in the early stages of testing between MoS2 and WS2-
based claddings, although the addition of copper lead to a friction re-
duction of 20%.

3.3.3. Wear coefficients – spherical counter body
Volumetric wear coefficients, as measured after HT reciprocating

testing against AISI 52100 bearing balls, are shown in Fig. 9 for the
claddings with the incorporation of solid lubricants in addition to the
reference, unmodified Ni-based alloy. It can be seen that all of the
claddings including TMDs showed lower wear coefficients than the
reference material at RT (5.6 10−5 mm3/Nm), with the 10 WS2-based
claddings in particular experiencing slightly higher wear than their
molybdenum-based counterparts (2.7 10−5 mm3/Nm and 3.5 10−5

mm3/Nm respectively for 5 Ag – 10 MoS2 and 5 Ag – 10 WS2). How-
ever, in the temperature range 150–400 °C smaller differences between
the reference alloy and the self-lubricating claddings were observed in
terms of wear, with 10 MoS2 performing better than its counterparts at
150 °C (down to 1.9 10−5 mm3/Nm) and all of the tested materials
showing very similar wear coefficients at 400 °C close to 3.0 10−5

mm3/Nm (Fig. 9), regardless of chemical composition. The maximum
testing temperature of 600 °C showed a completely different situation,
with the wear coefficients of the self-lubricating composites increasing
sevenfold for 5 Ag – 10 MoS2 and an order of magnitude for 10 Cu – 10
MoS2 (up to 1.9 10−4 mm3/Nm and 2.7 10−4 mm3/Nm respectively)
compared to the values measured at 400 °C. Both claddings featuring
the incorporation of WS2 showed slightly lower wear coefficients than
their MoS2-containing counterparts, while no clear role of silver content
on the wear coefficients could be found.

On the other hand, the reference NiCrSiB alloy showed at 600 °C a
low wear coefficient of 1.4 10−5 mm3/Nm, almost half the value
measured at 400 °C and one order of magnitude lower than the wear
coefficient measured for 5 Ag – 10 MoS2 at 600 °C. However, this im-
proved wear resistance of the reference material was coupled with high,
unstable friction as seen in Fig. 6e, and has been further discussed in
[26], being linked to a severe wear of the AISI 52100 bearing ball not

Fig. 7. Friction results against flat pin (AISI 52100) for the reference alloy, 5 Ag – 10 MoS2, 10 WS2, 5 Ag – 10 WS2 and 10 Cu – 10 MoS2 at the following testing
temperatures: a) RT, b) 400 °C and c) 600 °C. Results for the reference alloy, 10 MoS2 and 5 Ag – 10 MoS2 were taken from [26].

Fig. 8. Averaged friction during the first 60 s of RT and 600 °C flat pin tests, for
all of the self-lubricating claddings. Results for the reference alloy, 10 MoS2 and
5 Ag – 10 MoS2 were taken from [26].
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observed for any of the self-lubricating materials.

3.3.4. Wear coefficients - flat counter body
The measured wear coefficients for this series of tests, performed for

RT, 400 and 600 °C, are plotted in Fig. 10. As in the previous case, the
RT wear coefficients of the reference alloy were higher than those ob-
served for the self-lubricating claddings, regardless of chemical com-
position. 10 WS2 showed in particular a higher wear than its silver-
containing counterpart 5 Ag – 10 WS2 (4.2 10−5 mm3/Nm and 3.3
10−5 mm3/Nm respectively). It is interesting to note that both WS2-
containing claddings showed higher wear at RT than their MoS2-based
counterparts (10 MoS2, 5 Ag – 10 MoS2 and 10 Cu – 10 MoS2).

Testing at 400 °C showed again very similar wear coefficients for all
of the chosen claddings, with the reference alloy experiencing lower
wear than the self-lubricating claddings (2.0 10−5 mm3/Nm compared
to 3.0 10−5 mm3/Nm for 5 Ag – 10 WS2).

The maximum testing temperature of 600 °C, on the other hand, led
to lower wear for both tungsten-containing claddings compared to their
MoS2-based counterparts, and also to higher wear coefficients for the
Ag-containing claddings. For the self-lubricating claddings, 10 WS2
showed the highest wear resistance at 600 °C (1.2 10−4 mm3/Nm),
while 5 Ag – 10 WS2 proved to be better in terms of wear than 5 Ag – 10
MoS2 (1.8 10−4 mm3/Nm compared to 2.4 10−4 mm3/Nm, respec-
tively). As for 10 Cu – 10 MoS2, a similar behaviour to the ball as the
counter body was observed, with a large increase compared to 400 °C
(up to 2.66 10−4 mm3/Nm from 3.29 10−5 mm3/Nm at 400 °C), in
addition to large scatter and poor repeatability of the measured wear,
even if the friction results were observed to be very similar for all of the
repetitions performed at 600 °C.

As in the previous case, the low wear at HT of the reference alloy
compared to the self-lubricating claddings was attributed to the pre-
ferential material loss of the counter body and the formation of an oxide
transferred layer on the surface of the reference alloy samples. This
mechanism was expected to protect the cladding at the expense of the
pin.

4. Discussion

4.1. Self-lubricating coatings: microstructure

The addition to Ni-based self-lubricating composites of silver and
TMDs like WS2 led to the encapsulation of Ag by a phase consisting of
chromium sulfides formed from the thermal decomposition of TMDs.
This prevented silver from floating to the surface of the melting pool
during cladding and being subsequently lost during sample preparation,
also ensuring a more uniform distribution of silver throughout the
microstructure of the resulting hardfacing. This beneficial mechanism
has been similarly described for MoS2-containing laser claddings in
[26]. The main difference lies in the absence of W3S4 in the sulfur rich
phase surrounding the silver encapsulations, in contrast with the pre-
sence of Mo3S4 and Cr3S4 when using the combination of Ag and MoS2.

However, the replacement of silver by copper as soft fcc solid lu-
bricant dopant led to a completely different microstructure, as shown in
Fig. 4, with no perceivable encapsulation of the latter. The mechanism
involving silver was based on the low mixing enthalpy of the Ni-Ag
system, leading to the formation of two immiscible liquid phases in the
melt pool and the precipitation of spherical silver-rich inclusions during
the subsequent cooling of the cladding. However, the Ni-Cu binary
system shows a different behaviour at HT; according to [37] there is no
liquid phase separation of both elements at HT. As deduced from EDS
data, copper dissolved during laser cladding both in the Ni-based matrix
and in the chromium sulfides, instead of forming a new phase as it was
previously observed for silver.

As for the substitution of MoS2 by WS2, it must be noted that the
absorptivity of laser radiation by tungsten is high compared to other
metals [38]. This phenomenon was expected to contribute to the dif-
ferences in terms of microstructure and encapsulation of silver observed
between WS2- and MoS2-containing hardfacings. Additionally, this was
also expected to lead to crack formation in WS2-claddings due to in-
creased energy input and residual stresses in the claddings.

At lower temperatures, the presence of Ag is beneficial for reducing
friction. As for the main lubricating effect at HT, decreased friction was
attributed to the chromium sulfides like Cr3S4 found already in the as-
deposited WS2-based hardfacings (see Section 3.2 for details). The ob-
served decomposition of TMDs precursors during sample preparation
has been similarly described in the available literature not only in the
context of laser cladding (see [39] for details) but also for powder
metallurgy techniques when temperatures above 1000 °C are used [40].

Fig. 9. Wear coefficients after reciprocating tests against AISI 52100 bearing
balls a) up to the maximum testing temperature of 600 °C and b) in further
detail up to 400 °C. Results for the reference alloy, 10 MoS2 and 5 Ag – 10 MoS2
at RT and 600 °C were taken from [26].

Fig. 10. Wear coefficients after reciprocating tests against AISI 52100 flat pins
at RT, 400 and 600 °C for the reference alloy, 10 Cu – 10 MoS2, 5 Ag – 10 MoS2,
10 WS2 and 5 Ag – 10 WS2. Results for the reference alloy, 10 MoS2 and 5 Ag –
10 MoS2 at RT and 600 °C were taken from [26].
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The resulting chromium sulfides have been in turn reported to be ef-
fective solid lubricants up to temperatures of 600 °C, above which they
oxidise [41]. This was also in the line of our results, as the wear coef-
ficients of the laser claddings with added TMDs greatly increased
during testing at 600 °C compared to the values observed at lower
temperatures. In particular, the oxidation of chromium sulfides could
be confirmed by means of EDS after HT testing (see spot A in Fig. 11
and Table 6).

4.2. The role of testing configurations and chemical composition

The use of metallic flat pins as counter bodies during HT tribotesting
is an issue sparsely addressed in the available literature [33,42] com-
pared to other bodies such as ceramic balls [22,43–45], even if metallic
flat pins can offer contact conditions closer to the pressure range found
in applications of interest such as metal forming. The use of spherical
counter bodies, on the other hand, brings along advantages such as a
better alignment with the sample during reciprocating motion and the
ability to use commercial high grade bearing ball specimens for testing

without the need for further machining. However, Hertzian contact
brings along much higher contact pressures, in some cases several or-
ders of magnitude higher than those found for conformal geometries
under the same applied load, a fact which may influence the tribolo-
gical properties of the system. In our case, by comparing both testing
configurations during this study, relevant differences between them
were found. In general, friction was observed to be lower when testing
against flat pins, regardless of temperature or material. In terms of
wear, relevant differences could also be found when using different
counter body geometries: first of all, a significant increase in wear could
be observed at RT for the reference alloy when testing against flat pins
(9.8 10−5 mm3/Nm compared to 5.6 10−5 mm3/Nm against balls). This
was attributed to an edge/indentation effect by the flat counter body
taking place under the absence of any solid lubricant. Additionally, it
was observed that at the maximum testing temperature of 600 °C the
wear of silver-containing claddings 5 Ag – 10 MoS2 and 5 Ag – 10 WS2
increased when tested against flat pins (compare Figs. 9a and 10). The
choice of conformal contacts led to the counter-intuitive observation
that both Ag-based claddings were more worn at 600 °C than their
silver-free counterparts. It is possible that the use of a low contact
pressure configuration (flat pins) led to the increased removal of the
brittle oxidised silver found at HT on the claddings’ surface.

As it has been already described in Section 3, different chemical
compositions of the self-lubricating claddings were observed to lead to
different tribological behaviour. As it can be seen for instance for flat
pin testing at RT (Fig. 7a), a noticeable decrease in friction was mea-
sured for 5 Ag – 10 WS2 compared to the silver-free 10 WS2. Ad-
ditionally, no initial friction spike could be observed for the Ag-con-
taining cladding. All of this suggested a beneficial role of silver during
RT testing. Further SEM/EDS characterisation of the wear track for 5 Ag
– 10 WS2 samples showed occasional silver-rich particles smeared
across the wear scar (Fig. 12), which were assumed to reduce friction
during reciprocating sliding. However, this behaviour could not be
observed at higher temperatures (see for instance Fig. 7b). This was
attributed to the oxidation of silver-based inclusions (spot B in Fig. 11
and Table 6), as these oxides were expected to be brittle and no longer
capable of smearing along the wear scar decreasing friction [16].

As for the influence of TMDs, friction results both for ball (Fig. 6e)
and flat pin counter bodies (Fig. 7c) configurations suggest a better
performance of 5 Ag – 10 WS2 compared to 5 Ag – 10 MoS2 at 600 °C,
with higher and more unsteady friction shown by the latter. Further-
more, differences in terms of measured wear coefficients have also been
found after testing at 600 °C, with slightly lower wear observed for the
WS2-based hardfacings compared to the MoS2-containing ones (Fig. 9a).
No clear explanation for this behaviour has been found so far; it is
expected that the chromium sulfides formed from the thermal de-
gradation of TMDs (either MoS2 or WS2) will be the main solid

Fig. 11. SEM imaging of the wear track of 5 Ag – 10 WS2 after flat pin testing at
600 °C.

Table 6
Chemical composition in at% as measured by EDS for the spots marked in
Fig. 11 for 5 Ag – 10 WS2 tested at 600 °C.

Spot Chemical composition (at%)

Ni Ag Cr S W Fe Al O

A 3.5 6.9 28.2 37.30 2.6 21.5
B 5.6 45.6 2.4 0.8 1.1 44.5
C 78.5 1.9 3.2 4.0 0.8 11.6
D 29.7 0.4 4.1 1.7 4.1 4.4 1.6 54.1

Fig. 12. a) SEM imaging of the wear track of 5 Ag – 10 WS2 after flat pin testing at RT, with b) a detailed view of a smeared silver particle.
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lubricants at 600 °C, even if they undergo oxidation during testing. It is
possible that the tungsten content found in the oxidised matrix (spot C
in Fig. 11 and Table 6) or even in the embedded wear debris (spot D in
Fig. 11 and Table 6) could contribute to the better tribological beha-
viour of WS2-containing claddings. In particular, the lubricating role of
oxides such as WO3 has been reported in the available literature [46],
with MoO3 being on the other hand regarded be less stable than its
tungsten-based-counterpart at temperatures above 500 °C [47]. This
oxidation mechanism could explain the different behaviour observed
for the claddings with the addition of different TMDs like MoS2 and
WS2, although the proper identification of tungsten oxides in the worn
samples will require the use of techniques such as XRD or Raman
spectroscopy.

As for 10 Cu – 10 MoS2, it has been found by means of XRD analysis
that the addition of copper led to the formation of CuCrS2. Taking into
account the friction results, this compound can be regarded as an ef-
fective HT solid lubricant, occasionally leading to lower friction than
MoS2-based hardfacings like 5 Ag – 10 MoS2 (see the first halves of the
RT and 400 °C flat pin tests plotted in Fig. 7). However, this composi-
tion was found to lead to higher and unsteady wear coefficients at
600 °C. The mechanisms behind this unstable behaviour are still not
known. It could be linked to a worsened tribological behaviour of
CuCrS2 at 600 °C compared to the Cr3S4 found in other claddings, or
maybe due to the higher number of molybdenum-rich inclusions found
across the as-deposited 10 Cu – 10 MoS2. SEM wear track imaging
performed after testing at 600 °C (Fig. 13) showed the presence of
blocky oxidised molybdenum particles (spot A in Table 7), likely from
the oxidation of Mo-carbides.

The self-lubricating laser claddings tested at HT showed lower and
more stable friction compared to the unmodified NiCrSiB base alloy.
However, the maximum testing temperature of 600 °C was regarded to
be the upper limit of the effective lubrication range for all of the
modified claddings, regardless of chemical composition. This has been
linked to the behaviour at HT of chromium sulfides, regarded to be the
main solid lubricant and reported to oxidise at 600 °C [13]. On the
other hand, the low wear coefficients observed for the reference alloy at
the maximum testing temperature of 600 °C have already been linked in
a previous publication [26] to the severe wear experienced by the
counter body against the lubricant-free reference alloy. This behaviour
has been related to the decreased mechanical strength at HT of grade

AISI 52100 bearing steel used as the counter body [48,49].
Lastly, it must be mentioned here that further testing under condi-

tions closer to those found during hot stamping are still necessary.
Closed systems like the reciprocating test chosen for the present study
involve continuously sliding against worn surfaces, leading to tribolo-
gical mechanisms not representative of actual metal forming like the
increased role of the wear debris.

Although the friction data obtained during the earlier stages of
testing (see Fig. 8) can give more accurate information on the self-lu-
bricating behaviour of the chosen claddings due to the decreased wear
debris, in order to be closer to the real application open tribosystems
featuring the sliding of new, unworn counter body material against
cladding samples would be more relevant. To this end, further testing of
the self-lubricating claddings under an open configuration is planned,
including the use of Al/Si coated counter bodies as in the hot stamping
of ultra-high strength steels.

5. Conclusions

In the present study, the behaviour at HT of self-lubricating clad-
dings with the addition of different soft metals and TMDs has been
investigated. The main conclusions are as follows:

• Chromium sulfides formed from the thermal degradation of TMDs
during laser claddings, like Cr3S4 and CuCrS2, are effective solid
lubricants, decreasing friction for the self-lubricating claddings up to
the maximum testing temperature of 600 °C.

• The addition of silver can further decrease the initial friction of the
claddings (as observed for test durations of 60 s) at RT.

• At 600 °C, WS2-based self-lubricating claddings perform better in
terms of friction and wear than their MoS2-based counterparts, al-
though no improvement in friction could be seen during the early
stages of the test (up to 60 s).

• The use of copper as a substitute of silver led to lower friction but
higher and unsteady wear at 600 °C.

• The use of flat pins as counter bodies led to lower friction than
bearing balls (Hertzian contact). Additionally, it also led to higher
wear for the reference alloy at RT, likely due to edge effect under no
effective lubrication.
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Fig. 13. a) SEM overview and b) detail of the wear scar of a 10 Cu – 10 MoS2 sample after testing at 600 °C against flat pin.

Table 7
Chemical composition in at% as measured by EDS for the spots marked in
Fig. 12 for 10 Cu – 10 WS2 tested at 600 °C.

Spot Chemical composition (at%)

Ni Cr S Mo Fe O

A 15.5 1.5 4.8 27.2 0.9 50.2
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A B S T R A C T

In recent years, the use of Al-Si-coated ultra-high strength steels has grown rapidly in hot stamping applications
in order to protect the workpiece from detrimental mechanisms such as scale formation or decarburisation
affecting the quality of the finished product. However, the formation of Al-Fe intermetallics due to diffusion at
high temperatures can lead to unstable friction, increased wear and damage both the tool and the workpiece
surfaces.

In the present study, self-lubricating coatings incorporating silver and molybdenum disulfide have been
prepared by means of laser cladding, aiming at controlling friction and wear in hot stamping. The friction and
wear characteristics of these coatings have been investigated at high temperatures against Al-Si-treated boron
steel using two different test configurations featuring open and closed tribosystems respectively. A significant
reduction in friction as well as decreased material transfer from the Al-Si-coated workpiece to the tool surface
have been observed for the self-lubricating claddings. The closed configuration tribological tests have been found
to underestimate friction and wear of the tool/workpiece system, and may be less suited for the lab-scale si-
mulation of hot metal forming compared to an open test configuration. These findings are considered relevant as
most of the published results in the available literature have been obtained by using closed configurations tests.

1. Introduction

In recent years, the use of ultra-high strength steels (UHSS) has
become widespread in the automotive industry due to their high
strength-to-mass ratio, as this feature allows for reduced weight and
decreased oil consumption in automobiles while at the same time im-
proving safety and crashworthiness. However, the poor formability of
UHSS at room temperature (RT) in addition to springback are proble-
matic for the mass production of UHSS components (Geiger et al.,
2008). The forming of UHSS at high temperatures can alleviate these
problems. Hot stamping, a metal processing technique intended to
overcome such difficulties, was developed in the late 1970s and has
become widespread in the automotive industry with more than 100
million stamped parts produced in 2007 alone (Karbasian and Tekkaya,
2010), and reaching as many as 450 million parts by 2015 (Lora et al.,
2015). The process involves the heating of the UHSS blanks above the
austenitisation temperature, followed by forming and quenching
against cooled dies. As a result, a high-strength martensitic micro-
structure can be achieved in the finished product. Boron steels grades
like 22MnB5 are widely used for hot stamping, as a small boron content

can improve their hardenability, allowing for a fully martensitic
transformation during hot stamping, with resulting tensile strengths as
high as 1500MPa. However, the exposure to high temperatures in the
hot stamping process leads to scale formation or to the decarburisation
of the UHSS workpiece. In order to prevent these adverse mechanisms,
boron steel blanks are dipped into an aluminium-silicon melt prior to
the hot stamping process in order to form a protective layer. However,
such Al-Si-based coatings are known to show a poor tribological be-
haviour at high temperatures (HT), due to the formation of Al-Fe in-
termetallics by diffusion from the steel substrate at temperatures above
the meting point of the Al-Si mixture (Fan and De Cooman, 2012).

In particular, softer intermetallics that form after exposure to tem-
peratures of 700 °C such as Fe2Al7-8Si have been linked to adhesive
wear and galling (Hardell et al., 2010), a mechanism which can lead to
surface damage of the finished product (Gåård et al., 2010). On the
other hand, hard and brittle intermetallic compounds like FeAl2 and
Fe2Al5 have been reported to form at temperatures of 900 °C
(Windmann et al., 2017), that could contribute to increased abrasive
wear. In an effort to obtain more information on the role of the Al-Fe
intermetallics and the damage mechanisms taking place during hot
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stamping, the tribology at HT of Al-Si-coated UHSS has been studied in
the available literature; it has been reported that increasing testing
temperatures led to decreased friction during HT reciprocating tests
against Al-Si-coated boron steel samples (Hardell et al., 2008).
Kondratiuk and Kuhn (2011) similarly studied the tribological beha-
viour of hot-dip aluminised boron steel at HT and observed significant
amount of adhesive wear and material transfer to the tool sample.
However, pre-heating of the blank to temperatures above 900 °C was
reported to reduce its severity. Further research has been done on the
prevalent wear mechanisms on tools during HT testing against Al-Si-
coated boron steel (Boher et al., 2012), reporting the onset of adhesive
wear with a small abrasive contribution on the tool surface.

An important aspect that must be noted here is the choice of tri-
bological test configuration during lab-scale simulation of metal
forming processes and its influence on the resulting friction and wear
behaviour. It has been observed that the choice of open or closed tri-
bosystems can significantly influence the results (Hernandez et al.,
2017). In particular, open systems featuring the sliding of fresh material
against tool samples are closer to real metal forming applications, al-
though these tests require the use of larger amounts of counter body
material. Closed systems, on the other hand, feature the re-use of the
same wear track on the counter body surface and are better suited for
longer duration tests. However, these tests may result in tribological
mechanisms that are not so prevalent in actual metal forming, like the
work-hardening of the substrate due to repeated contact with the tool
samples or the formation of tribolayers on the wear track due to the
agglomeration of debris formed during sliding. Closed tribosystems
used for the simulation of hot stamping processes can lead to lower
friction and wear compared to open ones, potentially leading to the
underestimation of friction and wear during the lab-scale simulation of
metal forming applications.

In the context of hot sheet metal forming or hot stamping, de-
creasing tool wear and achieving stable friction are vital in terms of
reduced maintenance (or downtime) costs and also necessary to ensure
the surface quality of the finished product. In order to meet these de-
mands, new lubrication approaches effective at high temperatures
could be greatly beneficial for hot stamping applications. Solid lu-
bricants are preferred at temperatures above 350 °C as oils and greases
degrade quickly. The incorporation of solid lubricants into coatings or
their use in bulk materials has been the subject of great interest in re-
cent years. However, in the context of hot stamping applications, only
PVD coatings like AlCrN, TiAlN and DLC have been studied in the
available literature against Al-Si-coated boron steel (Pelcastre et al.,
2013), showing a significant degree of material transfer from the
counter body that can be detrimental for their implementation in the
real field application.

In the present study, laser cladding has been chosen for the de-
position of friction-controlling layers as this technique features obvious
advantages for its implementation in metal forming tools such as the
excellent bonding to the substrate of the as-deposited coatings and the
possibility of refurbishing/reworking worn industrial components. In
this context, the successful incorporation of the transition metal di-
chalcogenide WS2 to a nickel-based laser cladding has been described in
the literature by Yang et al. (2012), leading to significantly reduced
friction at HT. In an earlier study by the authors, the feasibility of in-
corporating silver and MoS2 into laser claddings was shown (Torres
et al., 2018a), resulting in an improved tribological behaviour up to
temperatures of 600 °C, although in this case unidirectional sliding
testing against AISI 52,100 bearing steel was performed, a counter body
choice which is not representative of hot stamping applications. The
incorporation of both solid lubricants to HT coatings has also been re-
ported by Aouadi et al. (2009) in the context of PVD thin films, showing
a promising tribological behaviour and effective lubrication in a broad
temperature range up to 600 °C, although being studied only in the
context of aerospace applications.

The use of self-lubricating coatings in the context of HT forming

applications has not been studied in detail despite their proven poten-
tial in HT applications (Torres et al., 2017). In order to bridge this
perceived knowledge gap, for the present study different self-lu-
bricating materials deposited by means of laser cladding were evaluated
at HT against Al-Si-coated boron steel blanks using both open and
closed configurations. It is expected that the implementation of laser
claddings with the incorporation of solid lubricants can lead to de-
creased costs while at the same time ensuring the quality of the hot
stamped components.

2. Experimental

2.1. Materials

A nickel-based commercial self-fluxing alloy (NiCrSiB) was used as
the base powder for the self-lubricating coatings to be evaluated in this
study, with a chemical composition of 0.2 C, 4 Cr, 1 B, 2.5 Si,< 2 Fe, 1
Al and balance Ni (in wt. %) and a particle size ranging between 50 and
150 μm. The addition of solid lubricants was performed by mixing the
base powder with different amounts of silver and MoS2, as detailed in
Table 1. In addition to the self-lubricating claddings labelled as 10 MoS2
and 5 Ag – 10 MoS2, a reference unmodified NiCrSiB cladding was also
prepared for comparison.

Ag powder was procured from Goodfellow, with a maximum par-
ticle size of 45 μm, while MoS2 powder was provided by Tribotecc
GmbH with a particle size between 5 and 75 μm. These were blended
with the base NiCrSiB powder using ethanol as the binder. The resulting
paste was spread over a 1.4301 grade stainless steel plate, in order to
prevent scale formation at HT. The final step of laser cladding was
performed under a protective argon atmosphere to prevent the oxida-
tion of the resulting coatings.

The microstructures of the resulting self-lubricating claddings are
shown in Fig. 1. The base alloy led to a dendritic matrix, shared by all of
the claddings. The addition of MoS2 led to the formation of the dark
grey inclusions seen in Fig. 1a and b. These were composed mainly of
chromium sulfides arising from the thermal degradation of MoS2 during
laser cladding, as described by the authors in a previous study (Torres
et al., 2018a). Chromium sulfides are known to be effective solid lu-
bricants at HT, as reported among others in the context of laser clad-
dings by Yang et al. (2012). Fig. 1c and d correspond to a cross section
of the as-deposited 5 Ag – 10 MoS2, with abundant bright silver-rich
inclusions. In this case, the sulfide-based compounds previously de-
scribed for 10 MoS2 had an additional benefit, as they were observed to
effectively encapsulate silver, preventing it from floating to the surface
of the cladding during melting and leading to a uniform distribution of
the former across the entire thickness of the resulting coating. The
microstructures and chemical compositions of the claddings, including
the reference alloy, have been discussed in further detail in a previous
study (Torres et al., 2018a). Both the as-deposited claddings and the
worn samples were investigated by means of a JEOL JSM-IT300 and a
ZEISS Supra 40 V P scanning electron microscopes, including chemical
composition characterisation by means of EDS.

For the present study, Al-Si-coated 22MnB5 steel was used as the
counter body. The microstructure of the protective coating in the as-
delivered condition (i.e. prior to exposure to HT) is shown in Fig. 2a.

Table 1
Composition of the deposited claddings. Hardness values were taken from
Torres et al. (2018a).

Claddings Solid lubricant content (wt. %) RT hardness [HV1]

Ag MoS2

Reference 0 0 356 ± 11
10 MoS2 0 10 409 ± 6
5 Ag – 10 MoS2 5 10 386 ± 37
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The as-delivered Al-Si-coated 22MnB5 boron steel strips had a Ra

roughness of 0.90 ± 0.18 μm, as previously reported by Mozgovoy
et al. (2014). Further chemical characterisation by means of EDS is
summarised in Table 2. In particular, the coating consisted of a mixture
of aluminium and silicon (spot A), slightly oxidised due to the high
temperatures required for the hot dipping process. Additionally, a
transition layer (spot B) with the steel substrate (spot C) could also be
seen, whose stoichiometry was consistent with that of the intermetallic
Fe2SiAl7 described by Fan and De Cooman (2012) for as-deposited Al-Si
coatings used in hot stamping applications.

2.2. High temperature closed configuration tests

This test rig has been developed by the Austrian Competence Center
for Tribology (AC2T research GmbH) and is described in further detail
in a previous study by Tomala et al. (2014). The configuration, as
shown in Fig. 3, involves the use of three equi-spaced cylindrical flat
pins representing the tool that are pressed against a ring-shaped counter
body sample, which will be rotated against the lower pins. Additionally,
the testing chamber and the mounted samples can be heated to a
constant temperature up to 1000 °C.

In the present case, the lower pins (Ø4× 12mm) made of grade
1.4301 stainless steel were cladded with the three nickel-based alloys as
previously described: both self-lubricating claddings 10 MoS2 and 5 Ag
– 10 MoS2, in addition to the unmodified reference alloy. In this case,
the roughness Ra prior to testing was measured to be (0.40 ± 0.04)
μm, (0.32 ± 0.04) μm and (0.35 ± 0.05) μm for the reference, 10
MoS2 and 5 Ag – 10 MoS2, respectively. The upper ring samples were
manufactured from Al-Si-coated 22MnB5 flat sheets, with an outer

diameter of 90mm and a thickness of 1.5mm. For the present set of
tests, a rotational speed of 27 rpm was chosen to produce a sliding
speed of 0.1 m/s, while the applied load was set to 375 N leading to a
contact pressure of 10MPa. These speed and pressure values were
chosen as they lie in the range reported in the literature for metal
forming applications including hot stamping (Ghiotti et al., 2013). The
chosen test duration of 5 s led to a total sliding distance of 0.5 m cor-
responding to a total of 2.3 revolutions, meaning that for this testing
configuration the cladding representing the tool was not always sliding
against fresh counter body material.

The heat treatment of the coated ring samples was performed in a
furnace prior to testing in order to achieve a microstructure of the Al-Si
protective coating as close as possible to that described for press
hardening applications. To this end, the ring samples were heated to a
temperature of 920 °C with a dwell time of 4min, in accordance to the
values reported in the context of hot stamping by Fan and De Cooman
(2012). This was followed by furnace cooling down to RT. It must be
noted here that in the present study, the microstructure of the 22MnB5
boron steel substrate was considered to be of no significance for the

Fig. 1. Microstructure for the as-deposited self-lubricating claddings a), b) 10 MoS2 and c), d) 5 Ag – 10 MoS2, as seen by optical microscopy.

Fig. 2. Microstructure of a coated 22MnB5 strip a) as delivered, after the pre-heating used for b) closed and c) open configuration sliding tests.

Table 2
Chemical composition as measured by EDS of the spots marked in Fig. 2a.

Spot Chemical composition (at. %)

Al Si Mn Fe Cr O

A 91.8 2.9 4.8
B 68.6 8.2 23.2
C 0.6 1.2 97.6 0.6
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tribological behaviour of the system for both open and closed config-
uration tests, and thus no attempts were made to achieve a martensitic
microstructure (i.e. by quenching the counter body).

Due to the tribometer configuration, closed configuration tests had
to be performed under isothermal conditions, with the same tempera-
ture for both the pins and the ring samples and thus no thermal gradient
between them. While the temperature of the workpiece during the
stamping process has been reported to be 700 °C or higher in several
instances (Venema et al., 2017; Zhao et al., 2016), the tool tempera-
tures are estimated to be lower than that value. Although no clear es-
timates have been found for the temperatures of the tool after repeated
hot stamping, the lack of microstructural changes observed by Pelcastre
et al. (2012) in worn dies leads to the assumption that maximum tool
temperatures during operation lie below the 500–600 °C range of
tempering heat treatments used for martensitic steels (Tercelj et al.,
2003). As both temperature ranges could not be simultaneously re-
produced by the closed configuration tribometer, a temperature of
600 °C was chosen as a compromise for this series of tests.

The samples were cleaned ultrasonically in petroleum ether and
rinsed with acetone prior to testing and two repetitions were performed
for each cladding. The testing parameters are summarised in Table 3.

2.3. High temperature open configuration tests

A High Temperature Tribometer rig developed by the Luleå
University of Technology was selected since it is able to simulate in lab-
scale the mechanisms taking place during HT metal forming. The
equipment has been recently described in further detail by Mozgovoy
et al. (2018). The configuration of the tribometer is shown in Fig. 4. In
this case, two flat pins were used in order to simulate the tool. Al-Si-
coated 22MnB5 boron steel strips (1.5 mm thickness, 15mm width and
a total length of 1000mm) were used as the counter bodies during HT
testing. The strips were heated by means of the Joule effect up to
temperatures of 920 °C, and in this case, heating rates above 20 °C/s
could be achieved for the voltage range chosen for resistive counter

body heating. Additionally, the temperature of the strip could be
monitored by means of a pyrometer.

Pin samples with a square section of 10× 10mm² and a height of
20mm were used to simulate the tool during hot stamping. The pins
were prepared as follows: the three different laser claddings described
in Table 1 were deposited on grade 1.4301 stainless steel plates and cut
to the final dimensions using wire electrical discharge machining. The
edges of the top surface were rounded with a radius of 1mm in order to
prevent indentation and edge effects during sliding at HT, with a re-
sulting pin flat surface of 64 mm². The coated pins were ground
manually with #360 and #600 grit SiC abrasive paper, rotating the
samples during the last step to remove any directionality in the re-
sulting surface topography. Prior to testing, the pins were cleaned ul-
trasonically in petroleum ether and rinsed with acetone. Roughness Ra

prior to testing was measured using a Zygo New View 7300 3D optical
profiler and was found to be (0.14 ± 0.02) μm, (0.18 ± 0.03) μm and
(0.20 ± 0.04) μm for the reference, 10 MoS2 and 5 Ag – 10 MoS2,
respectively.

The testing procedure was as follows: after thermally isolating the
pins with alumina plates, every strip was heated prior to sliding using
the following sequence:

• 4min at constant heating voltage resulting in a temperature of
600 °C

• 2min at constant heating voltage resulting in a temperature of
700 °C

• 30 s at constant heating voltage resulting in a temperature of 920 °C

with the final temperature being close to the values reported in the
literature for the blanks heated in the furnace prior to hot stamping
(Tisza, 2017). This heat treatment sequence, summarised in Fig. 5 was
chosen as it led to the formation of intermetallics similar to those de-
scribed in the available literature (Fan and De Cooman, 2010) These
intermetallic phases are considered to be highly influential in wear and
galling during hot stamping. The strips were subsequently allowed to
cool down to 700 °C to simulate the predicted temperature of boron
steel blanks when they have been transferred to the press and are un-
dergoing forming. After removing the alumina protections, the pins
were loaded against the HT strip and subsequently slid along the
counter body surface. After reaching a sliding distance of 500mm, the
pins were unloaded and released from the strip counter body. There-
after, the worn strip sample was air cooled and replaced by a new one.

The temperature at the surface of the cladded pins could not be
accurately measured in this case, although in a previous series of tests
using the same open configuration tribometer (Pelcastre et al.,2017),
values up to 250 °C were measured using a thermocouple placed ˜3mm
below the pin surface. Real temperatures at the contact region were
expected to be higher than these reported values.

Fig. 3. a) Overview of the test chamber and b) schematics of the configuration used for the HT closed configuration sliding tests.

Table 3
Test parameters chosen for the HT closed configuration sliding tests against
Al-Si-coated 22MnB5 steel.

Test parameters Closed configuration sliding

Load [N] 375
Sample temperature [°C] 600
Rotational speed [rpm] 27
Duration [s] 5
Cladding materials Reference

10 MoS2
5 Ag – 10 MoS2

Ring material Al-Si-coated 22MnB5 steel

H. Torres et al.



For each test, each set of flat pins were slid against five different
coated boron steel strips, for a total sliding length of 2.5 m. Each strip
was used once in order to perform the whole test against fresh counter
body surface in order to be closer to the real field application, as the
tribology of UHSS stamping is controlled by the behaviour of the Al-Si-
based protective coating. It must be noted here that the total sliding
distance was different in both testing configurations chosen for the
present study. In the case of the closed configuration it was decided to
limit the total distance to 0.5m to prevent the Al-Si coating of the
counter body to be worn off under the severe contact at HT, as this layer
is crucial for the tribology of the hot stamping process. For this reason,
each closed configuration test was equivalent to the sliding against a
single Al-Si-coated 22MnB5 in the open configuration.

The sliding speed was adjusted to 0.1 m/s while the normal load
was chosen to be 640 N to ensure a contact pressure of 10MPa, in order
to match the speed and pressure values used for the closed configura-
tion tests. The parameters chosen for open configuration sliding tests
are summarised in Table 4. Additionally, the whole test procedure was
performed twice for each cladding material to ensure the reproduci-
bility of results.

The characterisation after testing included 3D profilometry on the
worn flat pins by means of an Alicona InfiniteFocus system. SEM/EDS
analysis of the pins’ surfaces and representative 22MnB5 strips was also
done in order to gain further information on the microstructure of the
Al-Si coating and the tribological mechanisms taking place during HT
sliding against the self-lubricating claddings.

3. Results and discussion

3.1. High temperature closed configuration sliding tests

As it has been mentioned in Section 2.2, in order to reproduce the
formation of intermetallic Fe-Al phases in the blank sample, all of the
Al-Si-coated 22MnB5 rings used as counter bodies underwent a pre-heat
treatment prior to testing, being heated in a furnace up to a temperature
of 920 °C. However, due to the low heating rates, a dwell time of 4min
was chosen this time, as similarly described by Pelcastre et al. (2015).
This heating step was followed by a subsequent slow furnace cooling
down to RT. The resulting microstructure of the protective coating is
shown in Fig. 2b.

The thickness of the resulting layer reached up to 50 μm and further
chemical analysis of the different phases performed by EDS is sum-
marised in Table 5. The stoichiometry of the grey phase (spot A) was
close to that of Fe2Al5, while the layered phase in spot B turned out to
be similar to Fe2SiAl2. Interestingly, a layered microstructure of the
latter intermetallic was similarly reported by Fan and De Cooman
(2012), linked to low heating rates (˜10 °C/s) of the Al-Si-coated blank.

A thin transition layer was similarly observed (spot C) with a che-
mical composition close to FeAl. However, the main difference with the
heat treatment performed for the HT open configuration tests was the
formation of a relatively thick layer between the protective coating and
the boron steel substrate (spot D), with a thickness close to 15 μm and a
chemical composition featuring a significant amount of aluminium (˜10
at. %). This was attributed to the diffusion of aluminium from the
coating into the steel substrate due to the low cooling rates in the
furnace after the heat treatment previously described.

Friction results for the closed configuration sliding tests are sum-
marised in Fig. 6. In this case, the reference alloy showed a relatively
high friction coefficient of ˜ 0.7. Both self-lubricating claddings showed

Fig. 4. a) Overview of the test rig and b) schematics of the HT open configuration sliding tests.

Fig. 5. Overview of the heating sequence used on the Al-Si-coated boron steel
counter bodies for testing under the High Temperature Tribometer.

Table 4
Parameters used for HT open configuration sliding tests.

Test parameters Open configuration sliding

Load [N] 640
Initial pin temperature [°C] RT
Strip temperature [°C] 700
Sliding speed [m/s] 0.1
Cladding material Reference

10 MoS2
5 Ag – 10 MoS2

Strip material Al-Si-coated 22MnB5
Number of strips 5

Table 5
Chemical composition as measured by EDS of the spots marked in Fig. 2b.

Spot Chemical composition (at. %)

Al Si Mn Fe

A 70.9 1.5 27.6
B 42.8 13.5 0.9 42.9
C 44.7 8.9 1.0 45.3
D 12.4 2.8 1.7 83.1

H. Torres et al.



a very similar frictional behaviour during sliding at 600 °C, with an
initial friction of ˜ 0.35 slowly decreasing below 0.20 by the end of the
test.

SEM characterisation was performed on the worn Al-Si-coated
22MnB5 samples as shown in Fig. 7, in order to gain additional in-
formation on the cladding wear mechanisms and compare them with
the ones observed under an open configuration. After testing against the
reference alloy, the surface of the Al-Si-based protective coating was
found to be significantly oxidised (spot A in Fig. 7a and Table 6). On the
wear scar, flat patches could be observed which were relatively less
oxidised (spot B), likely exposed regions of the Al-Si coating after the
topmost oxide layer was removed due to the contact with the tool
samples. Additionally, material transfer from the reference pins to the

Fig. 6. Friction results of the closed configuration sliding tests performed
against Al-Si-coated boron steel at 600 °C.

Fig. 7. SEM imaging performed on the Al-Si-coated 22MnB5 after closed-configuration testing at 600 °C. Overview images of the resulting wear scars are given for the
tests performed against a) reference pins, b) 10 MoS2 and c) 5 Ag – 10 MoS2. Additionally, detailed views are given for the transferred particles found after testing
against d) 10 MoS2 and e,f) 5 Ag – 10 MoS2 self-lubricating cladding pins.

Table 6
Chemical composition as measured by EDS of the spots marked in Fig. 7.

Spot Chemical composition (at. %)

Ni Ag Mo S Cr Fe Si Al Mg O

A 23.1 2.1 50.8 0.9 23.2
B 2.4 25.9 1.8 62.1 7.9
C 60.4 3.4 4.2 5.4 4.5 22.2
D 59.2 2.3 3.2 1.1 12.6 4.3 4.2 12.9
E 10.4 0.8 19.1 3.0 42.5 24.3
F 2.1 64.5 4.1 1.7 27.7

H. Torres et al.



counter body surface was also identified in the form of oxidised nickel
patches (spot C). Judging from the friction results, this oxide was not an
effective solid lubricant under the conditions chosen for closed con-
figuration tribotesting.

Testing against the 10 MoS2-based pins led to changes in the com-
position of the wear scar found on the coated boron steel (Fig. 7b and
d). In this case, patches of nickel oxide with small amounts of chromium
and sulfur (spot D in Table 6) could be observed spread along the wear
track. A lesser degree of material transfer could also be seen in spot E in
the form of nickel and sulfur, suggesting an extended contact surface
with the pins. In any case, material transfer from the tool sample was
expected to be the source of the observed decrease in friction during
testing against the 10 MoS2 self-lubricating cladding.

Testing against 5 Ag – 10 MoS2 pins additionally led to the forma-
tion of silver-rich aggregates on the wear scar of the counter body
samples (spot F in Fig. 7e and Table 6), although these did not con-
tribute to decreased friction compared to the tests performed against
the silver-free 10 MoS2.

It must also be mentioned that close configuration tribotesting in-
volving sliding against the worn counter body surface led to no ob-
servable break-up in the Al-Si-based protective coating on the 22MnB5
steel, a mechanism that will be discussed in the next section in con-
nection to the results of the open configuration tests.

3.2. High temperature open configuration sliding tests

The resulting microstructure of the Al-Si protective coating on a
boron steel strip after HT open configuration testing was further studied
by means of SEM/EDS. Fig. 2c shows a cross-section taken from a part
of the strip which was not in contact with the pins, and thus can be
assumed to represent the structure of the protective layer after exposure
to HT. In particular, a layer with a thickness between 15 and 20 μm
could be seen, uniformly covering the boron steel substrate. Within the
layer, the presence of a bright phase could be observed in addition to a
thin transition layer (˜ 2 μm) to the boron steel substrate. The results of
further EDS characterisation are summarised in Table 7.

Spot A, corresponding to the matrix of the coating, was found to be
a Fe-Al intermetallic phase due to increased iron diffusion from the
substrate at HT. Due to its stoichiometry, it was regarded to be the
Fe2Al5 phase previously described in the context of Al-Si coatings by
Windmann et al. (2013), considered to form at temperatures above
900 °C during the pre-heating step. Spot B, on the other hand, showed a
higher Si content than in the previous case, and it is conceivable that its
main component was the intermetallic phase Fe2SiAl2 described by
Pelcastre et al. (2016). Spot C was considered to be a FeAl-based
transition layer with the boron steel substrate. Further EDS analysis
performed on the surface of the protective coating showed the occur-
rence of significant oxidation at HT (spot D). The microstructure of the
Al-Si protective coating after the heating sequence is thus considered to
be similar to that described in the available literature for hot stamping
applications (Fan and De Cooman, 2012).

The friction results for the reference alloy and for both the self-lu-
bricating claddings after testing against five different Al-Si-coated
22MnB5 strips are consecutively plotted in Fig. 8, omitting the pre-
heating of each counter body as the pins were not in contact with the

strip and consequently no sliding took place. For the reference alloy,
comparatively high steady state friction coefficients between 0.40 and
0.45 have been observed. Initial frictional spikes were seen when
testing against several strips, with a duration close to 0.5 s and friction
as high as 0.9. These peaks were attributed to the break-up of the Al-Si-
based protective coatings of the workpiece samples, as it will be further
detailed.

The self-lubricating claddings 10 MoS2 and 5 Ag – 10 MoS2 showed
lower steady-state friction than the unmodified alloy, with values be-
tween 0.25 and 0.35. The intensity and duration for the initial frictional
spikes were also found to be smaller compared to the reference alloy,
with friction lower than 0.6 and durations shorter than 0.2 s. The ad-
dition of silver to 5 Ag – 10 MoS2 did not bring any further improve-
ment to the steady-state friction. However, in this case it seemed to
reduce the intensity of the occasional frictional peaks compared to 10
MoS2, as their maximum measured friction was close to 0.5.

Friction data for tests performed using pins made of tool steel have
been reported in a previous study (Mozgovoy et al., 2018). In this case,
the authors reported average friction coefficients between 0.8 and 1.2
when sliding against Al-Si-coated 22MnB5 strips under conditions si-
milar to the ones chosen for the present study (counter body tem-
perature of 750 °C, 0.1 m/s sliding speed, contact pressures in the
7.1–21.2MPa range). Other tests against Al-Si-coated steel under open
configurations described in the available literature report friction va-
lues in the 0.5-0.6 range for representative hot work tool steel grades
like 1.2344 (Uda et al., 2016; Venema et al., 2017). Despite the scatter
in the reported friction coefficients, these results show that the self-
lubricating claddings chosen for the present study experience lower
friction than ordinary tool steel grades under conditions representative
of HT metal forming.

3D profilometry results from the surfaces of representative cladded
pins after sliding against five blanks are shown in Fig. 9. The un-
modified reference alloy showed simultaneously the onset of both
abrasive and adhesive (material transfer) wear. Scratches with depths
as high as 30 μm could be observed in addition to the build-up of
transferred material on the leading edge with a thickness higher than
30 μm, suggesting severe contact conditions for the reference cladding
during HT sliding. This abrasive/adhesive wear behaviour on the tool
surface has been reported in the literature in the context of HT tribo-
testing of grade 1.2344 tool steel against Al-Si-coated steel by Venema
et al. (2017) under contact conditions very similar to the present study.

As for the self-lubricating claddings, they showed in general an in-
creased onset of abrasive wear in the sliding direction (Fig. 9b and c),
even though they were slightly harder than their lubricant-free coun-
terpart (see Table 1 for details). 10 MoS2 showed some material transfer
on the leading edge, with a built-up layer of a thickness up to 15 μm,
while this mechanism was less prevalent for 5 Ag – 10 MoS2, leading to

Table 7
Chemical composition as measured by EDS of the spots marked in Fig. 2c.

Spot Chemical composition (at. %)

Al Si Mn Fe O

A 70.4 2.5 27.0
B 41.7 14.7 1.2 42.4
C 39.4 15.0 1.0 44.6
D 46.7 6.6 0.7 30.0 16.0

Fig. 8. Friction results for each cladding material after HT open configuration
sliding testing against five different Al-Si-coated 22MnB5 strips at 700 °C.
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the assumption that the addition of silver led to slightly decreased ad-
hesive wear at HT.

It must be noted here that comparatively large frictional peaks could
be seen for all of the chosen claddings when testing against the fourth
consecutive 22MnB5 strip (starting at 15 s in Fig. 8). In order to in-
vestigate this behaviour, further analysis was performed on the counter
body and the tested pins by means of SEM/EDS. The analysis revealed
that this behaviour was related to the break-up of the Al-Si coating of
the blank during sliding for all of the chosen coatings. For the test
performed against the reference cladding, a scratch could be observed
in the initial section of the worn strip (Fig. 10a and b) with a total
length in excess of 70mm. A detailed view by means of SEM (Fig. 11a
and b) suggested the onset of severe adhesion during sliding at HT. The
observed break-up had a maximum depth as high as 200 μm (Fig. 11c)
highlighting the severity of the contact conditions during sliding. The
protective coating was fully removed in that region (Fig. 11d), exposing
the boron steel substrate which was found to oxidise at HT (spot A in
Table 8). The surface of the Al-Si protective coating of the counter body
was observed to oxidise during testing at HT (spot B), while a Ni-rich
area could also be identified (spot C) due to material transfer from the
pins. This suggests that the use of claddings without solid lubricants in
HT sliding testing led to damage to both the pin and the boron steel
counter body. The observed damage to the protective Al-Si coating has
also been found to correlate with the large frictional peak starting at
15 s in Fig. 8, reaching a friction coefficient as high as 0.9 when testing
against the unlubricated reference cladding.

For comparison, the fourth strip tested against each self-lubricating
cladding (10 MoS2 and 5 Ag – 10 MoS2) was similarly characterised. In
both cases the break-up of the Al-Si coating could be observed in the
initial section of the 22MnB5 strips, but the resulting length was much
shorter for both self-lubricating claddings than in the previous case, as
it can be seen in Fig. 10c and d. In this case, the use of solid lubricants
led to break-up lengths shorter than 20mm in the counter body.

Further SEM/EDS characterisation for a strip tested against 10 MoS2
is shown in Fig. 12. In this case, the wear track featured numerous
bright patches, which were found to consist of nickel-based oxidised
material with significant chromium and sulfur content, transferred from
the pin (spot A in Table 9). However, in this case, the patches were
significantly smaller than the ones seen after testing under the closed
configuration (see for instance Fig. 7c), likely due to the repeated
contact with the counter body surface during closed configuration tests.

Similar SEM/EDS analysis was also performed on the fourth counter
body tested against the self-lubricating cladding 5 Ag – 10 MoS2 and the
results are shown in Fig. 13. In this case, the edge of the break-up zone
was found to be covered by Ni-Cr-S-based material transferred from the
cladding and partially oxidised as in the previous case (Fig. 13a, spot B
in Table 9). The formation of similar transferred layers was described
by the authors in a previous paper (Torres et al., 2018b), after HT re-
ciprocating testing against similar self-lubricating claddings and linked
to very low observed wear of steel-based counter bodies up to tem-
peratures of 600 °C.

In the present study, silver-rich smeared particles could also be seen
around the break-ups of the Al-Si-coated 22MnB5 strips (spots C and D
in Fig. 13b), which were linked to the lower frictional peaks shown by 5
Ag – 10 MoS2 during open configuration testing compared to the other
two chosen claddings (see Fig. 8 for comparison).

Further characterisation performed on a worn 5 Ag – 10 MoS2 flat
pin is shown in Fig. 14. The transfer of material from the coated
22MnB5 counter bodies could be confirmed by means of EDS, as the
formation of Al-rich deposits on the edge of the pin could be observed
(spot A in Table 10). Interestingly, the chemical composition analysed
by means of EDS was not so far from that of the intermetallic Fe2SiAl7
already described for the as-delivered Al-Si-coated 22MnB5 steel, al-
though significantly oxidised.

In addition to a partly oxidised Ni-based matrix (spot B), the various
phases found in the cladding surface could also be chemically

Fig. 9. 3D profilometry performed on the flat pins after sliding against five different Al-Si-coated 22MnB5 strips at 700 °C for the following claddings: a) reference, b)
10 MoS2 and c) 5 Ag – 10 MoS2.
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characterised: spot C was found to be a Mo-rich phase, likely a mo-
lybdenum carbide. Spot D, on the other hand, was found to be a
chromium sulfide, unoxidised after the contact with the HT counter
bodies. This sulfide was assumed to be the cause of the lower friction
shown by both the self-lubricating claddings (10 MoS2 and 5 Ag – 10
MoS2) compared to the reference alloy. Interestingly, a blocky lighter
phase could also be observed associated to chromium sulfides (spot E in
Fig. 14c). Further chemical characterisation showed that these particles
were composed mainly of silver and sulfur, and unlike their CrS-
counterparts, were not effective lubricants at HT. Additionally, a close-
up of a reference alloy pin with much higher material transfer than the

Fig. 10. Optical microscopy showing the break-up regions found on the fourth Al-Si-coated 22MnB5 strips tested under the open configuration against a) the
reference alloy with b) a detail thereof, c) 10 MoS2 and d) 5 Ag – 10 MoS2.

Fig. 11. a), b) SEM overview of a break-up observed in the fourth coated 22MnB5 strip when sliding against reference alloy pins, with c), d) a cross-section thereof.

Table 8
Chemical composition as measured by EDS of the spots marked in Fig. 11.

Spot Chemical composition (at. %)

Al Si Mn Fe Ni Cr O

A 0.5 0.2 1.0 43.2 55.1
B 49.3 3.8 0.5 26.3 20.2
C 26.4 3.2 0.6 31.5 30.9 2.0 5.2
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self-lubricating claddings is shown in Fig. 14d for comparison.
As it has been previously mentioned, silver in the flat pin surface

was found to be associated to sulfur, likely as Ag2S. However, pure
silver has also been observed in the counter body surface, especially
close to break-ups of the protective Al-Si coating. It is thought that
silver sulfide decomposed during open configuration sliding, leading to
the transfer of pure silver acting as a solid lubricant and decreasing
frictional peaks due to break-ups. However, this mechanism is still not
fully understood. One possibility involves the thermal oxidation of Ag2S
as shown in Eq. (1), a process taking place at temperatures above 510 °C
as described by Živković et al. (2013). Another possibility is the che-
mical reaction described in Eq. (2), with the aluminium present in the
counter body surface leading to the formation of pure silver above
150 °C, as reported by Kim et al. (2015) in the context of Sn-Ag-Al
solders. Regardless of the actual reaction taking place, it is expected
that the contact with the HT counter body led to pure silver formation
and thus effective lubrication along the observed break-ups due to
smearing.

Ag2S+O2 → 2 Ag+SO2 (1)

Ag2S + 2 Al → 6 Ag+Al2S3 (2)

As it has been previously mentioned, no damage to the Al-Si coating
was observed for the closed configuration, in contrast to the open
configuration. One possible explanation involves the shorter total
sliding distance for the closed configuration tests, 500mm, which
would be equivalent to a single strip out of five used for each test in the
open configuration tribometer, leading to decreased material build-up
from the counter body on the leading edge of the cladded pin. It is
interesting that SEM/EDS characterisation performed on the worn tool
pins after closed configuration testing found only one instance out of
eighteen with observable material transfer from the counter body (spot
A in Table 11 and Fig. 15), in contrast to the significant leading edge
build-up observed for the pins using the open configuration tribometer
(see for instance Fig. 14d). This behaviour could be attributed to a
process of continuous material transfer to the counter body under the
closed configuration tribometer: during repeated sliding against the
counter body surface, more patches of the nickel oxide with chromium
and sulfur previously described would form in the wear scar, decreasing
the severity of the contact. This mechanism is in accordance with the
steady decrease in friction taking place during the 10 MoS2 and 5 Ag –
10 MoS2 tests, as seen in Fig. 6, and could also explain the almost non-
existent transfer of oxidised Al-Si-Fe intermetallics from the counter
body to the leading edge of the pin, due to decreased direct contact with
the Al-Si coating as the nickel oxide patches grow in extent.

Taking the previous into consideration, the contact conditions
during the closed configuration tests seem to be less severe compared to
the open configuration, due to the increasing material transfer from the
self-lubricating pins to the re-used counter body surface. This process
featuring the transfer of oxidised cladding material can alleviate the
severity of the contact, a mechanism observed to take place to a lesser
extent for open configuration tests. However, in this particular case, the
closed configuration led to almost no material build-up on the leading
edge of the pins, thus preventing an important process which in the
authors’ opinion is related to the formation of break-ups in the coating
protecting the 22MnB5 steel.

For this reason, the use of open configuration tribometers is con-
sidered to be more realistic for the lab-scale simulation of metal
forming applications, as the re-use of the counter body surface like in
ordinary pin-on-disc tribometers can lead to the underestimation of
wear and friction of the tool/workpiece system, as it has been observed
during the present study.

4. Conclusions

For the present study, several self-lubricating coatings have been
evaluated against Al-Si-coated UHSS, aiming at improving the hot
stamping process. In particular, the following conclusions can be
drawn:

• Both self-lubricating claddings 10 MoS2 and 5 Ag – 10 MoS2 showed
decreased friction against Al-Si-coated 22MnB5 steel under open
and closed configurations, linked to the transfer of nickel oxides

Fig. 12. Detail of the contact region in a 22MnB5 coated counter body after
open configuration testing against the self-lubricating cladding 10 MoS2.

Table 9
Chemical composition as measured by EDS of the spots marked in Figs. 12 and
13.

Spots Chemical composition (at. %)

Al Si Fe Ni Cr Ag S O

A 5.5 3.5 4.4 38.9 7.5 15.1 25.1
B 1.5 1.8 3.7 37.8 14.6 2.2 24.4 14.0
C 3.1 96.9
D 21.2 2.2 5.0 59.1 12.6

Fig. 13. SEM imaging of the break-up observed for the 22MnB5 counter body after open configuration testing against 5 Ag – 10 MoS2, as seen for a) the edge and b)
the central area of the break-up.
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with chromium and sulfur content to the counter body surface.

• The addition of silver led to a noticeable decrease in the friction
experienced during Al-Si coating break-up on the counter body for

open configuration testing, due to smearing next to the affected
region.

• Both self-lubricating claddings showed significantly decreased ma-
terial build-up on the leading edge of the pin simulating the tool, as
observed during open configuration tests.

• The closed configuration tribometer led to an underestimation of the
friction and wear experienced by the tool/workpiece system com-
pared to its open configuration counterpart, which is considered to
be more appropriate for the simulation of tool - workpiece interac-
tion during metal forming applications.
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Abstract 

In recent years, the use of aluminium alloys in the automotive industry has gained significant 

attention due to their specific strength, corrosion resistance and recyclability. However, their 

forming at high temperature in processes like hot stamping is challenging due to the poor 

tribological behaviour of aluminium alloys. Due to its high affinity to metals like iron or nickel, 

aluminium is the source of severe adhesive wear and galling at high temperature, increasing 

frictional forces and leading to a poor surface quality of the finished product. 

In an effort to improve this problematic, iron- and nickel-based self-lubricating laser claddings 

with the addition of solid lubricants like silver and molybdenum disulfide have been evaluated 

under conditions representative of hot stamping against the aluminium alloy AA6082. In 

particular, it has been found that self-lubricating claddings can decrease friction and counter body 

wear at high temperatures compared to alloys commonly used in forming tools such as grade 

1.2367 steel. Furthermore, nickel-based self-lubricating claddings have shown a better 

tribological behaviour than their iron-based counterparts, attributed to the formation of a nickel-

based sulfide layer on the counter body. From the previous, it is expected that the implementation 

of self-lubricating claddings could improve the quality of the final product while at the same time 

reducing the need for added lubricant during the hot stamping of aluminium alloys. 

 

Key words: High Temperature, Laser Cladding, Self-Lubrication, Aluminium, Hot 

Stamping 

 

 



1. Introduction 

In recent years, there has been an increased interest in aluminium alloys due to their high 

strength to weight ratio, corrosion resistance, and recyclability among others. In the 

automotive sector, the use of aluminium based alloys like the series 6XXX has shown a 

great potential for the reduction of weight and fuel consumption [1], to the point that its 

use may increase by 2020 to an average of 180 kg of aluminium per vehicle [2], mostly 

at the expense of steel grades currently used in car manufacturing.  

It must be noted here that the forming of such alloys can be problematic, as the spring 

back and low ductility observed at room temperature (RT) makes hot forming processes 

necessary for the production of high-quality aluminium components. High temperature 

forming processes like hot stamping are well established for the production of automotive 

components from high strength steels [3,4], but so far this process has not been 

implemented in industrial scale for aluminium alloys, although its feasibility has been 

proposed in recent years in the available literature by different authors [5–7], with an 

special interest in components for the automotive body-in-white like B-pillars. In any 

case, the use of aluminium alloys leads to significant differences in the hot stamping 

process compared to the usual procedure involving ultra-high strength steels (UHSS). 

While for the latter the quenching step during forming is required for a martensitic 

transformation to occur, significantly increasing the strength of the final product, this is 

not however the case for aluminium alloys. As explained in detail by Liu et al. [8], the 

forming of Al-based alloys requires for an initial heat treatment step, intended to lead to 

the formation of a supersaturated solid solution in the work piece after a dwell time which 

is not agreed upon in the available literature, which can be from several minutes for alloys 

in the heat treated condition or up to 30 minutes [1,9], depending on the as-delivered 

condition of the aluminium alloy or the chosen heating rates [10]. In any case, after a 

quick transfer to the forming press the hot work piece will be formed as it is the case in 

hot stamping of UHSS, followed by a fast quenching of the work piece. In the case of 

aluminium alloys, this step will lead to a supersaturated solid solution instead of a 

martensitic microstructure as for steel. This has to be followed by a controlled aging step 

at HT, leading to the precipitation of finely dispersed second phases which will strengthen 

the aluminium alloys.  

From the tribological point of view, it must also be noted that the forming of aluminium 

alloys at HT has significant issues which still need to be addressed if the hot stamping of 



such materials is to become a technique accepted by the industry. The high temperatures 

necessary for the process lead to a worsened tribological behaviour during forming, with 

adhesive wear being in particular becoming more severe [11,12], to the point that the lab-

scale simulation of aluminium hot forming under dry conditions has been reported to lead 

to friction coefficients as high as 1.5 [13,14]. For this reason, the hot forming of 

aluminium has to be performed under lubricated conditions in order to ameliorate the 

tribological contact between the work piece and the tool [15], although under the 

temperatures necessary for the hot stamping of Al-based alloys, lubricants like oils and 

greases will experience quick thermal degradation. In this context, solid lubricants like 

graphite, hBN or MoS2 are preferred, they have been reported to provide insufficient 

lubrication during simulated hot stamping processes, leading to high friction and surface 

damage to the finished work piece in the form of macroscopical cracking and galling [8]. 

In the context of hot stamping, material transfer to the tool can in particular lead to surface 

damage of the work piece due to indentation [16], being the source for increased rejection 

of the finished product and rising costs for manufacturers, although for the forming of 

aluminium alloys a reduced tool life is also an issue [12]. 

In recent years, a new approach for effective lubrication at HT based on the incorporation 

of solid lubricants to both coatings and bulk materials has been investigated in the 

available literature, showing a great potential for decreased friction and wear at HT [17]. 

In previous studies by the authors [18,19], nickel-based laser claddings with the addition 

of silver and transition metal dichalcogenides were evaluated under conditions 

representative of the hot stamping of UHSS, showing a significant decrease of friction up 

to temperatures of 600°C with a negligible wear of steel-based counter bodies due to the 

formation of protective tribolayers. For the present study, self-lubricating laser claddings 

with the addition of silver and MoS2 will be tribologically tested under conditions 

representative of hot stamping against AA6082, an aluminium alloy of relevance for the 

automotive industry. It is expected that the use of self-lubricating claddings in the forming 

tool will increase both the stability of the process and the quality of the final product, 

while at the same time reducing the need for added lubricant.  

  



 

2. Experimental 

2.1.Materials 

For the present study, different self-lubricating coatings were deposited by means of laser 

cladding using a direct diode laser system. For the first of them, a nickel-based alloy was 

chosen due to its high oxidation resistance, with the following chemical composition: 0.2 

C, 4 Cr, 2.5 Si, 1 B, < 2 Fe, 1 Al and balance Ni (in wt.%), with a particle size in the range 

50 to 150 μm. An iron-based alloy was also chosen due to decreased costs in addition to 

being environmentally friendlier than nickel. In this case, the chemical composition of 

the base powder was as follows: 0.18 C, 17 Cr, 1 Ni and balance Fe (in wt.%), with a 

corresponding particle size between 45 and 106 μm. For the cladding manufacture 

process, both alloys were mixed with fixed concentrations of the solid lubricants silver 

and MoS2 using ethanol as the binder, and the resulting paste was spread on stainless steel 

substrates. Ag powders were procured from Goodfellow, with a maximum particle size 

of 45 μm while MoS2 powder with a size between 5 and 75 μm was provided by Tribotecc 

GmbH. 

After drying for one hour at 100°C in a furnace, single-pass laser cladding was performed 

on both the Ni- and Fe-based claddings under an argon protective atmosphere using 

rectangular shaped beams of 24 × 3 mm2 and 24 × 6 mm2. Power densities and energy 

inputs for the Ni-based claddings were calculated to be in the 65 to 104 W/mm² and 6 to 

14 J/mm³ ranges, while for the Fe-based they were close to 45 W/mm² and 7 J/mm³. 

Further detail on the deposition process for the Ni-based claddings is given in a previous 

paper by the authors [18]. 

The content of solid lubricants for each laser cladding is summarised in Table 1. For Ni-

Ag-MoS2, 5 wt.% Ag and 10 wt.% MoS2 were added to the powder mixture as this 

composition was found in a previous study by the authors to lead to an optimum 

microstructure in terms of solid lubricants distribution across the coating. The iron-based 

self-lubricating claddings Fe-Ag-MoS2 prepared for the present study featured 5 wt.% 

silver and 5 wt.% MoS2, which was considered to be optimum in terms of the resulting 

microstructure. As seen in Table 1, the Fe-based self-lubricating cladding was harder 

than its nickel-based counterpart due to its martensitic microstructure. 



Additionally, the hot work tool steel grade 1.2367 was chosen for comparison with the 

self-lubricating claddings, as this is a steel grade commonly used for metal forming 

applications involving high temperature contacts [20]. Its chemical composition was as 

follows: 0.38 C, 0.40 Si, 0.40 Mn. 5.00 Cr, 2.80 Mo, 0.55 V and balance Fe (in wt.%). 

The resulting microstructure after a two-step heat-treatment procedure (1 hour at 530°C 

and 1.5 hours at 490°C) is shown in Figure 1, with a clearly martensitic microstructure 

responsible for the observed high hardness, 615 ± 11 HV10.  

 
Figure 1: Microstructure of the heat-treated 1.2367 tool steel as seen by means of a) 

optical microscopy and b) SEM 

 

Table 1: Solid lubricant content for the tested materials 

Material Solid lubricant content 

(wt.%)
RT hardness [HV10] Ra (µm) 

  Ag    MoS2     
Ni-Ag-MoS2 5 10 362 ± 16 0.23 ± 0.05 

Fe- Ag- MoS2 5 5 489 ± 1 0.14 ± 0.02 
Tool steel  0 0 615 ± 11  0.09 ± 0.02 

 

Sample preparation prior to testing for all of the samples included the manual grinding 

using #360 SiC abrasive paper, as was considered to improve the adhesion of the 

commercial lubricant layer to be used in all of the samples, as it will be further detailed. 

The resulting roughness Ra was measured using a Zygo New View 7300 3D optical 

profiler.  

Dong et al. [21] reported in the context of hot stamping of AA6082 aluminium alloy that 

the dry operation at HT leads to failure even when using self-lubricating coatings, and 

that the addition of external lubricants will be necessary, although potentially in a lower 

amount compared to ordinary tool steel grades. Due to this reported severity of dry 



aluminium forming at HT, a layer of commercial lubricant was applied on the self-

lubricating claddings and the reference tool steel prior to testing. In this case, the 

commercial-grade Molykote D-55 in powder form was chosen, based on a combination 

of graphite and CaF2, due to the beneficial effect of the former in aluminium forming 

applications [22] in addition to the lubricous behaviour at HT shown by the latter [23]. 

The as-delivered Molykote D-55 was mixed with acetone using a commercial-grade 

epoxy glue as a binder, adding 10 wt.% binder in 80 wt.% acetone and mixing it with 10 

wt.% Molykote D-55 powder. The resulting paste was sprayed on the chosen samples and 

a further drying step performed in a furnace at 180°C for 15 minutes. The resulting Ra 

roughness of the lubricant layer was measured to be (1.01 ± 0.08) μm. 

The counter body samples for this study were manufactured from the AA6082-T6 alloy 

and with the following chemical composition: 0.4 – 1.0 Mn, 0.6 – 1.2 Mn, 0.7 – 1.3 Si, 

balance Al (in wt.%). The alloy was used in the as-delivered state (solution heat-treated 

and artificially aged), with a measured hardness of (110.0 ± 0.4) HV10 and a 

microstructure with abundant intermetallic phases as shown in Figure 2. All the pin 

specimens used for the HT reciprocating tests were ultrasonically cleaned in petroleum 

ether and rinsed with acetone before tribological tests.  

 
Figure 2: Microstructure of the as-delivered AA6082-T6 alloy, as seen by means of 

SEM 

Characterisation of both the as-deposited claddings in addition to the worn samples was 

performed by means of a JSM-IT300 scanning electron microscope, including 

measurements of their chemical composition by means of EDS. Additionally, 

characterisation of the tribolayers formed in the worn AA6082 pins after testing was 

performed using an angle-resolved Thermo Scientific Theta Probe XPS spectrometer with 

a monochromated, micro-focused Al K-alpha X-ray source. 

  



2.2.High temperature reciprocating tests 

The tribological behaviour of the claddings was studied using an Optimol SRV friction 

and wear tester, which is described in further detail in [19]. The upper counter body 

samples were pins with a diameter of 2 mm manufactured from as-delivered AA6082-T6 

aluminium alloy. They represented in this case the work piece in a hot stamping process, 

and were loaded against a stationary flat sample using a spring deflection mechanism and 

subsequently oscillated by means of an electromagnetic drive. The lower cladding sample 

represented the tool in a forming process and were coated with a layer of Molykote D-55 

commercial grade solid lubricant, with an average thickness of (80 ± 20) μm for Ni-Ag-

MoS2, (60 ± 30) μm for Fe-Ag-MoS2 and (70 ± 20) μm for the reference tool steel. 

The coated lower samples (laser claddings and reference tool steel) were subsequently 

heated resistively up to a temperature of 300°C, as measured on the sample surface using 

a thermocouple prior to test start. For this series of tests, the cladding samples were 

machined to a size of 12.6 x 12.6 x 4.7 mm³. It must be noted here that the cladding 

samples were positioned so that the sliding took place perpendicular to the grinding 

direction, in order to prevent differences in terms of the amount of transferred material 

due to the lay of the sample surface.  

Reciprocating frequency and stroke length were adjusted so that the average sliding speed 

for all of the tests was 0.04 m/s, slightly higher than the values reported for the hot 

stamping of aluminium in [1]. The applied load was set to 20 N, in order to reach a contact 

pressure of 6 MPa, again within the range reported for aluminium by Ghiotti et al. The 

test duration was set to 1800 seconds. In order to ensure repeatability three repetitions 

were performed for each condition. The testing parameters are summarised in Table 2. 

 
Table 2: Test parameters chosen for the HT reciprocating tests against AA6082 flat pins 

Test parameters  

Load [N] 20 

Sample temperature [°C] 300 

Stroke length [mm] 4 

Reciprocating frequency [Hz] 5 

Total distance [m] 72 

Duration [s] 1800 

 



3. Results and discussion 

3.1.Microstructure of the self-lubricating claddings 

The microstructure of the resulting claddings is shown in Figure 3a-b. For both claddings, 

the presence of a dark phase across the thickness of the coating could be seen, with an 

average size up to 30 μm for the nickel-based one and smaller than 10 μm for its iron-

based counterpart. Bright particles could also be observed in both cases in connection 

with the previously described phase, observed to be consistently larger for Ni-Ag-MoS2. 

 
Figure 3: Optical microscopy of the as-deposited self-lubricating claddings  

a) Ni-Ag-MoS2 and b) Fe-Ag-MoS2 

 

 
Figure 4: EDS mapping performed on a cross section of the Fe-Ag-MoS2  

self-lubricating cladding 

Further SEM/EDS characterisation of the as-deposited Fe-Ag-MoS2 (Figure 4) showed 

that the dark second phase had a chemical composition consistent with chromium sulfides, 

compounds which form from the thermal degradation of MoS2 during laser cladding and 

are known to be effective solid lubricants at HT [18], while the lighter phases were 

observed to be silver-rich. In particular, the silver-based inclusions were found to be 

encapsulated by the sulfide-rich phase, leading to a uniform distribution across the 

cladding thickness and preventing silver from floating to the surface of the melt pool 

during the cladding process. 



 
Figure 5: SEM/EDS characterisation performed on an aggregate found in a cross 

section of the as-deposited Ni-Ag-MoS2 self-lubricating cladding 

 

Table 3: Chemical composition as seen by EDS of the spots marked in Figure 5 

Spot 
 Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag Al 

A       100.0  

B 0.4 3.9  39.1 56.6    

C 3.7 84.7 2.5 2.9 0.1 3.5  2.6 

D  49.0   35.0  16.1  

 

The microstructure of Ni-Ag-MoS2 is described in detail in a previous study by the 

authors [19]. For the present study, further characterisation was performed by means of 

SEM/EDS, as shown in Figure 5. As in the previous case, the bright phases turned out to 

be silver-rich (spot A in Table 3) while the addition of sulfur-based precursors such as 

MoS2 similarly lead to the encapsulation of the silver phase by chromium sulfides arising 

from the thermal degradation of transition metal dichalcogenides (spot B in Table 3). Spot 

C corresponds to the cladding matrix, with a 2.5 at.% molybdenum content. Interestingly, 

Spot D in Table 3 shows an additional sulfur-based phase with significant nickel content, 

likely a nickel sulfide.  

 

 

 

 



3.2.High temperature reciprocating tests 

The friction results for representative reciprocating against AA6082 pins at 300°C tests 

are shown in Figure 6. The reference tool steel showed an inadequate tribological 

behaviour as friction increased steadily reaching values in excess of 2.0 which made 

necessary to stop all of the tests involving the tool steel before the planned duration to 

prevent damage to the test rig. The self-lubricating cladding Fe-Ag-MoS2 showed on the 

other hand a more stable tribological behaviour. The observed friction peaked after ~600 

seconds for all three repetitions, reaching maximum values between 1.2 and as high as 

2.2, decreasing suddenly to 0.8 for the rest of the test duration. Such a behaviour has been 

related to the formation of tribolayers during sliding testing [24]. However, the most 

stable behaviour in terms of friction was that of the nickel-based self-lubricating cladding 

Ni-Ag-MoS2. In this case, friction was also observed to reach high values initially, up to 

1.5, but decreasing steadily afterwards to values close to 0.5 before 600 seconds and 

remaining remarkably stable up to the planned test end at 1800 seconds. 

The wear rates of the pins after testing against both self-lubricating claddings are plotted 

in Figure 7. In particular, it has been found that reciprocating against the nickel-based Ni-

Ag-MoS2 led to a fourfold decrease in the wear experienced by the AA6086 pins 

compared to the values observed after testing against the iron-based Fe-Ag-MoS2. No 

attempt to measure the wear of the pins after testing against the tool steel was made, as 

the tests against this material had to be stopped at different durations due to high friction 

and the severity of the contact. This low repeatability was expected to lead to large 

scattering in terms of pin wear rates. 

 

Figure 6: Friction results against AA6082 at 300°C for Ni-Ag-MoS2, Fe-Ag-MoS2 and 

the reference tool steel 



 

Figure 7: Measured wear loss for the AA6082 pins after reciprocating testing at 300°C 

against a) Fe-Ag-MoS2 and b) Ni-Ag-MoS2 

 

 

Figure 8: SEM imaging of the wear scars observed after reciprocating testing at 300°C 

for a,d) the reference tool steel, b,e) Fe-Ag-MoS2 and c,f) Ni-Ag-MoS2 

  



 

Table 4: Chemical composition as seen by EDS of the spots marked in Figure 8 

Spot 
Chemical composition (at.%) 

Al Si Mg Fe Cr S Mo Ni Ag O 

A 89.7 1.2 1.2 0.5 
     

7.3 

B 0.9 0.9 
 

75.8 5.0 2.5 
   

14.7 

C 61.2 0.8 0.7 2.2 0.5 
    

34.2 

D 1.2 1.3 
 

70.2 14.8 2.3 1.3 2.5 0.3 6.2 

E 5.2 0.5 
 

33.0 7.9 1.9 
 

1.1 
 

50.5 

F 80.8 0.9 0.8 
    

1.2 
 

15.8 

G 5.6 5.6 
 

4.6 2.6 5.0 
 

76.6 
  

H 24.4 0.4     4.0 7.2   3.6 36.7 23.8 

 

Several representative wear scars are shown in Figure 8, as seen by SEM. In Figure 8a 

and Figure 8d, the resulting wear scar on a tool steel sample can be seen after stopping 

the HT reciprocating test after 130 seconds due to high friction. The dark grey patches in 

the wear scar correspond to aluminium from the AA6082 pin used as the counter body 

(see spot A in Table 4). In particular, a significant amount of material transfer could be 

observed for the tool steel, a feature considered harmful for both tool and work piece 

during metal forming applications. Spot B corresponds to the tool steel substrate, with a 

significant oxygen content even after a relatively short test duration. It is possible that 

frictional heating increased the local temperature above the value of 300°C used for the 

lower flat samples.  

Figure 8b and Figure 8e correspond to a wear scar on a Fe-Ag-MoS2 sample after 1800 

seconds of testing. In this case, material transfer from the pin was much lower than for 

the tool steel, despite the much larger testing duration. Characterisation of the transferred 

debris showed the formation of large patches of oxidised aluminium (spot C) from the 

AA6082 counter body on the slightly oxidised cladding substrate (spot D). Interestingly, 

iron oxide particles with O-contents as high as 50 at.% could be seen in the wear scar 

(spot E). They were assumed to be wear debris re-embedded in the cladding during 

reciprocating sliding, and were linked to a mild abrasive action as seen in Figure 8e. 

The wear scar on a Ni-Ag-MoS2 sample after 1800 seconds testing against an AA6082 

pin is shown in Figure 8c and Figure 8f. In this case, material transfer from the counter 



body could only be observed along the central section of the wear scar (spot F). The Ni-

based substrate was observed unoxidised after testing at 300°C (spot G), and experienced 

a limited degree of abrasion in the regions not subjected to material transfer from the 

counter body. Additionally, a silver-rich inclusion strongly oxidised could be observed 

(spot H). 

3D profilometry performed on the worn flat samples are shown in Figure 9, with a 

significantly decreased material transfer from the AA6082 pins for both Fe – 5 Ag – 5 

MoS2 and 5 Ag – 10 MoS2. This suggests a higher adhesion resistance for both self-

lubricating claddings compared to the reference tool steel grade 1.2367, especially for the 

nickel-based one.  

 

 
Figure 9: 3D Profilometry performed on worn samples of a) the 1.2367 tool steel and 

the self-lubricating claddings b) Fe – 5 Ag – 5 MoS2 and c) 5 Ag – 10 MoS2 after 

reciprocating testing against AA6082 at 300°C 

 

Figure 10: EDS mapping on an AA6082 pin after testing against at 300°C against  

Fe-Ag-MoS2 



 

Figure 11: EDS mapping on an AA6082 pin after testing against at 300°C against Ni-

Ag-MoS2 

 

Figure 12: a) Cross section of AA6082 pin after testing against at 300°C against 

a,b) Fe-Ag-MoS2 and c,d) Ni-Ag-MoS2 as seen by SEM 

In order to gain further information into the wear mechanisms affecting the AA6082 

counter bodies, the pins tested against the self-lubricating claddings were characterised 

as the formation of tribolayers during testing was expected to influence their behaviour 

at HT, unlike to what was observed for the ones tested against the tool steel (plastic 

deformation of the pin with no observable tribolayer). In Figure 10 an element mapping 

of an AA6082 counter body tested against the Fe-Ag-MoS2 is given, showing the 

formation of a discontinuous iron/chromium oxide layer covering the surface of the pin. 

A cross section of one of the tested pins is shown in Figure 12, giving more detail on the 

morphology of the oxide layer. In particular, it consisted of abundant wear debris from 

the iron-based cladding embedded into the softer aluminium alloy. The chemical 

composition of the agglomerated debris (spot A in Table 5) showed a very high oxygen 



content in excess of 50 wt.%, also with significant iron (33.8 wt.%) and chromium (7.8 

wt.%) contents confirming them as heavily oxidised wear debris from the iron-based 

cladding. The composition of these embedded particles was clearly different from the 

AA6082 substrate (spot B), thus excluding intermixing between the two materials. From 

the friction results plotted in Figure 6, this iron oxide layer was expected to decrease 

friction during tribotesting as similarly mentioned in the available literature [24–26], 

although its performance at HT was expected to be worse than the tribolayer formed 

against the nickel-based cladding, as it will be detailed. 

Figure 11 shows an element mapping of an AA6082 counter body after testing against 

Ni-Ag-MoS2. In this case, an oxidised layer covering most of the pin’s surface could be 

seen, with a chemical composition involving nickel, chromium and sulfur clearly showing 

its origin as oxidised debris from the self-lubricating claddings. It is worth noting that 

tribolayers with a similar composition have been reported previously by the authors, 

linked to negligible wear of steel-based counter body at temperatures as high as 600°C 

[19]. A cross section performed in one of the pins (Figure 12c and Figure 12d) showed a 

tribolayer building in the surface of the pin, composed of agglomerated particles and with 

a thickness up to ~30 μm. Interestingly, this layer was linked to a small plastic 

deformation taking place in the aluminium-based substrate (see the rows of intermetallic 

phases in Figure 12d, perpendicular to the pin surface up to ~5 μm from the surface). This 

was found to be in contrast with the pins tested against Fe-Ag-MoS2. As for the chemical 

composition of such a layer, it turned out to be made up by heavily oxidised nickel from 

the self-lubricating cladding Ni-Ag-MoS2, with some noticeable chromium and sulfide 

content (spot C in Table 5). 

Table 5: Chemical composition as seen by EDS of the spots marked in Figure 12 

Spot 
Chemical composition (at.%) 

Al Si Mg Fe Cr S Mo Ni Ag O 

A 1.1 0.7 
 

33.8 7.8 1.4 0.7 1.2 
 

53.2 

B 96.7 0.9 0.7 
      

1.5 

C 7.8 2.6   0.9 1.8 3.6 1.3 31.9 0.6 49.5 

 

The results of the XPS characterisation performed on a worn AA6082 pin after testing 

against Ni-Ag-MoS2 are summarised in Figure 13. In particular, the tribolayer shown in 

Figure 11, Figure 12c and Figure 12d shows the presence of compounds related to the 



solid lubricants used in the self-lubricating claddings, like silver in addition to oxides like 

MoO3 and Cr2O3. The latter are expected to form respectively from molybdenum carbides 

and chromium sulfides after prolonged exposure to HT, as discussed in [18]. Additionally, 

nickel oxides like NiO and Ni2O3 could also be identified in addition to the sulfide 

compound NiS, arising from chemical reaction of the Ni-Ag-MoS2 matrix at HT. For the 

latter, a characteristically broad peak between 162 and 164 eV could be seen, as similarly 

reported in the literature for nickel sulfides [27,28]. It must be reminded that a similar 

phase had been identified by means of EDS in the as-deposited Ni-Ag-MoS2 (please refer 

to Figure 5 and spot D in Table 3 for details). 

The formation of glaze layers composed of nickel oxides such as NiO and Ni2O3 has been 

regarded as beneficial in previous studies performed at HT [29,30], although in a previous 

paper by the authors the use of nickel-based claddings with no solid lubricants led to a 

significant wear of the counter body, with no observable tribolayer formation [19]. This 

leads to the assumption that the nickel sulfide observed on the AA6082 worn pins might 

be involved in the improved tribological behaviour observed when testing against Ni-Ag-

MoS2, although it must be noted that no reference has been found in the available 

literature on the lubricous role of NiS. It must be noted here that sulfides from elements 

outside of groups 5 or 6 of the periodic table have been described in the literature as 

effective lubricants. Compounds such as ZnS, Sb2S3 and SnS or even layered sulfides 

such as TiS2 have been studied in the context of brake systems [31–34], suggesting that 

there are more viable candidates for effective lubrication beyond well-known sulfides 

such as MoS2 or WS2. In any case, further research into the tribological behaviour of 

nickel-based compounds forming at HT like oxides or sulfides is thus necessary. 



 

Figure 13: Results of the XPS characterisation of an AA6082 pin after testing against 

Ni-Ag-MoS2 at 300°C 

 

 

4. Conclusions 

For the present study, two different iron- and nickel-based self-lubricating claddings have 

been tested against the aluminium alloy AA6082 under conditions representative of hot 

stamping. From the results, the following conclusions can be drawn: 

� In both self-lubricating claddings, silver particles were encapsulated by new 

compounds arising from the thermal degradation of MoS2 during laser cladding 

such as chromium sulfides, allowing for a uniform distribution of silver across the 



coatings’ thickness. In the case of the nickel-based cladding, the presence of 

nickel-based sulfides in the as-deposited samples was also hinted 

� During reciprocating testing at HT against aluminium, both self-lubricating 

claddings showed lower friction than the hot work tool steel grade 1.2367, with 

the nickel-based coating showing low and stable friction after a running-in stage 

� For both self-lubricating claddings, material transfer from the AA6082 counter 

body was observed to be low, suggesting a higher resistance to adhesion wear and 

galling than the reference material grade 1.2367 steel 

� The self-lubricating nickel-based cladding led to the formation of a tribolayer on 

the AA6082 pins with the presence of nickel-based sulfides, which was 

considered to be protective and correlated to an observed low wear of the AA6082 

counter body. 
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Abstract 

Iron-based thick coatings with the incorporation of solid lubricants have been prepared by means 

of laser claddings, aiming at their use in metal forming applications in an effort to control friction 

and decrease tool wear at high temperatures. The choice of a Fe-based powder has been 

considered advantageous, as it can lead to decreased costs compared to nickel-based claddings 

previously studied by the authors, in addition to being more environmentally friendly. In 

particular, the incorporation of transition metal dichalcogenides such as MoS2 has led to the 

encapsulation of silver in Fe-based self-lubricating claddings, leading to a uniform distribution of 

the soft metal across the coating’s thickness. Subsequent tribological evaluation of the claddings 

at HT showed that the addition of silver and MoS2 led to lower friction at RT and significantly 

decreased wear up to 600°C compared to the unmodified iron-based reference alloy. However, it 

has also been observed that Fe-based claddings, regardless of solid lubricant content, led to 

significant counter body damage at high temperature, a mechanism considered detrimental in 

metal forming applications, thus restricting the use of Fe-based self-lubricating claddings to RT 

applications.  
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1. Introduction 

Self-lubricating coatings capable of decreasing friction and wear at high temperatures 

(HT) have been the subject of significant interest since the 1970s in applications including 

aerospace, metal forming or power generation, to name a few. In such processes, 

temperatures above 350°C lead to the quick thermal degradation of conventional 

lubricants like oils and greases, making necessary the use of new lubrication approached 

based on solid lubricants capable of providing low and stable friction at HT. The 

incorporation of solid lubricants to HT coatings has been the subject of significant interest 

since the pioneering work of Sliney et al. [1], with similar approaches reported in the 

available literature for thin-film PVD coatings [2,3], plasma spray [4] or bulk materials 

prepared by means of powder sintering [5,6].  

Laser cladding is a well-known coating preparation technique which has been extensively 

used in recent years for the deposition of thick protective coatings, allowing in particular 

the repair and re-working of high-value industrial components. This deposition technique 

has also significant advantages like the low defect quality of the resulting coatings [7], 

their excellent metallurgical bonding with the substrate [8] or the low heat-affected zone 

(HAZ) on the substrate [9,10]. For the previous reasons, laser cladding has become 

widespread for applications such as the automotive [11] or for the repair of turbine blades 

[12]. In recent years, self-lubricating laser claddings have been described in the available 

literature [13–17], including silver, copper, TMDs like MoS2 and WS2, and alkaline-earth 

fluorides such as CaF2, by mixing the solid lubricants mechanically with the base powder 

used for the cladding preparation. However, the thermal degradation of solid lubricants 

such as MoS2 or WS2 during the cladding process has also been described in the literature. 

In particular, Yang et al. [16] prepared NiCr-Cr3C2 laser claddings with the addition of 

30 wt.% WS2 as a solid lubricant, leading to decreased friction and wear up to 300°C 

compared to the unmodified alloy, attributed to the formation of lubricant patches made 

of a mixture of WS2 with chromium sulfides forming from the thermal degradation of 

TMDs during laser cladding. 

In a similar fashion, Torres et al. reported the formation of chromium sulfides due to the 

thermal degradation of both MoS2 and WS2 added to NiCrSiB-based laser claddings [14], 

with the resulting self-lubricating coatings showing decreased friction up to temperatures 

of 600°C. 



Although the literature gives proof of self-lubricating claddings with a good tribological 

behaviour at HT, it is interesting to note here that the coatings described in the available 

literature are overwhelmingly nickel-based, likely due to the lower melting point of self-

fluxing Ni-mixtures with the addition of Si and B [18], which makes cladding preparation 

easier. To the authors’ best effort, no iron-based self-lubricating cladding has been 

reported in the available literature, even if such a cladding would lead to decreased costs 

and be more environmentally friendly than its nickel-based counterparts.  

Interestingly, most of the available literature centred in the tribology at HT of self-

lubricating materials reports the use of non-metallic counter bodies such as Al2O3 or Si3N4, 

which are not representative of metal forming processes. The use of metallic counter 

bodies is still underrepresented in the available literature, restricted mostly to room 

temperature testing [19,20]. Assessing the tribological behaviour of steel-based counter 

bodies at HT is thus necessary to be as close as possible to the real application, as surface 

damage experienced by the work piece such as scratching can lead to increased product 

rejection and thus higher costs for the manufacturer. 

In order to bridge these perceived research gaps, for the present study a set of iron-based 

laser claddings with and without the addition of solid lubricants have been prepared and 

tribologically tested at HT under conditions representative of metal forming applications 

like the hot stamping of ultra-high strength steel. The results, comprising the friction and 

wear of both the claddings and the counter bodies, have been compared to those reported 

for nickel-based self-lubricating claddings in previous studies by the authors, in an effort 

to estimate the potential of Fe-based self-lubricating claddings at HT. 

 

2. Experimental 

2.1.Materials 

For the present study, different self-lubricating coatings were deposited by means of laser 

cladding using a direct diode laser system. For the first of them, a nickel-based alloy was 

chosen due to its high oxidation resistance, with the addition of Cr, Si and B and a particle 

size in the range 50 to 150 μm. Additionally, an iron-based alloy was also chosen due to 

decreased costs and for being environmentally friendlier than nickel. In this case, the 

powder had a chromium content as high as 17 wt.%, expected to improve oxidation 

resistance at HT. The corresponding particle size ranged from 45 to 106 μm. The 



composition for both base powder grades is summarised in Table 1. For the cladding 

manufacture process, both alloys were mixed with fixed concentrations of the solid 

lubricants silver and MoS2 using ethanol as the binder, and the resulting paste was spread 

on stainless steel substrates. Ag powders were procured from Goodfellow, with a 

maximum particle size of 45 μm while MoS2 powder with a size between 5 and 75 μm 

was provided by Tribotecc GmbH. 

After drying for one hour at 100°C in a furnace, single-pass laser cladding was performed 

on both the Ni- and Fe-based claddings under an argon protective atmosphere using 

rectangular shaped beams of 24 × 3 mm2 and 24 × 6 mm2. Power densities and energy 

inputs for the Ni-based claddings were calculated to be in the 65 to 104 W/mm² and 6 to 

14 J/mm³ ranges, while for the Fe-based were in the 40 to 50 W/mm² and 6 to 8 J/mm³ 

ranges. Further detail on the deposition process for the Ni-based claddings is given in a 

previous paper by the authors [21]. 

 
Table 1: Chemical composition (in wt.%) of the base powders used for the preparation of the 

laser claddings 

 C Cr Si B Al Fe Ni 

Ni-based 0.2 4 2.5 1 1 < 2 Balance 

Fe-based 0.18 17 - - - Balance 1 

 

The content of solid lubricants for each laser cladding is summarised in Table 2. For Ni 

– 5 Ag – 10 MoS2, 5 wt.% Ag and 10 wt.% MoS2 were added to the powder mixture as 

this composition was found in a previous study by the authors to lead to an optimum 

microstructure in terms of solid lubricants distribution across the coating. An iron-based 

self-lubricating claddings was also prepared for the present study, Fe – 5 Ag – 10 MoS2, 

featuring 5 wt.% silver and 10 wt.% MoS2. Additionally, a reference Fe-based cladding 

without the addition of any solid lubricant was also prepared for comparison with the 

self-lubricating claddings previously described. As seen in Table 2, both Fe-based 

claddings were harder than their nickel-based counterpart due to their martensitic 

microstructure, as shown in Figure 1c. 

 

 



Table 2: Solid lubricant content for the tested materials 

Material Solid lubricant content 

(wt.%) 

RT hardness 

[HV10] 
Ra (µm) 

  Ag MoS2     
Ni – 5 Ag – 10 MoS2 5 10 362 ± 16 0.23 ± 0.05 
Fe – 5 Ag – 10 MoS2 5 10 542 ± 30 0.18 ± 0.06 

Fe – Reference 0 0 535 ± 6 0.07 ± 0.02 
 

Sample preparation prior to testing for all of the samples included the manual grinding 

using #360 and #600 SiC abrasive paper, rotating the sample during the last step to 

prevent any directionality of the resulting surface lay. The roughness Ra was measured 

prior to testing using a Zygo New View 7300 3D optical profiler.  

The counter body samples for this study were manufactured from AISI 52100 bearing 

steel, with an as-delivered hardness of 62 to 66 HRC corresponding roughly to the 790 

and 890 HV interval. All the specimens used for the HT reciprocating tests were 

ultrasonically cleaned in petroleum ether and rinsed with acetone before and after testing.  

 

2.2.High temperature reciprocating tests 

For the first series of tests, the tribological behaviour of the claddings was studied using 

an Optimol SRV friction and wear tester, which is described in further detail in [22]. The 

upper counter body samples were pins with a diameter of 2 mm machined from AISI 

52100 bearing steel needle rollers, representing in this case the work piece in a hot 

stamping process. The pin samples were loaded against a stationary flat sample using a 

spring deflection mechanism and subsequently oscillated by means of an electromagnetic 

drive.  

The lower samples, the laser claddings in addition to the reference tool steel, were 

subsequently tested at RT, 450 and 600°C. HT tests were in particular performed 

resistively heating the lower samples, with sample surface temperatures being measured 

using a thermocouple prior to test start in order to provide an accurate temperature 

estimate. 

For this series of tests, the cladding samples were machined to a size of 12.6 x 12.6 x 4.7 

mm³. Reciprocating frequency and stroke length were adjusted to 13 Hz and 4 mm 

respectively so that the average sliding speed for all of the tests was 0.1 m/s while the 

applied load was set to 50 N, in order to reach a contact pressure of 16 MPa. These values 



were chosen as they were close to the ones quoted in the literature for press hardening 

[23–26]. The test duration was set to 900 seconds, leading to a total sliding distance of 90 

m, and in order to ensure repeatability three repetitions were performed for each condition. 

The testing parameters are summarised in Table 3. 

 
Table 3: Test parameters chosen for the HT reciprocating tests against AISI 52100 flat pins 

Test parameters  

Load [N] 50 

Sample temperatures RT, 450, 600°C 

Reciprocating frequency [Hz] 13 

Stroke length [mm] 4 

Duration [s] 900 

 

 

3. Results and discussion 

3.1.Microstructure of the self-lubricating claddings 

The microstructure of the resulting iron- and nickel-based claddings is shown in Figure 

1a-b. The presence of a dark phase across the thickness of the coating could be seen for 

both self-lubricating claddings, with bright particles could also be observed in both cases 

in connection with it. 

Further characterisation was performed on the as-deposited Fe – 5 Ag – 10 MoS2 by 

means of SEM/EDS (Figure 2). The brighter phase (spot A in Table 4) were silver 

particles, while the dark phase previously described (spot B in Table 4) had a chemical 

composition consistent with chromium sulfides, compounds forming due to the thermal 

degradation of MoS2 and other transition metal dichalcogenides taking place during laser 

cladding which are known to be effective solid lubricants at HT [21]. In particular, the 

sulfide-rich phase was able to encapsulate the silver phase, forming aggregates 

occasionally as large as 100 μm. Spot C in Table 4 corresponds to the hardfacing matrix, 

with the observed 10.0 at.% suggesting a depletion of chromium from the matrix leading 

to the formation of chromium sulfides during laser cladding. The microstructure of Ni – 

5 Ag – 10 MoS2 is described in further detail in a previous study by the authors [22]. 



 
Figure 1: Optical microscopy of the as-deposited self-lubricating claddings a) Ni-Ag-

MoS2 with b) a detail thereof, b) the reference Fe-based alloy, chemically etched to 

highlight the martensitic microstructure and d) Fe – 5 Ag – 10 MoS2 

 

 
Figure 2: a) SEM overview performed on a cross section of the Fe – 5 Ag – 10 MoS2 

self-lubricating cladding, with b) a detailed view of one of the aggregates found in the 

coating microstructure 

 

  



Table 4: Composition as measured by EDS of the spots marked in Figure 2b 

Spot 
Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag 

A       100.0 

B 6.0   54.8 37.4  1.9 

C 83.9 1.6 4.5 10.0  0.8  

 

 

3.2.High temperature reciprocating tests 

The friction results for both Fe-based claddings under reciprocating against AISI 52100 

pins tests are shown in Figure 3, Figure 4 and Figure 5 for all three temperatures (RT, 450 

and 600°C). Friction results corresponding to Ni – 5 Ag – 10 MoS2 have been included 

for comparison for both RT and 600°C, taken from [13], although the tests reported in the 

cited paper included the intermediate temperature of 400°C. It must be noted that for the 

second test series against iron-based claddings, the actual temperature on the sample 

surface, as measured by thermocouple, was found to be 450°C instead of 400°C. This has 

been attributed to the authors to changes performed in the heating system of the 

reciprocating tribometer in the time between the tests series for the Ni-based and the Fe-

based claddings.  

 

Figure 3: Friction results against AISI 52100 at RT for Ni – 5 Ag – 10 MoS2, Fe – 5 Ag 

– 10 MoS2 and Fe-Reference. Friction values for the nickel-based self-lubricating 

cladding have been taken from [13] 
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Figure 4: Friction results against AISI 52100 at 450°C for Fe – 5 Ag – 10 MoS2 and Fe-

Reference 

 

Figure 5: Friction results against AISI 52100 at 600°C for Ni – 5 Ag – 10 MoS2, Fe – 5 

Ag – 10 MoS2 and Fe-Reference. Friction values for the nickel-based self-lubricating 

cladding have been taken from [13] 

At RT (Figure 3), the iron-based self-lubricating cladding Fe – 5 Ag – 10 MoS2 

experienced a steadily increasing friction for the first 90 seconds, stabilising above 0.7 

and remaining close to 0.8 for the rest of the test duration. This behaviour was considered 

better than that of the unmodified Fe-Reference alloy, for which friction oscillated widely 

between 0.75 and 1.20 during the first half of the test, stabilising around 1.1 for the 

remaining duration. However, the nickel-based self-lubricating cladding Ni – 5 Ag – 10 

MoS2 outperformed its iron-based counterpart in terms of friction, as it remained close to 

0.5 for most of the test. 
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Increasing the temperature to 450°C led to a more stable behaviour for both Fe-based 

claddings, as seen in Figure 4. For the self-lubricating Fe – 5 Ag – 10 MoS2, friction 

increased to 0.5 in about 60 seconds and remained remarkably stable afterwards, while 

the Fe-Reference alloy experienced a frictional peak early on up to 1.0 and with a duration 

close to 30 seconds, stabilising between 0.5 and 0.6 for the rest of the test duration. It 

must be noted here that such peaks have been linked with increased running-in wear in 

the available literature [27]. As for the nickel-based cladding, similar tests performed on 

Ni – 5 Ag – 10 MoS2 at a lower temperature of 400°C showed a stable friction close to 

0.3, again lower than the Fe-based claddings. 

The maximum temperature of 600°C led to a more unstable behaviour for all of the 

claddings (Figure 5). The self-lubricating Fe – 5 Ag – 10 MoS2 experienced a friction 

close to 0.8 for most of the test duration, while the reference Fe-based alloy suffered a 

prolonged frictional spike early on, above 1.6 and with a duration close to 60 seconds. 

Although the addition of Ag and MoS2 did decrease friction for the Fe-based alloy, the 

nickel-based self-lubricating cladding Ni – 5 Ag – 10 MoS2 experienced lower friction, 

although more unstable than at lower temperatures. At 600°C, friction increased steadily 

from 0.2 early on to 0.7 by the end of the test, although still lower than the values observed 

for Fe – 5 Ag – 10 MoS2. These results suggest that besides the addition of solid lubricants 

like Ag and MoS2, some other mechanism or compound is responsible for the 

comparatively low friction of the nickel-based alloy. 

 

Figure 6: Measured wear loss for the claddings after reciprocating testing against AISI 

52100. Results for the Ni – 5 Ag – 10 MoS2 cladding have been taken from [13] 
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Wear rates for the chosen claddings after reciprocating testing are plotted in Figure 6. At 

RT, both self-lubricating claddings Fe – 5 Ag – 10 MoS2 and Ni – 5 Ag – 10 MoS2 showed 

comparatively low wear (2.1 10-5 and 2.5 10-5 mm³/Nm, respectively), almost a third of 

the wear experienced by the Fe-Reference alloy (6.8 10-5 mm³/Nm). At 450°C, the wear 

rate of the self-lubricating Fe – 5 Ag – 10 MoS2 decreased two orders of magnitude down 

to 2.1 10-7 mm³/Nm, while for Fe-Reference the process was more moderate, with a 

fivefold decrease down to 1.1 10-5 mm³/Nm. Although no tests were performed on Ni – 

5 Ag – 10 MoS2 at 450°C, previous results for a testing temperature of 400°C showed a 

cladding wear rate of 3.3 10-5 mm³/Nm, clearly higher than for its Fe-based counterparts. 

At the maximum testing temperature of 600°C, a more severe tribological behaviour 

could be observed: for Fe – 5 Ag – 10 MoS2 the observed wear increased to 1.2 10-5 

mm³/Nm, while it skyrocketed for the Fe-Reference up to 2.4 10-4 mm³/Nm, also with a 

significant scatter. Interestingly, the nickel-based Ni – 5 Ag – 10 MoS2 showed a very 

high wear (2.4 10-4 mm³/Nm), significantly higher than its iron-based self-lubricating 

counterpart.  

  
Figure 7: Measured wear loss for the AISI 52100 pins after reciprocating testing. Pin 

wear rates for the Ni – 5 Ag – 10 MoS2 cladding were measured for 400°C instead of 

the 450°C used for the Fe-based claddings 

 

The wear rates of the AISI 52100 counter bodies after reciprocating sliding are plotted in 

Figure 7. At RT, the self-lubricating Fe – 5 Ag – 10 MoS2 more than halved the wear loss 

of the bearing steel counter body compared to the iron-based reference alloy (1.9 10-5 and 

4.2 10-5 mm³/Nm, respectively). Ni – 5 Ag – 10 MoS2 led to even lower wear rates (1.2 

10-5 mm³/Nm), although with a significant scatter. Increasing the testing temperature to 



450°C led to a significantly increased damage to the counter body by both Fe-based 

cladding: 1.2 10-4 mm³/Nm for the unmodified reference, and 2.2 10-4 mm³/Nm, more 

than an order of magnitude higher than at RT. Although Ni – 5 Ag – 10 MoS2 was not 

tested at 450°C, pin wear at 400°C turned out to be negligible, in some cases even 

negative, suggesting material transfer from the cladding and with an average value of 7.0 

10-6 mm³/Nm. The maximum testing temperature of 600°C led to qualitatively similar 

values: high counter body wear for the self-lubricating Fe – 5 Ag – 10 MoS2, this time 

1.6 10-4 mm³/Nm although this time with a significant scatter, and a much lower value of 

3.5 10-5 mm³/Nm for the iron-based reference. The self-lubricating nickel-based was 

observed to outperform its Fe-based counterparts, with a clear material gain in the counter 

body which was able to prevent further damage to it. The underlying mechanism proved 

in this case to be notably effective, as low-alloyed steel grades such as AISI 52100 have 

been reported to significantly soften at temperatures above 500°C [28], losing mechanical 

strength and being susceptible to increased wear through mechanisms like abrasion. 

The wear characterisation of both the claddings and the AISI 52100 pins showed two 

different behaviours depending on the temperature range: at RT, both self-lubricating 

claddings (Fe – 5 Ag – 10 MoS2 and Ni – 5 Ag – 10 MoS2) led to lower cladding and 

counter body wear compared to the Fe-Reference alloy, which has been linked to the 

addition of solid lubricants like Ag and MoS2. However, this behaviour did not take place 

at HT: for Fe – 5 Ag – 10 MoS2 low cladding wear rates could be observed at 450°C and 

600°C coupled to large counter body material loss, while the opposite was seen for the 

nickel-based Ni – 5 Ag – 10 MoS2. Interestingly, The Fe-Reference alloy showed low 

cladding wear at 450°C linked to high counter body wear, while the opposite could be 

observed at 600°C, with no clear explanation for this behaviour. In any case, from the 

previous it can be inferred that at HT a mechanism exists that exchanges wear between 

the cladding and the counter body, with no clear role of the addition of Ag and MoS2.  



 

Figure 8: SEM imaging performed on the wear scars found on Fe-Reference samples 

after testing at RT 

In order to gain further information into the wear mechanisms affecting the tribological 

behaviour of the iron-based claddings, SEM/EDS characterisation was performed on the 

wear scars found in the coatings after testing. At RT, the Fe-Reference surface was 

irregularly covered with iron oxide, likely from the worn AISI 52100 counter body (spot 

A in Figure 8 and Table 5). In contrast, the wear scar in Fe – 5 Ag – 10 MoS2 showed a 

smoother surface (Figure 9a) with visible chromium sulfide aggregates, as in the base 

cladding. Additionally, the smearing of silver could also be seen (Figure 9a-b), suggesting 

effective lubrication by the soft metal. It is assumed that the decreased friction and wear 

of Fe – 5 Ag – 10 MoS2 compared to Fe-Reference was due to the effective lubrication at 

RT by silver and the chromium sulfides forming from the thermal degradation of MoS2. 

The maximum testing temperature of 600°C showed the onset of massive transfer of 

oxidised iron from the AISI 52100 pins to Fe – 5 Ag – 10 MoS2 (Figure 9e-f, also spot B 

in Table 5), even if wear rates at that temperature were very different for Fe-Reference 

and Fe – 5 Ag – 10 MoS2. This observation remains to be explained. 



 

Figure 9: SEM imaging performed on the wear scars found on Fe – 5 Ag – 10 MoS2 

samples after testing at a,b) RT with a detail on c,d) smeared silver particles and 

additionally at e,f) 600°C 

 

Table 5: Chemical composition as seen by EDS of the spots marked in Figure 8 and 

Figure 9 

Spot 
 Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag O 

A 74.2   3.0  0.5  22.3 

B 70.3   2.7    26.0 

 



 
Figure 10: SEM/EDS measurements on AISI 52100 pin after testing at 600°C against 

a,b) Ni – 5 Ag – 10 MoS2 and c,d) Fe – 5 Ag – 10 MoS2 

 

Table 6: Chemical composition as measured by EDS of the spots marked in Figure 10 

Spot 
 Chemical composition (at.%) 

Fe Ni Mo Cr S Si Ag O 

A 2.4 74.1  1.9 8.4 1.7  10.3 

B 10.4 70.3 2.5 2.5 4.6 2.7 0.7 6.4 

C 94.9   1.3    2.6 

D 71.3   1.5  0.7  25.7 

 

In order to obtain further information on the different wear rates observed for the AISI 

52100 counter bodies after testing, SEM/EDS analysis was performed on worn bearing 

steel pins after testing at 600°C against both self-lubricating claddings, Fe – 5 Ag – 10 

MoS2 and Ni – 5 Ag – 10 MoS2, as shown in Figure 10. Significant differences in the 

morphology and chemistry of the pin surface could be observed, even when the same 

solid lubricants had been incorporated to both laser claddings. 



After testing against the nickel-based Ni – 5 Ag – 10 MoS2, the surface of the AISI 52100 

pin was found to be relatively smooth, with small flat patches. Detailed EDS 

characterisation (Figure 10b) showed that such patches consisted mostly of transferred 

material from the Ni-based cladding (spot A in Table 6), with close to 75 at.% of nickel 

but also significant sulfur (8.4 at.%) and oxygen (10.3 at.%) contents. Interestingly, this 

transferred material could also be found in the form of rough particles covering the Fe-

based substrate (spot B in Figure 10b and Table 6), suggesting that it formed from the 

agglomeration of wear debris from the Ni-based self-lubricating cladding. After testing 

against Fe – 5 Ag – 10 MoS2 at 600°C, the worn pin surface showed abundant abrasion 

marks (Figure 10c), which have been related to the increased material loss for the AISI 

52100 pins for this series of tests. It must be reminded here that this low-alloyed steel 

experiences a significant softening above 500°C [28], making it susceptible to severe 

abrasion wear. Chemical characterisation by means of EDS was unable to identify any 

tribolayer. The pin surface consisted of bearing steel slightly oxidised (spot C in Figure 

10d and Table 6), with embedded wear debris found occasionally (spot D), although 

forming no protective tribolayer in this case. 

From the previous, it appears that the Ni/S/O layers forming on the counter bodies after 

testing against Ni – 5 Ag – 10 MoS2 are protective in nature and lead to decreased pin 

wear at HT. However, no similar process could be observed for Fe – 5 Ag – 10 MoS2, 

which is interesting as the same amount of solid lubricants was incorporated into the Fe-

based self-lubricating claddings. It is assumed that the chemistry of the base powder used 

for cladding preparation is strongly related to their tribological behaviour at HT, leading 

to improved friction and counter body wear for the nickel-based self-lubricating claddings 

compared to the iron-based ones. In any case, further research into the tribological 

behaviour of nickel-based compounds forming at HT like oxides or sulfides is 

recommended. 

 

4. Conclusions 

In particular, the following conclusions have been reached during the present study: 

� The incorporation of the solid lubricants Ag and MoS2 to the chosen Fe-based 

alloy led to decreased friction compared to the unmodified alloy, especially at RT 



� However, the nickel-based self-lubricating cladding showed lower friction than 

its iron-based counterpart through the entire temperature range chosen for testing 

(RT to 600°C) 

� In terms of cladding wear, the self-lubricating Fe – 5 Ag – 10 MoS2 outperformed 

significantly the reference alloy up to 600°C 

� The use of Fe-based claddings, regardless of solid lubricant content, led to 

significant counter body wear at HT, linked to material transfer of oxidised AISI 

52100 steel to the claddings 

� From the previous results, the self-lubricating Fe – 5 Ag – 10 MoS2 is only 

recommended for use at RT. 
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(54) Tribotechnisch vorteilhafte chalkogen- und silberhaltige Schicht zur Reibungs- und
Verschleißminimierung sowie Herstellung und Verwendung einer derartigen Schicht

(57) Die Erfindung betrifft eine schmelztechnisch
hergestellte Schicht, vorzugsweise Auftragsschicht
auf einem Substrat, welche sich durch eine Reibungs-
und Verschleißminimierung auszeichnet, und deren
Verwendung zur Beschichtung von Komponenten
eines Tribosystems lm Umgebungs- bzw.
Bauteiltemperaturbereich von -40 °C bis 1200 °C,
vorzugsweise über 400 °C, wobei die
erfindungsgemäße Schicht in der Zusammensetzung
des aufzutragenden Materials und gegebenenfalls in
der Schicht selbst u. a. Chalkogen bzw.
Chalkogenverbindungen enthält, die die Diffusion von
Silber () in der Matrix () verhindern und zu einer
technisch zufriedenstellenden, quasi homogenen
Verteilung von Silber in der Schicht führen, sodass
während der Beanspruchung eine möglichst geringe
Reibung sowie ein geringer Verschleißangriff der
derart ausgestatteten Systemkomponenten erzielt
werden.
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