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Abstract
There are many tribological interfaces that are exposed to elevated temperatures. Typical examples 
are the interfaces of various moving assemblies, for examples in aerospace industry, power 
generation and metalworking processes. The exposure of materials to elevated temperatures results 
in highly complex interfaces due to changes in morphology, microstructure and mechanical 
properties coupled with the occurrence of oxidation and diffusion. All of these changes will 
influence the tribological behaviour of materials at elevated temperatures. Another major concern 
is lubrication at elevated temperatures since conventional lubricants do not perform at 
temperatures above ~300ºC.  

High strength steels are commonly used as structural reinforcements or energy absorbing 
systems in automobile applications due to their favourable strength to weight ratios. The high 
strength of these steels leads to several problems during forming such as poor formability, 
increased spring back, and tendency to work-harden. In view of these difficulties, high strength 
steels are usually formed at elevated temperatures with a view to facilitating forming and 
simultaneous hardening by quenching of complex shaped parts. 

A review of published literature has revealed that only a few studies pertaining to high 
temperature tribology (including those of hot metalworking) have been carried out so far. The 
understanding of the high temperature tribological behaviour of high strength steels and tool steel 
pairs is also highly inadequate. The aim of this work is therefore to obtain a better understanding 
of the friction and wear mechanisms of tool steel and high strength boron steel tribological pairs at 
elevated temperatures. 

The experimental studies were carried out by using a high temperature version of the Optimol 
SRV reciprocating friction and wear test machine. The tribological studies were performed at 
temperatures ranging from 40ºC to 800ºC. The experimental materials were tool steels of three 
different alloying compositions (with and without nitriding) and high strength boron steel 
(unhardened, hardened, with and without Al-Si coating).  

The results have shown that both friction and wear of tool steel and high strength steel pairs are 
temperature dependant. An increase in temperature has resulted in lower friction for all the 
material pairs. Tool wear increased when the temperature increased from 40 to 400ºC during 
sliding against uncoated high strength steel but remained unchanged when the temperature 
increased further to 800ºC. When sliding against Al-Si coated high strength steel, tool wear 
increased with increasing temperature. Plasma nitriding of tool steels has been effective in 
reducing friction as well as in providing protection against severe adhesive wear. The Al-Si 
coating on the high strength steel has resulted in high friction at low temperatures and low friction 
at elevated temperatures. It has also shown an increased wear resistance at elevated temperatures. 
The coating undergoes significant surface morphological changes when exposed to elevated 
temperatures which are likely to influence its tribological behaviour. Hardening of the high 
strength steel has resulted in decreased friction at all temperatures. It led to higher tool wear at low 
temperatures and lower tool wear at elevated temperatures.  
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Chapter 1 

Introduction
Tribology is something that affects and is part of our daily life. Some typical tribology examples 
are: the friction between the sole of your shoe and the ground which has to be high enough to 
make sure that you do not slip. The squeaking noise from hinges which originates from the 
difference in static and dynamic friction (known as the stick-slip phenomena) or worn out hip 
joints. All of these are common examples of where tribology plays an important role even though 
we may not think of it as tribology. This chapter contains a background to tribology along with a 
literature survey on high temperature tribology and tribology of high strength steels. 

1.1 Tribology 
Tribology is the science and technology of friction, wear and lubrication or the interaction between 
two surfaces in relative motion. The word tribology comes from the Greek word tribos which 
means “to rub”. The term tribology was established in the Jost report from 1966 which was 
published by the UK Department of Education and Science. The committee, led by Peter Jost, was 
given the task of highlighting the need for more education and research within the field of 
lubrication. The report resulted in the establishment of a new interdisciplinary field which was 
termed “tribology”. The Jost report concluded that approximately 1% of the gross national product 
of the UK could be saved through decreased friction and reduced wear. This has also been 
estimated for other countries and some even suggest the possibility for larger savings today.  
Historically it can be found that even the ancient Egyptians possessed some knowledge about 
tribology even though they did not use that term. Illustrations from around 2500 B.C. show how 
the sleds that were used for transporting the boulders, used to build the pyramids, were lubricated. 
The lubricant was probably milk or a water/oil mixture to reduce the friction. Leonardo da Vinci 
performed his friction experiments in the 1490’s and showed that friction was dependant on the 
normal load but not on the contact area. Other scientists who made contributions to the field of 
friction research are Coulomb, Euler and Amonton. More than two hundred years after da Vinci 
made his discoveries, Amonton was able to define the mathematical correlation between the 
friction force and normal load as: 

N

f

F
F

 is the friction force and Fwhere Ff N is the normal load. This is what we today call the law of 
friction or Amonton’s law. In most applications the aim is to minimise friction in order to reduce 
energy consumption and improve efficiency. This is, however, not the case in all applications. In 
some cases it can be desirable to have high friction, for example between the sole of a shoe and the 
ground or between the brake pad and disc. In other cases it can also be important to control friction 
at an optimum level for the system to function properly. One example is metalworking by rolling 
where friction between the rolls and the workpiece should be high enough to allow the workpiece 



2

to be drawn into the gap between the rolls but still not too high as this will affect the energy 
consumption and increase the forces on the rolls. 

The second part of tribology, wear, can be defined as the loss of material from a tribological 
surface. However, this does not mean that material is lost from the tribo-system since material can 
be transferred from one surface to another. In most cases wear is detrimental for a system and will 
reduce its efficiency or even lead to complete failure. In such cases the goal is to minimise wear by 
proper selection of materials, lubricants and operating conditions. In some systems, there can be 
components that are designed to wear e.g. a brake pad. There are several different wear 
mechanisms that can occur either alone or, more commonly, simultaneously. Examples of wear 
mechanisms are adhesive, abrasive, fretting, surface fatigue and tribochemical wear. 

Finally, the third part of tribology is lubrication, a method to reduce friction and wear between 
two moving surfaces. This is achieved by introducing an easily sheared material (liquid, solid or 
gas) between the two surfaces. During the industrial revolution, when machines became more and 
more complicated with better performance, the need for efficient lubrication increased 
tremendously. For example during the development and spread of the railways, the lubrication of 
the wheel shaft journal bearings was studied by Nicolai Petrov in Russia and Beauchamp Tower in 
the UK. In 1883 they published, independently of each other, the results from their studies on 
bearing lubrication and concluded that under good lubricating conditions the shaft can be separated 
from the bearing by a lubricating film. In 1886, on the basis of Towers experimental data, Sir 
Osborne Reynolds published the equation for the pressure distribution in lubricated bearings. This 
is the equation known as the Reynolds equation which is widely used. A lubricated contact can be 
characterised by different lubrication regimes which depend on the operating conditions such as 
the viscosity of the lubricant, the sliding speed and normal load. The lubrication regime is usually 
determined by using the Stribeck curve which is schematically shown in Figure 1. There are three 
lubrication regimes; boundary lubrication (BL) where the load is carried by the asperities and 
friction is governed by the surface films that are formed. In mixed lubrication (ML) a 
hydrodynamic pressure starts to build up and the load is partially carried by the oil film. In full 
film lubrication (FL) the two surfaces are completely separated and the entire load is carried by the 
lubricant film. 
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Figure 1. Schematic Stribeck curve.  

As previously mentioned, lubricants can be in the liquid form, which usually is an oil (mineral 
or synthetic) that contains different additives which are added to the base oil to improve certain 
properties such as load carrying capacity, viscosity or oxidation behaviour. The lubricant can also 
be a solid material with a lamellar structure that allows easy shearing e.g. graphite, molybdenum 
disulphide or boric acid. Today’s advanced surface engineering technologies allow for preparation 
of multilayer surface coatings with built in layers with friction reducing properties. 

In today’s tribology research, four aims can be identified as the main goals for research in the 
field. These are: improved quality in terms of performance and life; raw material savings; energy 
savings; and economical savings.  

1.2 High temperature tribology 
High temperature tribology is an interesting and challenging area which deserves more attention 
than it has previously been given. There are many technological applications that operate at 
elevated temperatures. Examples of such applications can be found in aerospace, power 
generation, material processing and metalworking industries.  

Tribological contacts that operate at elevated temperatures (typically above 300ºC) can not be 
lubricated by conventional means, i.e. liquid lubricants, since they will rapidly decompose and 
deteriorate. Thus, other types of lubricants must be used such as lamellar structured solid 
lubricants (e.g. graphite and molybdenum disulphide), self-lubricating surface coatings or even 
making use of the tribochemical layers (oxides etc.) formed during operation if their properties are 
beneficial. It is however important to keep in mind that not all in-situ formed layers have 
favourable properties. As shown schematically in Figure 2, the layers can be hard and brittle, 
which can lead to increased friction and wear, or they can be softer and lubricious and thus protect 
the substrate surface and reduce friction. The types of oxides that are formed depend on many 
different parameters such as load, sliding velocity, ambient temperature and atmosphere.  
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The alloying constituents will also affect the oxides that are formed during sliding and thus 
influence the tribological behaviour. Iron and mild steels will form different oxides depending on 
the temperature to which they are exposed [1,2]. Up to 570ºC the oxide will consist of an outer 
layer of Fe2O3 (haematite) and an inner layer of Fe3O4 (magnetite). These layers provide good 
protection against further oxidation by inhibiting inward diffusion of oxygen ions and outward 
diffusion of iron ions. Above 570ºC the third iron oxide, FeO (wüstite), forms at the metal/Fe3O4
interface and the oxidation rate increases due to the higher defect concentration of this layer. This 
is why alloys for high temperature applications are often designed to form a slow-growing barrier 
layer at the base of the oxide scale. For example the formation of a Cr O2 3 layer in a Ni-20wt%Cr 
alloy. 

Figure 2. Schematic showing different types of tribochemical layers 

It is known that most metals are thermodynamically unstable in air and will react with oxygen 
to form oxide layers on the surface. During sliding at elevated temperatures, the generated wear 
debris can consist of oxidised and partially oxidised particles that, according to Stott [2], can 
influence the wear behaviour in different ways. These debris can be removed from the sliding 
contact. These may also be retained or entrapped at the interface and cause two- or three-body 
abrasive wear. The retained debris may form compacted layers and provide protection against 
wear. At higher ambient temperatures there is also a possibility of formation of hard oxide layers, 
or ‘glazes’, through compaction and sintering of the wear debris. Even though the formation of 
such layers has been extensively studied it is difficult to predict under which conditions these 
layers are formed. Inman et al. [3] has studied the micro and nano-structure of these layers with a 
view to gain more knowledge about the mechanisms governing ‘glaze’ layer formation. They 
concluded that the improved wear resistance was due to the absence of softening and improved 
fracture toughness of the surface. The high temperature wear behaviour of 316 stainless steel was 
investigated by Smith [4]. He found that the wear rate at temperatures above 300ºC was lower 
compared to that at lower temperatures and possibly caused by re-incorporation of wear debris into 
the wear scar. Glascott et al. [5] investigated the effectiveness of oxide layers in reducing wear at 
elevated temperatures under reciprocating sliding conditions. They concluded that the oxide wear 
debris are produced by either a transient oxidation process (oxidation, removal of the oxide at the 
next transversal and reoxidation) or by formation, fracture, comminution and oxidation of metal 
debris particles. The layers formed at temperatures below 300ºC were found to be unstable and 
broke down rapidly. The layers formed at higher temperatures were more resilient and provided 
lower friction and wear rates. Fontalvo et al. [6] investigated the influence of aluminium and 
silicon on the oxidation and wear of hot work steels. They concluded that friction was not affected 
by the presence of aluminium and silicon but the wear resistance was decreased due to a reduction 
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of the oxide film thickness. Other parameters will also influence the tribological behaviour at 
elevated temperatures. Stott et al. [7] looked into the effects of load and hardness on the 
development and maintenance of wear protective layers. They found that at lower loads, the wear 
protective layers developed were able to persist for a longer duration than at higher loads. The 
softer substrates were better at forming wear protective layers since they developed deeper grooves 
that facilitated entrapment of the wear debris.   

1.3 Metal working tribology 
There have been many earlier studies pertaining to different tribological aspects of metal forming 
and only a few of them are mentioned here. Alinger et al. [8,9] studied the evolution of tribological 
characteristics for several forming die materials. They found that tungsten carbide performed best 
regarding both the evolution of friction as well as wear. A study on the frictional behaviour of 
electron beam-textured steel sheets was conducted by Wihlborg et al. [10]. They reported that 
surface topography is a significant factor in determining frictional behaviour in the mixed 
lubrication regime. Schedin [11] reviewed some important observations regarding the initiation of 
galling for various combinations of tool and sheet materials and concluded that tool surface defects 
are initiation sites for material transfer leading to build-up of material at these sites. The initiation 
of galling at these defect sites seems to be independent of material combination. Fontalvo et al. 
[12] looked at the microstructural aspects in the context of adhesive wear of tool steels. They 
found that the carbide content and the distance between carbides are the main controlling 
parameters in determining adhesive wear of tool steels.  

The work pertaining to hot metal forming reported in open literature is rather limited as 
compared to that for low temperature forming operations. There are several new problems that are 
encountered at elevated temperatures such as thermal fatigue, oxidation etc. An investigation by 
Pellizzari et al. [13] into the tribology of hot rolling operations indicated that wear in the rolls 
mainly occurred due to abrasion and oxidation and that the hot hardness was an important 
parameter. In his review, Beynon [14] stated that several aspects of hot metal forming tribology 
are poorly understood and further research both through laboratory experimentation as well as 
computer simulations is necessary to enhance our knowledge within this field. In metal forming it 
is of great interest to extend the life of the tools and still maintain the quality of the surface. This 
should also be done while keeping the economic aspect in mind. Several compositions of tool 
steels for hot metal forming applications have been developed recently. The cost of these tool 
steels varies considerably but there are very few published results regarding their tribological 
performance. There are also many different ways to improve the life of the tool (hardening and/or 
surface treatments/coatings). Several new surface treatments and surface coatings have emerged in 
the recent past but very few results regarding their tribological behaviour at elevated temperatures 
are available in the open literature. 

1.4 Tribology of high strength steels 
The increased usage of high strength steels (HSS) began in the 1970’s during the oil crisis when 
the automobile industry realised the need to develop lighter and fuel efficient vehicles. The 
emphasis on passenger safety has also contributed to a significant increase in the usage of high 
strength steels (HSS) in automobile applications due to their high strength-to-weight ratio [15]. 
The most common applications for high strength steels in vehicles are in structural reinforcements 
and energy absorbing systems. High strength steels are also employed in several other applications 
such as agricultural implements and mining equipments prone to high wear.  
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One of the major problems associated with manufacturing HSS components is their high 
strength which creates problems during metal forming. Many components, especially in the 
automotive industry, usually have complex geometries and are manufactured from sheet metal by 
means of various metal forming processes. There are however some problems during forming of 
these steels owing to their poor formability, increased spring back and their tendency to work-
harden. The forming of high strength steel components is therefore done at elevated temperatures 
with a view to facilitate forming of complex shaped components and to improve the mechanical 
properties through hardening. The hot metal forming of high strength steels also leads to several 
problems such as oxidation of tool and workpiece surfaces, increased wear of the tools and scaling 
of the work piece. The high strength steel sheets are in some instances used with an Al-Si coating 
in order to prevent scaling of the components during hot metal forming. Apart from this prevention 
of scaling, the Al-Si coating of the HSS sheets is expected to reduce tool wear and prevent 
decarburisation of the work piece [16]. Very few studies into the tribological behaviour of high 
strength steels are available in the open literature. Skåre et al. [17] has looked at the friction and 
wear behaviour of high strength steel by the acoustic emission technique. They concluded that the 
surface quality of the tool is important and that it is possible to use uncoated hardened tools if a 
good surface of the tool is maintained. They also found that hot-dip galvanised high strength steel 
sheets induced less wear on the tools compared to untreated high strength steel.  

The present applications for high strength steels are mostly as stationary parts. However, there 
is an emerging interest to utilise these materials in dynamic applications with high power density. 
A careful survey of the literature revealed that there are hardly any published results pertaining to 
the tribological properties of these materials available in the open literature. It is therefore 
necessary to investigate the friction and wear characteristics of these high strength steels with a 
view to exploiting the useful properties of this interesting category of materials for utilisation in 
various tribological applications.  

1.5 Existing gaps in present research 
It is evident from the literature survey on high temperature tribology in general and hot 
metalworking in particular, as well as the tribological behaviour of high strength steels, that there 
are several aspects that need to be investigated further. In the field of high temperature tribology 
for high strength steels there are still insufficient explanations regarding the mechanisms 
governing friction and wear behaviour. This is also the case in general for tribological interfaces 
that are exposed to elevated temperatures. Another aspect that needs to be investigated further is to 
identify the conditions and material pairs which facilitate the formation of certain surface layers 
that provide desirable optimal friction and low wear. 
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Chapter 2 

Objectives
The main objectives of this thesis are: 

- to experimentally investigate the high temperature friction and wear behaviour of different 
tool steels during sliding against high strength boron steel 

- to obtain a better understanding about the mechanisms that govern the friction and wear 
behaviour of tool steels and high strength boron steel at elevated temperatures 

This work includes studies on untreated and plasma nitrided tool steels sliding against high 
strength boron steel with and without an Al-Si coating. 

A better understanding and improved knowledge of the high temperature tribological 
behaviour of these materials will enable in proper selection of materials, surface treatments and 
coatings. These results will also be useful in computer simulations of hot metalforming processes 
where high temperature friction is an important parameter. Presently, the data pertaining to high 
temperature friction and wear characteristics in open literature is scarce. 
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Chapter 3 

Experimental approach 
The experimental studies performed in the appended papers A, B and C have all been carried out 
by using standard tribological test equipment. This is done with a view to evaluating the materials 
under controlled conditions and to investigate the possibility to develop a laboratory screening 
method for evaluation of materials at elevated temperatures. It is also pertinent to mention here 
that no attempt is made to simulate any metalworking process with this test method. Rather it is a 
systematic approach to characterise the tribological behaviour of different materials at elevated 
temperatures and a suitable way to study the mechanisms governing friction and wear under 
controlled and reproducible conditions.  

3.1 Experimental materials and test specimens  
The studies presented in this thesis involved three different compositions of tool steels denoted as: 
Tool steel 1 (TS1); Tool steel 2 (TS2); and Tool steel 3 (TS3). The tool steels have been studied in 
untreated as well as nitrided conditions. TS1 and TS2 were used in their as-delivered condition 
whereas TS3 was hardened prior to testing or nitriding in accordance with the manufacturer’s 
recommendations. In the case of surface treated tool steels, the pin specimens were nitrided 
through a patented process known as Corr-I-Dur® which is a combination of various thermo-
chemical process steps involving plasma nitriding, gas nitro-carburizing and oxidation. The depth 
of the nitrided layers was between 0.25 – 0.3 mm and the duration of the process was 240 minutes. 
The tool steel specimens were the upper specimens in the tests and in the shape of pins (Ø10 mm x 
10 mm long) with one end spherical. The lower specimens were flat discs (Ø24 mm x 7.9 mm 
thick) and made from uncoated and Al-Si coated high strength boron steels, see Figure 3 for 
schematic of the specimens. 

Upper tool steel pin specimen 

Lower high strength boron 
steel disc specimen 

Figure 3. Schematic of the test specimens used in these studies 

The Al-Si coated high strength boron steel is a commercially available material (Usibor 1500) 
and was tested in the as-delivered condition. Both the uncoated and the Al-Si coated high strength 
steels were also studied in the hardened condition. The hardening was achieved by heating the 
specimens to 920ºC and retaining them at that temperature for 12 minutes in the case of uncoated 
high strength steel and 8 minutes for the Al-Si coated high strength steel. The difference in time 
was due to different thickness of the two materials. After retention at 920ºC, the specimens were 
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subsequently quenched in water to obtain a fully martensitic structure. The composition and 
hardness values of the studied materials are given in Table 1.

The upper specimen is mounted with the spherical end in contact with the flat disc specimen. 
This results in a point contact configuration and enables application of the high contact pressures 
typically encountered in metal forming applications. 

Table 1. Composition (wt%) and hardness values of the materials employed in these studies. Fe 
makes up the balance 

Material C Mn Cr Si B P S Ni Mo V HV300g

Boron steel 0.2-
0.25 

1.0-
1.3 

0.14-
0.26 

0.2-
0.35 

0.005 >0.03 >0.01 - - - 234

Hardened
boron steel 

0.2-
0.25 

1.0-
1.3 

0.14-
0.26 

0.2-
0.35 

0.005 >0.03 >0.01 - - - 540

Coated boron 
steel

0.25 1.4 0.3 0.35 0.005 - - - - 85a

Hardened
coated boron 
steel

0.25 1.4 0.3 0.35 0.005 - - - - 1184a

Tool steel 1 
(Nitrided) 

0.37 1.4 2.0 0.3 - - - 1.0 0.2 559

Tool steel 1 
(Untreated) 

0.37 1.4 2.0 0.3 - - - 1.0 0.2 389

Tool steel 2 
(Nitrided) 

0.31 0.9 1.35 0.6 - 100
ppm 

40 ppm 0.7 0.8 0.145 794

Tool steel 2 
(Untreated) 

0.31 0.9 1.35 0.6 - 100
ppm 

40 ppm 0.7 0.8 0.145 512

Tool steel 3 
(Nitrided) 

0.39 0.4 5.2 1.0 - - - - 1.4 0.9 634

Tool steel 3 
(Untreated) 

0.39 0.4 5.2 1.0 - - - - 1.4 0.9 558

aHardness value is for the coating 

3.2 Test setup
The test equipment utilised in the tribological studies at elevated temperatures was a high 
temperature version of the Optimol SRV (Schwingung, Reibung, Verschlei ) reciprocating friction 
and wear tester. This machine utilises an electromagnetic drive to oscillate an upper specimen 
against a stationary lower specimen. Figure 4 shows the test chamber and the placement of the 
specimens. The upper specimen is loaded against the lower by means of a spring and servomotor 
arrangement. The friction force is measured by two piezoelectric force transducers mounted at the 
base of the lower specimen holder. The lower specimen can be heated to a temperature of 900ºC 
by a heating cartridge positioned under the specimen. A computerised control and data acquisition 
system enables accurate control and recording of load, temperature, frequency, stroke length, 
friction force and duration.  
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Upper specimen Upper specimen holder 

Lower specimen holder 
and cartridge heater 

Lower specimen 

Figure 4. Test chamber of the Optimol SRV reciprocating friction and wear tester 

3.3 Test parameters 
The test parameters chosen for these studies e.g.; sliding speed, load and temperatures were 
selected based on the values encountered in typical hot metal forming processes. The test 
parameters employed in the studies in the appended papers are given in Tables 2 – 4 respectively.  

Table 2. Test parameters employed in the studies in paper A 
Test parameters Value
Load 20 N
Temperature 500, 600 and 800ºC 
Stroke length 2 mm 
Frequency 50 Hz 
Duration 15 min 

Table 3. Test parameters employed in the studies in paper B 
Test parameters Value
Load 50 N (800ºC tests) 
Temperature 40, 400 and 800ºC 
Temperature ramp 400C to 800ºC 
Stroke length 1 mm (2 mm in 800ºC tests) 
Frequency 50 Hz 
Duration 20 min (15 min in 800ºC tests) 
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Table 4. Test parameters employed in the studies in paper C 
Test parameters Value
Load 50 N
Temperature 40, 400 and 800ºC 
Stroke length 1 mm 
Frequency 50 Hz 
Duration 20 min 

3.4 Test procedure 
To ensure good repeatability of the tests and minimise the sources of error, a well designed test 
procedure was utilised. All test specimens and holders where cleaned, using an ultrasonic cleaner, 
in petroleum spirit. The specimens were then rinsed with ethanol and dried in air. All specimens 
were then weighed by using a semi-micro electronic weighing balance. Each test specimen was 
weighed at least three times and an average mass was calculated. In all tests, except for the 
temperature ramp tests, the heating of the lower specimen was done while the specimens were still 
separated. When the desired temperature of the work piece specimen was reached the upper tool 
specimen was brought in contact and loaded against the lower specimen and the test was started. A 
schematic of the test sequence is shown in Figure 5. Upon completion of the test the specimens 
were allowed to cool to room temperature after which the same cleaning procedure, as previously 
described, was conducted. The specimens were then weighed and the weight loss was calculated.  

FN FN

Figure 5. Schematic showing the orientation of the test specimens and the execution of the test 
sequence. FN  is the normal load and FR is the applied oscillating force 

3.5 Surface analysis 
In order to measure the surface topography of the test specimens a Wyko 1100NT 3D optical 
surface profiler was used. This equipment utilises interferometry to measure the height of each 
point, within a given area, with a height resolution of 0.1 nm. This data is then used to create a 3D 
topographical image of the surface.  

The surface morphology of the test specimens and the type of wear mechanism(s) that are 
present were studied by using scanning electron microscopy (SEM) incorporating energy 
dispersive spectroscopy (EDS) technique.  

Heat Test start 

FR
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Chapter 4 

Results and Discussion 
This chapter summarises the salient findings from the appended papers A, B and C. The results 
presented here are only a selection and the detailed results are available in the appended papers.  

4.1 Surface morphological changes 
Al-Si coated high strength boron steel 

The SEM/EDS analysis of the unworn surfaces of Al-Si coated high strength steel specimens 
exposed to temperatures of 40ºC, 400ºC and 800ºC respectively revealed some interesting surface 
morphological changes. The SEM micrographs revealed that the unworn surfaces of test 
specimens exposed to 40ºC and 400ºC are quite smooth and homogenous showing only some 
machining marks, Figure 6 (a) and (b). In marked contrast, the surface morphology of unworn test 
specimens exposed to 800ºC is quite different and the surface structure is characterised by the 
presence of randomly spaced nodule-like features of size 10-20 μm. These nodule-like features are 
mainly composed of Al-Si. The remainder of the surface showed signs of the presence of Fe and O 
as revealed by the EDS analysis. It seems that exposure of Al-Si coated steel to a temperature of 
800ºC results in these changes in the surface structure as a result of diffusion of Al-Si into the high 
strength steel substrate.  Difference in surface morphology has also been observed between 
specimens exposed to different heating rates and temperatures, Figure 6 (d) – (e). The hardened 
Al-Si coated high strength steel has a smoother surface compared to the unhardened. This 
difference originates from how the specimens have been heated. The hardened disc has been 
heated to 920ºC, kept at that temperature for 8 minutes and subsequently quenched. The 
unhardened disc has been heated to 800ºC at a different heating rate which can cause the observed 
morphological change. 

Suehiro et al. [16] have also reported changes in surface and near surface composition of Al-Si 
coated steel due to exposure to elevated temperatures.  It is felt that the surface morphological 
changes may influence the friction and wear behaviour of tool steel/Al-Si coated high strength 
steel tribological pairs during sliding at elevated temperatures. 
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Figure 6. SEM micrographs of unworn Al-Si coated high strength steel after exposure to (a) 40ºC, 
(b) 400ºC, (c) 800ºC and of hardened (at 920ºC) Al-Si coated high strength steel after exposure to 

(d) 40ºC, (e) 400ºC and (f) 800 ºC 

4.2 Friction results 
High strength boron steel – tool steel 

The tribological studies performed at elevated temperatures have shown that friction between high 
strength boron steel and tool steel is temperature dependant. The observed trend is for decreasing 
frict

riction showed a similar behaviour 
as compared to that at 40ºC. However, a continuous decrease was then observed possibly owing to 
formation and compaction of oxidised wear debris. At the highest temperature of 800ºC friction 
was initially the lowest but exhibited some large fluctuations that ended with increasing friction 
towards the end of the test.  

For comparison, tests with untreated tool steels were also conducted and they generally 
resulted in higher friction compared to that involving the plasma nitrided tool steels. As an 
illustration, Figure 8 shows the frictional behaviour for plasma nitrided TS1 and untreated TS1 at 
500ºC. It can be noted here that the initial behaviour differs slightly between the two tribo-pairs. 
The plasma nitrided tool steel has an initial increase followed by a decrease whereas the untreated 
has the opposite behaviour. This might originate from the fact that the hardness of the nitrided 
specimen is higher and also affected less, i.e. less softening, by the higher temperature and 
therefore induces more ploughing in the softer counter-surface resulting in higher friction. The 
untreated tool steel experienced seizure quite rapidly due to more severe adhesion. The reduction 
of adhesion and severe wear of nitrided steels has also been reported by other authors [18,19]. 

ion with increasing temperature. Typical frictional behaviour is shown in Figure 7. This 
particular tribo-pair was plasma nitrided TS1 and high strength steel (HSS) at three different 
temperatures. As seen, friction at 40ºC was initially very high and continued to increase until 
seizure occurred after one third of the duration. SEM images showed signs of severe adhesion 
which correlates to the observed friction. At 400ºC the initial f
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Figure 7. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and high 
ºC and 800 ºC (Load: 50 N; Stroke: strength steel at 40ºC, 400 1 mm; Frequency: 50 Hz) 
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Figure 8. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and high 
strength steel at 500 ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz) 

The frictional behaviour, at all temperatures, of plasma nitrided tool steel and high strength 
steel is also affected by hardening of the high strength steel. Figure 9 show the friction results from 
tests at 40, 400 and 800ºC on plasma nitrided TS1 and hardened high strength steel (hHSS). It can 
be seen that the initial friction at 40ºC is similar to that in Figure 7 but seizure does not occur in 
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the hardened case. The absence of seizure in the hardened case can be due to formation of 
compacted oxide layers as revealed by the SEM analysis. At 400ºC the friction is also similar 
between the hardened and unhardened high strength steel but the hardened case shows lower and 
steadier friction. The compacted layers appeared smoother in the hardened case thereby explaining 
the occurrence of lower friction. The largest difference was observed at 800ºC where the hardened 
high strength steel shows much lower initial friction which is followed by a gradual and 
continuous increase during the test.  
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Figure 9. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and hardened 
high strength steel at 40ºC, 400ºC and 800 ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz) 

Al-Si coated high strength boron steel – tool steel 

The tribo-pair involving Al-Si coated high strength boron steel (cHSS) and tool steel has shown 
similar frictional behaviour, i.e. decreasing friction with increasing temperature, although 
frictional behaviour at each temperature differs from that obtained with the uncoated high strength 
steel. Figure 10 shows the frictional behaviour for TS1 and Al-Si coated high strength steel at 
different temperatures. At low temperatures the friction increased very rapidly to a high level and 
levelled out. The high friction can be explained by severe adhesion and material transfer from the 
disc surface, i.e. from the Al-Si coated high strength steel to the pin surface as revealed by the 
SEM/EDS analysis. Towards the end of the test at 40ºC, the friction plot appears very flat which 
can possibly be caused by measured fiction values close to the cut off value of the test equipment, 
i.e. the maximum allowable value. At an intermediate temperature of 400ºC, frictio owed an 
initial d er 
of s 
the end of the d to those at 
40º

n sh
rop followed by an increase and, from there, decreasing friction throughout the remaind

 the test. All the different tool steel specimens approached the same friction value of 0.8 toward
 tests at 400ºC. At 400ºC, the friction coefficients are lower as compare

C. The decrease in friction with time during the tests at 400ºC may be attributed to running-in 
effects and formation of compacted oxide layers on the Al-Si coated steel surface. The friction 
behaviour at 800ºC is quite different from that previously observed. An initial peak at ~1.1 is 
followed by a quick drop to values around 0.75 which is the lowest of the values across the 
different temperatures. Some factors influencing the frictional behaviour at 800ºC are 
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accumulation and compaction of wear debris in the contact along with the formation of some Fe-
Al-Si intermetallic phase on the Al-Si coated steel at elevated temperatures due to diffusion 
coupled with material transfer of different chemical compositions from the tool steels. 
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Figure 10. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and Al-Si 
coated high strength steel at 40ºC, 400ºC and 800 ºC (Load: 50 N; Stroke: 1 mm; Frequency: 

50 Hz) 

in
d frictional behaviour corresponds well to the 

Some temperature ramp tests have also been performed on the Al-Si coated high strength steel 
with a view to study the frictional behaviour of these tribo-pairs over a larger temperature interval 

 one test. In these tests the temperature was initially set at 40ºC and was then continuously 
increased to 800ºC during the test. The observe
individual results from the constant temperature tests. Temperature ramp tests were also performed 
with untreated tool steel specimens. The results showed similar behaviour as for the plasma 
nitrided tool steels but the overall friction level was higher. 

The hardening of Al-Si coated high strength steel also affects the frictional behaviour. As seen 
in Figure 11, the friction of tool steel 1 and hardened Al-Si coated high strength steel (hcHSS) at 
40ºC is similar to the unhardened case but in this case the initial increase is slower and the steady 
state value is reached ~400s later than in the unhardened case. This can be caused by less initial 
adhesion in the hardened case due to the harder surface layer. The friction plot at 40ºC shows a 
similar flattened appearance as in the unhardened case. Again, this is most likely caused by high 
measured friction values close to the cut off value of the test equipment.  Friction at 400ºC is lower 
in the hardened case, possibly caused by less adhesion and differences in the initial surface 
composition and morphology of the Al-Si coated high strength steel. At 800ºC the friction is very 
similar after ~200s when comparing the unhardened and hardened cases. This can be attributed to 
the formation of similar surface layers which was confirmed by EDS analysis. The initial 
differences in friction are possibly due to the difference in the initial surface composition and 
morphology of the Al-Si coated high strength steel. 
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Figure 11. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and 
hardened Al-Si coated high strength steel at 40ºC, 400ºC and 800 ºC (Load: 50 N; St : 1 mm; 

Frequency: 50 Hz) 

4.3 Wear results 

roke

The wear results obtained during this work are presented in terms of specific wear rate which is 
calculated as follows: 

sF
VratewearSpecific
N

   (1) 

whe 3re V is the volume worn away in [mm ], FN is the normal load in [N] and s is the total sliding 
distance in [mm].  

In tribological tests at elevated temperatures, the oxidation of test specimens plays an 
important role in determining their friction and wear behaviour. In order to account for oxidation 
in the wear results at the highest temperature, a stationary oxidation test was conducted. This was 
performed using the same equipment as in the tests. The lower specimen was heated to 800ºC and 
maintained at this temperature in contact with the upper specimen for the same duration as in the 
tribological tests. The oxidation was then quantified by weighing the specimens after the test. It 
was found that the change in mass due to oxidation was negligible on the tool steel specimens 
possibly owing to a small surface area. The work piece specimens on the other hand experienced a 
weight gain. This value was then subtracted from the wear values obtained in the tests at 800ºC. 

High strength boron steel – tool steel 

The wear behaviour of plasma nitrided tool steel sliding against high strength steel is temperature 
dependant. An increase in temperature from 40ºC to 400ºC resulted in an increase in tool steel 



19

wear although a further increase to 800ºC did not affect the wear, as can be seen from Figure 12.
The increase in tool wear from 40 to 400ºC can possibly be due to increased softening and 
adhesion of the tool steel at elevated temperature. Wear of the high strength steel decreased when 
the temperature was increased from 40ºC to 400ºC owing to oxidation, compaction and sintering 
of wear debris due to the higher temperature, as confirmed by SEM/EDS analysis. These layers 
formed on the surfaces at elevated temperatures are known to increase the wear resistance, as has 
been previously reported by several authors [2-5,20].  
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The wear behaviour of plasma di de h 
steel, Figure 13, was very similar to that in the tests with unhardened high strength steel. The wear 

nd less adhesion. At 400ºC wear was found to be higher for 
the

Figure 12. Specific w

nitrided tool steel when sli ng against har ned high strengt

of the hardened high strength steel itself was however different from the unhardened steel. At 
40ºC, the wear in the hardened case was lower which can be attributed to the formation of 
compacted layers on both surfaces a

 hardened high strength steel than for the unhardened. At 800ºC, wear was lower in the 
hardened case. The wear behaviour as a function of temperature for hardened and unhardened high 
strength steel is however very similar although the wear rates differ.  
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Figure 13. Specific wear rates for plasma nitrided tool steel 1 and hardened high strength steel at 
40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min) 

Al-Si coated high strength boron steel – tool steel 

The wear behaviour of the different tool steels during sliding against Al-Si coated high strength 
steel was very similar at the same temperature implying little influence of the composition on the 
wear characteristics. The wear results from TS1 and Al-Si coated high strength steel are given in 
Fi s 
when t  to the 
fac

gure 14. It is seen that the wear of the tool steel is very low at low temperatures and increase
he temperature is increased. The low wear of the tool steel at 40ºC may be attributed

t that Al-Si alloys are known to form compacted surface layers during sliding as reported earlier 
[21, 22]. These layers are of a protective nature and enhance the wear resistance of the material. 
The governing wear mechanism at 400ºC appears to be mainly adhesive accompanied by some 
abrading action of oxidised wear debris as can be seen from some scoring marks on the tool steel 
pin specimen surface. The wear mechanism at 800ºC is predominantly adhesive. There are also 
signs of compaction of oxidised wear debris on the worn surfaces of the tool steel pin. All tool 
steel pin specimens are characterised by scoring marks which may result from the abrading action 
of hard oxidised wear particles. 
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Figure 14. Specific wear rates for plasma nitrided tool steel 1 and Al-Si coated high strength steel 
t 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min)a

he wear of the Al-Si coated high strength steel decreases as the temperature is increased from 
cimen at 400ºC seems to be mainly confined to 

ned wear debris indicated the presence of Al 

y Zhu et al. [23] who found that the wear and friction of these 
layers decreased with increasing temperature. 

In the tests involving hardened Al-Si coated high strength steel, the tool steel wear increased at 
40ºC, Figure 15, possibly owing to the hard counter surface of the hardened Al-Si coated high 
strength steel which has a hardness of over 1200 HV25 after hardening. This increase in hardness 
can be attributed to the formation of a Fe-Al-Si intermetallic when the Al-Si coated surface is 
exposed to elevated temperatures. Another factor, contributing to increased tool wear in the 
hardened case at 40ºC, is the reduced formation of wear protective layers. The tool wear increased 
with temperature but the wear rates were lower compared to the unhardened Al-Si coated high 
strength steel. At 40ºC and 400ºC, the wear of the hardened Al-Si coated steel decreased compared 
to the unhardened which can be attributed to lower adhesion and differences in initial surface 

T
40ºC to 400ºC. Wear of the Al-Si coated disc spe
the coating since an EDS analysis of some of the retai
and Si only. A further increase of the temperature to 800ºC resulted in an increase in wear of the 
tool steel whereas wear of the Al-Si coated high strength steel remained unchanged. The features 
of the worn surface of the disc reveal that sliding occurs on several small plastically deformed 
plateaus. Also, as observed during the experiments, the valleys are filled with retained wear debris 
during sliding. This can be supported by the fact that there is a substantial amount of wear debris 
accumulated in the contact during sliding and that retained wear debris in the valleys is also 
observed in the SEM micrographs. On the disc specimens from tests with tool steels 1 and 3 there 
are some signs of larger grooves, possibly due to abrasion from larger, hard, oxidised wear 
particles. A possible explanation for the drastic decrease in wear of the Al-Si coated high strength 
steel is the formation of a Fe-Al-Si layer during heating. The higher concentration of Fe on the 
disc surface after exposure to 800ºC also suggests the formation of such a phase. The occurrence 
of such a formation has also been reported by Suehiro et al. [16]. The characteristics of such Fe-Al 
layers have been investigated b
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composition and morphology. At 800ºC, the tool wear is lower when sliding against the hardened 
Al-Si coated high strength steel compared to the unhardened. This can also be an effect of the 
different initial surfaces. 

Figure 16 shows the total specific wear rates for the investigated material pairs at three 
different temperatures. It can be seen that the lowest total wear occurs at 400ºC for all the material 
pairs and the highest total wear is found at 800ºC. The lowest tool wear occurs at 40ºC whereas the 
lowest high strength steel wear occurs at 400ºC. 
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Figure 15. Specific wear rates for plasma nitrided tool steel 1 and hardened Al-Si coated high 
strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 
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Chapter 5 

Conclusions
This thesis focuses on experimental investigations pertaining to the tribological behaviour of 
different tool steel and high strength boron steel pairs at elevated temperatures. The salient 
findings from these studies can be summarised as follows: 

The friction between tool steel and high strength boron steel is temperature dependant. 
Increasing temperature results in decreased friction. The frictional behaviour is also affected 
by hardening of the high strength steel at all temperatures. Generally, the friction has 
decreased during sliding against hardened high strength steel and an increasing temperature 
has also resulted in lower friction. 

The wear behaviour of tool steel and high strength boron steel pairs is also temperature 
dependant. In most cases an increasing temperature resulted in higher specific wear rates for 
both the tool steels and the high strength boron steel. The wear has also shown to be affected 
by hardening of the high strength steel. Generally, at elevated temperatures, the tool wear is 
decreased when sliding against hardened high strength steel (with or without coating). This 
can possibly be attributed to formation of wear resistant layers on the workpiece specimens.  

The composition of the tool steel does not seem to have a significant influence on the 
tribological behaviour 

Plasma nitriding of the tool steels has proven to: 

- Reduce friction compared to untreated tool steels 

- Provide protection against severe adhesive wear (i.e. seizure or galling) 

Al-Si coating of the high strength boron steel has resulted in: 

- High friction at low temperatures 

- Lower friction at elevated temperatures 

- High wear resistance at elevated temperatures 

- Significant surface morphological changes when exposed to elevated temperatures 
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Future work 
The future work will focus on creating new knowledge in the field of high temperature tribology 
and deeper understanding of the mechanisms governing friction and wear at elevated temperatures. 

In order to achieve these goals, detailed investigations into the nature of different tribochemical 
layers formed on tribological surfaces will be undertaken by using x-ray photoelectron 
spectroscopy (XPS), scanning auger spectroscopy (SAM), electron scanning for chemical analysis 
(ESCA) and other advanced surface analytical techniques. 

The future studies will also focus on finding solutions to tribological problems at elevated 
temperatures. In this direction, the following studies are envisaged: 

- Creation of some controlled oxide layers on top of a nitrided surface through post oxidation 
and investigations into their tribological characteristics 

- High temperature tribological studies on some selected tribological coatings 

- High temperature tribological studies on some new self-lubricating coatings 

It is also proposed to develop wear maps for different materials/coatings at elevated in order to 
make the results useful for practicing engineers. Finally, attempts will also be made towards 
developing temperature dependant friction and wear models. 

Chapter 6 
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Abstract

There has been a growing usage of high strength steels, particularly in automobile applications mainly as structural parts in view of their light
weight and high strength properties. These materials are also being considered for dynamic applications. However, the understanding of their
tribological behaviour vis-a-vis their hot forming and also as tribological materials is highly inadequate. The present work thus aims at creating
new knowledge about the tribological characteristics of high strength steels and bridging this existing gap. High temperature tribological studies
on different tool steels (with and without surface treatment) sliding against high strength boron steel (with and without coating) and studies on
self-mated hardened high strength boron steel under dry reciprocating sliding conditions have been conducted. High temperature tribological
studies keeping in view the hot metal forming aspects were conducted by using an SRV machine whereas a two-disc machine was employed for
investigating their fundamental friction and wear behaviour. The results from the high temperature studies indicate that the friction is dependent
on temperature since a reduced friction level was observed with increasing temperature. The wear of the tool steels increased with increasing
temperature and nitriding of the tool steels provided better protection against severe wear. The results from the study on self-mated hardened
high strength boron steel showed that sliding speed has a marginal effect on friction whereas the effect of contact pressure is more pronounced
(decreasing friction with increased contact pressure). The specific wear rate decreased with increased sliding speed.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Friction; Wear; High strength boron steel; Tool steel; High temperature; Tribology

1. Introduction

The increased usage of high strength steels (HSS) began in the
1970s during the oil crisis when the automobile industry realised
the need to develop lighter and fuel-efficient vehicles. Further,
as the demands on reduced emissions and enhanced crashwor-
thiness grew, the automobile industry considered employing
light weight and high strength materials in order to meet these
demands. High strength steels, also known as advanced high
strength steels offered the possibilities of significant weight
reduction coupled with enhanced strength of automobile struc-
tural parts. These days, HSS are commonly employed for various
structural reinforcements and crash protection systems in dif-
ferent automobile applications. High strength steels are also
employed in several other applications such as agricultural

∗ Corresponding author. Tel.: +46 920 491774; fax: +46 920 491047.
E-mail address: jens.hardell@ltu.se (J. Hardell).

implements and mining equipments that are prone to high wear.
One of the major problems associated with manufacturing HSS
components is their high strength which creates problems dur-
ing metal forming. Since most components, especially in the
automotive industry, have complex geometries, problems such
as increased spring back, tendency to work-harden and higher
loads on the tooling are commonly encountered during the metal
forming operation [1,2]. In order to overcome these problems
and also to improve the mechanical properties through hard-
ening, the HSS components are usually produced through hot
metal forming processes. The hot metal forming of HSS compo-
nents in turn introduces new problems such as oxidation, scale
formation on the workpiece surface and increased wear of the
forming tools. To alleviate some of these problems, Al–Si coated
HSS sheets are sometimes used. The Al–Si coating, besides pre-
venting scale formation, also provides other advantages such as
prevention of decarburisation of the work piece, reduced tool
wear and improved corrosion resistance [3]. Significant tribolog-
ical research pertaining to cold metal forming has been carried

0043-1648/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.wear.2006.12.077
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out but the main focus has mainly been on lubricated forming
operations. Schedin [4] looked at the initiation of galling in sheet
metal forming and concluded that various tool surface defects
act as initiation sites for material transfer and that it seems to be
independent of the material combination as well as the presence
of lubricants. Alinger and Van Tyne [5,6] studied the evolution of
the tribological characteristics of several die forming materials
and found that tungsten carbide performed best of all the inves-
tigated materials both regarding the evolution of wear as well as
friction. An investigation on uncoated electron beam-textured
steel sheets was performed by Wihlborg and Gunnarsson [7]
and the results showed that the surface roughness was an impor-
tant factor in determining the frictional behaviour in the mixed
lubrication regime. Adhesive wear of tool steels is a common
problem in metal forming and Fontalvo et al. [8] conducted a
study on microstructural aspects of adhesive wear. They found
that the carbide content and the spacing between the carbides
are the main controlling parameters influencing the adhesive
wear of tool steels. An investigation using acoustic emission
technique was done by Skåre and Krantz [9] and the results
indicated that hot-dip galvanised HSS sheets induced less wear
on the tools as compared to uncoated HSS. The results also high-
lighted the importance of the tool surface roughness in reducing
wear. As mentioned earlier, the reported work on tribology of
hot metal forming is rather limited in comparison to the stud-
ies conducted on cold forming operations. There are many new
problems encountered at elevated temperatures such as thermal
fatigue, oxidation, etc. Pellizzari et al. [10] investigated the tri-
bological behaviour of hot rolling rolls and found that the wear
of the rolls at elevated temperatures occurred mainly due to oxi-
dation and abrasion and that the hot hardness of the tool steel
was an important parameter. Beynon [11] states in his review
that many aspects of tribology in hot metal forming have not
been adequately studied yet and research studies, both through
laboratory experimentation as well as computer simulations are
necessary to enhance the knowledge within this field.

The present applications of HSS are mostly as stationary
structural parts. These high strength boron steels in view of
their light weight and high strength properties may also have
potential in pertinent dynamic applications. However, a careful
survey of the published work indicates that there are hardly any
results pertaining to the tribological properties of these materi-
als available in the open literature. It is therefore necessary to
investigate the friction and wear characteristics of these high
strength steels with a view to exploit the useful properties of
this interesting category of materials for utilisation in various
tribological applications.

The present work thus aims at bridging some of the exist-
ing gaps and creating new knowledge regarding the tribological
behaviour of high strength boron steels. This work focuses on
tribological investigations both on high strength boron steel –
tool steel tribological pairs at elevated temperatures – as well
as self-mated hardened high strength boron steel tribological
pairs. The aim of this study is to gain new knowledge that will
be useful from the view points of tribology of hot metal form-
ing and enhanced usage of high strength boron steel in various
tribological applications.

Fig. 1. Schematic of the SRV test configuration employed in the high tempera-
ture tribological study.

2. Experimental

2.1. Test equipment

Two different experimental equipments have been used in this
study. For tribological studies at high temperatures, the Optimol
SRV reciprocating friction and wear test machine was utilised.
In this machine, tests can be conducted up to a temperature of
900 ◦C. The SRV machine utilises an electromagnetic drive to
oscillate an upper specimen against a stationary lower specimen
as shown in Fig. 1 The upper specimen is loaded against the
lower specimen by means of a servo motor. Friction is mea-
sured by using a pair of piezoelectric force transducers mounted
at the base of the lower specimen block and the coefficient of
friction is obtained from the output signal of these transducers
and the applied normal load. A computerised data acquisition
and control system is utilised to control and measure different
parameters during the tests.

The other test equipment was a Wazau UTM2000 two-disc
machine which was used in the studies pertaining to fundamen-
tal tribological properties of self-mated hardened HSS. In this
machine, the disc test specimens are mounted on the shafts of two
separate servo motors. Fig. 2 shows the schematic of the contact
configuration and the direction of oscillatory rotation. One motor
is mounted on a rigid base and the other one is mounted on a
slide so as to enable loading of the disc specimens against each
other by means of the lever loading arrangement. The speeds
of the two motors can be controlled independently in order to
conduct tests under pure sliding, rolling/sliding or pure rolling
conditions. Load, frictional torque, wear and contact resistance
can be measured continuously throughout the test duration. The
coefficient of friction is calculated from the measured frictional
torque as follows:

Coefficient of friction = FN · r

T
(1)

where FN is the applied normal load (N), T the measured torque
(N m) and r is the radius of the disc specimen (m).
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Fig. 2. Orientation of the discs relative to each other. The arrows show the
direction of rotation (rotational angle α = 150◦).

2.2. Test materials and specimens

In the high temperature tests, the upper test specimens were
made from tool steels of three different alloying compositions
with and without a nitriding surface treatment. In the case
of surface-treated tool steels, the test specimens were treated
through a multi-step process involving both plasma nitriding
and gas nitro-carburising. The depth of the nitrided layer was
between 0.25 and 0.3 mm. Nitriding of steels to improve their
corrosion and wear resistance through formation of hard nitride
surface layers is a well-known method [12,13]. The upper spec-
imens were in the form of cylindrical pins of Ø 10 mm and
10 mm height with one spherical end. During tests, the spherical
end of the pin was in contact with the lower flat disc specimens
(Ø 24 mm and 7.85 mm thick) which were made of uncoated
as well as Al–Si coated high strength boron steel. The thick-
ness of the coating was approximately 25 �m. This geometry
resulted in a point contact configuration (initially at the start of
the tests) and enabled application of high contact pressures typ-
ically encountered in metal forming. The composition, the type

of surface treatment, hardness values and initial surface rough-
ness of different test specimens used in this work are given in
Table 1.

The disc test specimens pertaining to tribological properties
of self-mated hardened high strength boron steel were made
from hardened high strength boron steel with an outer diameter
of 45 mm and 10 mm thickness. The hardening of the specimens
was done by tempering and quenching in water. A common rail
steel grade, 900A, was chosen as a reference material since it is
a well known wear resistant rail material and the reference tests
were also performed with self-mated 900A tribological pairs.
The chemical composition, hardness values and initial surface
roughness of these materials are given in Table 2. The hardness
values were measured on the test surface, i.e. the circumference,
and these are higher than the bulk hardness of the materials. This
high hardness of the discs circumferential surfaces is a result of
work hardening during the machining of the test specimens.

The wear of the test specimens has been presented in terms
of specific wear rates which is defined as:

Specific wear rate = V

FN · S
(2)

where V is the volume worn away (mm3), FN the normal load
(N) and s is the sliding distance (mm).

2.3. Test procedure

2.3.1. Elevated temperature tests on tool steels and high
strength boron steel by using SRV machine

In the high temperature tests, all specimens and specimen
holders were cleaned in industrial petrol in an ultrasonic cleaner,
rinsed with ethanol and dried before the tests. After mounting
the specimens in the test rig, the heating of the lower specimen
was started. The heating was done while the test specimens were
still separated in order to avoid heating of the upper specimen
prior to testing. This was basically done with a view to simulate
the conditions prevalent during the forming process where the

Table 1
Alloying composition in (wt.%), hardness values, initial surface roughness and surface treatment of the test specimens

Material C Mn Cr Si B P S Ni Mo V HV300g Ra (�m) Treatment

Boron steel 0.2–0.25 1.0–1.3 0.14–0.26 0.2–0.35 0.005 >0.03 >0.01 – – – 234 0.323 Untreated
Coated boron steel 0.25 1.4 0.3 0.35 0.005 – – – – – 85a 1.06 Al–Si coatingb

Tool steel 1 0.37 1.4 2.0 0.3 – – – 1.0 0.2 – 559 1.29 Plasma nitrided
Tool steel 1 0.37 1.4 2.0 0.3 – – – 1.0 0.2 – 389 1.27 Untreated
Tool steel 2 0.31 0.9 1.35 0.6 – 100 ppm 40 ppm 0.7 0.8 0.145 794 2.31 Plasma nitrided
Tool steel 3 0.39 0.4 5.2 1.0 – – – – 1.4 0.9 634 1.83 Plasma nitrided

a Hardness value is for the coating.
b The coating thickness was approximately 25 �m.

Table 2
Hardness, initial surface roughness and alloying elements in (wt.%) of the test specimens

Material C Mn Cr Si P S B HV300g Ra (�m)

Hardened boron steel 0.25–0.3 1.0–1.3 0.15–0.25 0.2–0.35 0.03 0.025 0.003 670 0.535
UIC 860-O 900Aa 0.67 1.0 0.028 0.31 0.012 0.015 – 418 0.428

a Close equivalent to EN 13674–1260.
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Table 3
Test parameters used in the high temperature tribological tests

Test parameters Point contact tests

Load (N) 20
Temperature (◦C) 500, 600, 800
Stroke length (mm) 2
Frequency (Hz) 50
Duration (min) 15

The test equipment was an SRV reciprocating friction and wear tester.

work piece is heated and the tool gets heated only when it is
brought in contact with the work piece. When the desired tem-
perature of the lower test specimen was reached, the upper test
specimen was brought in contact and loaded against the lower
specimen and the test was started. The test parameters used in
this study are listed in Table 3. Tests were performed to study
both friction and wear characteristics of different tribological
pairs. The friction tests were performed with a view to obtain
the initial friction as well as steady state friction results from
different pairs of various tool steels and work piece materials at
different temperatures. The initial friction is important since the
tool is in contact with the hot work piece for a very short time
before it is removed. All experiments have been repeated and
good reproducibility of the results was observed. As an exam-
ple at 600 ◦C the experimental uncertainty for the wear results
were −6.036 × 10−8 ± 8.814 × 10−9 and in the friction results
1.025 ± 0.035.

2.3.2. Tests on self-mated hardened high strength boron
steel by using two-disc machine

The same cleaning procedure as explained above was
employed in the studies on self-mated high strength boron steel
tribological pairs. The tribological studies were carried out under
dry oscillatory sliding conditions as it provides severe conditions
resulting in high wear and therefore an effective way to evalu-
ate the wear properties of the test materials. The test parameters
chosen for these studies are listed in Table 4. All experiments
have been repeated and good reproducibility of the results was
observed. The experimental uncertainty for the wear results is
shown in Figs. 17 and 19 and as an example from the friction
results at 750 MPa the uncertainty was 0.432 ± 0.008.

Table 4
Parameters used in the self-mated hardened high strength steel tribological tests

Test parameters Sliding velocity tests Contact pressure tests

Contact pressure (MPa) 250 110, 250, 500, 750
Sliding velocity (mm/s) 2, 4, 6, 8 4
Rotational angle (◦) 150 150
Temperature R.T. R.T.
Duration (h) 1 1

The test equipment was a Wazau UTM2000 two-disc machine.

3. Results and discussion

3.1. Frictional behaviour of tool steel and high strength
boron steel at elevated temperatures

The short duration friction results of different tool steels both
with and without surface treatment and coated and uncoated
high strength boron steel specimens at elevated temperatures
are given in Figs. 3–5.

The friction coefficients of plasma nitrided tool steel 1 and
boron steel pairs are lower at higher temperature (see Fig. 3(a)).
At lower temperatures (500 and 600 ◦C), the initial friction is
very high and it is then followed by a drop to a lower value
whereas at the higher temperature (800 ◦C) the friction is almost
constant during the initial stage. It can also be noted that no
scuffing tendencies are observed in these short duration tests at
any of the test temperatures. In case of untreated tool steel 1
and boron steel pairs, the overall friction is higher and friction
increased as the tests progressed. This pair involving untreated
tool steel tends to seize towards the end of the short duration test
at 500 ◦C as shown in Fig. 3(b).

The frictional behaviour of plasma nitrided tool steel 2 and
boron steel pairs is similar to that of plasma nitrided tool steel
1 and boron steel pairs except that in the pair involving plasma
nitrided steel 2, there are signs of scuffing at 800 ◦C as seen in
Fig. 4(a). Plasma nitrided tool steel 3 and boron steel pairs have
resulted in very high friction coefficients and have also shown
scuffing tendencies both at 500 and 600 ◦C, respectively.

The tests conducted on Al–Si coated boron steel sliding
against plasma nitrided tool steels 1–3, respectively, at 500 ◦C
have resulted in very high and unstable friction as can be seen

Fig. 3. Coefficient of friction as a function of time during the initial 60 s of tests on (a) plasma nitrided tool steel 1 and boron steel pair and (b) untreated tool steel 1
and boron steel pair (load: 20 N; stroke: 2 mm; frequency: 50 Hz).
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Fig. 4. Coefficient of friction as a function of time during the initial 60 s of tests on (a) plasma nitrided tool steel 2 and boron steel pair and (b) plasma nitrided tool
steel 3 and boron steel pair (load: 20 N; stroke: 2 mm; frequency: 50 Hz).

Fig. 5. Coefficient of friction as a function of time during the initial 60 s for tests on plasma nitrided tool steels 1–3 against Al–Si coated boron steel pairs at (a)
500 ◦C and (b) at 800 ◦C (load: 20 N; stroke: 2 mm; frequency: 50 Hz).

from Fig. 5(a). It is however interesting to note that friction for
the Al–Si coated boron steel at 800 ◦C decreased to almost half
of its value at 500 ◦C. The friction was also a lot more stable and
very similar for all three tool steels at 800 ◦C.

As mentioned earlier, the steady state frictional behaviour
of different tribological pairs was also investigated. In plasma
nitrided tool steel 1 and boron steel pairs, the friction is lower
at higher temperatures but at the highest temperature of 800 ◦C,
friction rapidly increased after about a minute and resulted in
seizure as shown in Fig. 6(a). The tribological pair involving

untreated tool steel 1 has shown higher initial friction but an
opposite behaviour as compared to that seen in tribological
pair involving plasma nitrided steel 1, i.e. seizure occurred at
500 ◦C and relatively lower and stable steady friction at 800 ◦C
as seen in Fig. 6(b). The frictional behaviour of tribological
pairs involving plasma nitrided tool steels 2 and 3 is somewhat
anomalous as can be seen in Fig. 7. Plasma nitrided tool steel
2 has a lower initial friction at 600 ◦C but the final friction is
the same as that for 500 ◦C. At 800 ◦C, there are early signs of
scuffing and seizure occurs after about 200 s. Plasma nitrided

Fig. 6. Coefficient of friction as a function of time for tests on (a) plasma nitrided tool steel 1 and boron steel pair and (b) untreated tool steel 1 and boron steel pair
(load: 20 N; stroke: 2 mm; frequency: 50 Hz).
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Fig. 7. Coefficient of friction as a function of time for tests on (a) plasma nitrided tool steel 2 and boron steel pair and (b) plasma nitrided tool steel 3 and boron steel
pair (load: 20 N; stroke: 2 mm; frequency: 50 Hz).

tool steel 3 has a very high initial friction at both 500 and
600 ◦C that decreases and ends up at a similar level. At 800 ◦C,
its behaviour is similar to that of plasma nitrided tool steel
1 and seizure occurs after approximately 200 s. The observed
behaviour of decreasing friction with increasing temperature
can possibly be attributed to formation of compacted layers of
oxide and wear debris due to oxidation at elevated tempera-
tures. Several authors have reported the formation of such layers
[14–16].

Friction coefficients obtained from the tests conducted on
Al–Si coated boron steel during sliding against the three plasma
nitrided tool steels at 500 ◦C are very high and only tests involv-
ing plasma nitrided tool steel 3 lasted the entire test duration. The
other two seized after a short time as can be seen from Fig. 8(a).
Interestingly, test conducted on Al–Si coated boron steel and
plasma nitrided tool steel 1 pair at 800 ◦C resulted in consid-
erably lower friction which increased significantly towards the
end of the test, see Fig. 8(b). This behaviour can possibly be
attributed to the formation of a hard Fe–Al layer at 800 ◦C.
The formation of high melting point Fe–Al phase has also been
reported by Suehiro et al. [3]. Zhu et al. have also reported the
formation of Fe–Al and Fe3Al intermetallics at elevated temper-
atures [17]. They attributed the decrease in friction to formation
of lubricious oxide layers on the Al–Si coated high strength
boron steel at elevated temperatures.

Fig. 9. Coefficient of friction as function of sliding distance for self-mated hard-
ened high strength boron steel at different sliding velocities (contact pressure:
250 MPa; test duration: 1 h; temperature: R.T.).

3.2. Frictional behaviour of self-mated hardened high
strength boron steel

The frictional characteristics of self-mated hardened high
strength boron steel pairs for different oscillating speeds are
shown in Fig. 9. It can be seen that initially during the running-
in stage, the speed does not have any significant effect on

Fig. 8. Coefficient of friction as a function of time for tests on plasma nitrided tool steels 1–3 against Al–Si coated boron steel pairs at (a) 500 ◦C and (b) 800 ◦C
(load: 20 N; stroke: 2 mm; frequency: 50 Hz).
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Fig. 10. Coefficient of friction as a function of sliding distance for self-mated
hardened high strength boron steel at different contact pressures (sliding veloc-
ity: 4 mm/s; test duration: 1 h; temperature: R.T.).

friction but after a sliding distance of about 5 m, the friction
tends to decrease slightly in tests conducted at a speed of
8 mm/s. It is also interesting to note that the hardened high
strength boron steel pairs run-in rather quickly and friction
decreases to considerably lower values as compared to that of
900A steel. The overall friction, both during running-in and
thereafter is significantly lower for the hardened high strength
boron steel self-mated pairs as compared to the 900A steel
pairs.

The influence of contact pressure, particularly on the fric-
tional characteristics of hardened high strength steel pairs is
much more pronounced as compared to that of speed. At the
lowest contact pressure of 110 MPa, full running-in of the hard-
ened high strength boron steel pair is not accomplished even
after 1 h of sliding and the coefficient of friction value is higher
as compared to those from other tests conducted at higher contact
pressures. When the contact pressure is increased the surfaces
run-in rather quickly and the friction coefficients decrease to
lower and more stable values as can be seen in Fig. 10. The fric-
tional behaviour of the reference material 900A pairs as function
of load is similar but the overall friction coefficients are consid-

erably higher as compared to those of the hardened high strength
boron steel pairs.

3.3. Wear behaviour of tool steel and high strength boron
steel at elevated temperature

In order to compare the wear resistance of the tool steels
and high strength boron steel after being subjected to recipro-
cating sliding at different elevated temperatures, specific wear
rates were calculated for all tribological pairs. In tribological
tests at elevated temperatures, the oxidation of test specimens
plays an important role in determining their friction and wear
behaviour. In order to account for the oxidation in wear results at
the highest test temperature, a stationary oxidation test was con-
ducted by using the same equipment as in the tests and heating
the lower specimen to 800 ◦C and maintaining it at that temper-
ature for the same duration in contact with the upper specimen
as in the tribological tests. The oxidation was then quantified
by weighing the specimens after the test. It was found that
the oxidation was negligible on the tool steel specimens pos-
sibly owing to a small surface area. The work piece specimens
on the other hand experienced a weight gain. This value was
then subtracted from the wear values obtained in the tests at
800 ◦C. The boron steel experienced a negative wear during
tests against the plasma nitrided tool steel 1 at the two lower
temperatures and a positive wear at the highest temperature
as can be seen in Fig. 11(a). This negative wear means trans-
fer of material from the mating tool steel surface. The transfer
of material from the mating surface has also been confirmed
by SEM/EDS analysis. The oxidation at elevated temperatures
also contributes to the weight gain of the high strength boron
steel discs. The wear of the plasma nitrided tool steel 1 is also
higher at higher temperatures. In the case of untreated tool
steel 1, the wear is relatively lower at higher temperature but
the corresponding wear of the boron steel increased at higher
temperature, i.e. from negative wear at low temperature to a
positive wear at high temperature. For plasma nitrided tool steel
2, the temperature does not seem to have any significant effect
on its wear, see Fig. 12(a). However, there is a significantly
higher wear of the boron steel at 800 ◦C as compared to that

Fig. 11. Specific wear rates of (a) plasma nitrided tool steel 1 and boron steel and (b) untreated tool steel 1 and boron steel at 500, 600 and 800 ◦C, respectively (load:
20 N; stroke: 2 mm; frequency: 50 Hz; test duration: 15 min).
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Fig. 12. Specific wear rates of (a) plasma nitrided tool steel 2 and boron steel and (b) plasma nitrided tool steel 3 and boron steel at 500, 600 and 800 ◦C, respectively
(load: 20 N; stroke: 2 mm; frequency: 50 Hz; test duration: 15 min).

at other temperatures. The wear behaviour in case of tribo-
logical pairs involving plasma nitrided tool steel 3 is similar
to that of plasma nitrided tool steel 2 except that the wear in
plasma nitrided tool steel 3 at 800 ◦C is negligible as shown in
Fig. 12(b). This behaviour may be possibly caused due to mate-
rial transfer and surface oxidation at elevated temperatures. As
stated by Stott [18], there are several ways that oxides or oxi-
dised wear debris can influence the wear behaviour. The oxide

wear debris may be removed or get retained in the contact to
form surface protective layers. These can also act as third bod-
ies or get embedded into the surface and abrade the counter body.
This is one possible explanation of the observed behaviour of
increasing wear with increasing temperature since the contact
was covered by wear debris after testing. Increasing wear with
temperature has also been reported by Wang et al. [19] as a
result of increased abrasive wear due to softening of the spec-

Fig. 13. Specific wear rates of Al–Si coated boron steel and plasma nitrided tool steels 1–3 at (a) 500 ◦C and (b) 800 ◦C (load: 20 N; stroke: 2 mm; frequency: 50 Hz;
test duration: 15 min).

Fig. 14. SEM images of (a) boron steel disc wear scar and (b) plasma nitrided tool steel 1 pin wear scar from a test performed at 500 ◦C.
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Fig. 15. SEM images of (a) boron steel disc wear scar and (b) plasma nitrided tool steel 1 pin wear scar from a test performed at 800 ◦C.

imen thus providing insufficient support for the oxide layers
formed.

The tests with coated boron steel resulted in negative wear on
the Al–Si coated boron steel disc specimens for almost all com-
binations and temperatures (Fig. 13). For all the tool steels, the
wear increased manifolds when the temperature was increased
from 500 to 800 ◦C. This may again be attributed to the forma-
tion of a hard Fe–Al layer on the work piece specimen which
would increase the wear on the counter body. The wear on the
tool steels at 800 ◦C is very similar suggesting that the compo-
sition of the tool steel does not have significant effect on the
wear results. The lowest wear at 500 ◦C was found for plasma
nitrided tool steel 2 but that test also had the highest negative
wear of the coated boron steel. It is also important to note that the
oxidation of the specimens also affects the wear results. Since
the test duration in tests varies owing to early seizure in some
cases, the influence of oxidation on wear results will also differ.

The SEM images of the worn surfaces of the boron steel
discs and the mating plasma nitrided tool steel 1 pin specimens
at 500 and 800 ◦C are given in Figs. 14 and 15, respectively. The
SEM images of the worn surfaces of the boron steel disc and
the mating untreated tool steel 1 pin from the test conducted at
500 ◦C are given in Fig. 16.

During reciprocating sliding tests on boron steel against
plasma nitrided tool steel 1 at 500 ◦C, the worn surface of the
boron steel is characterised by some scoring marks and typi-
cal adhesive wear features as seen in Fig. 14(a). The scoring or
abrasive wear marks may be caused due to the harder asperities
of the upper plasma nitrided tool steel pin specimen. The wear
at 800 ◦C is predominantly adhesive in nature. The possibility
of some softening of the tool steel material at higher tempera-
ture may reduce the abrading action of the asperities and result in
increased adhesive wear, see Fig. 15(a). The appearance of adhe-
sive wear marks also suggests the possibility of some material
transfer from the pin specimen to the disc. The SEM/EDS analy-
sis of the disc worn surface has also confirmed this phenomenon.
Since the boron steel does not contain any Ni, the presence of a
Ni peak in the obtained EDS spectrum clearly shows the transfer
of material from the tool steel pin specimen as it contains Ni.
The SEM image of the worn surface of the boron steel from the
test conducted against untreated tool steel 1 at 500 ◦C indicates
the occurrence of severe adhesive wear, see Fig. 16(a). It may be
mentioned that this particular test stopped after about 180 s due
to seizure. It is thus evident that the plasma nitriding of tool steel
does provide protection against severe adhesive wear, seizure or
galling.

Fig. 16. SEM images of (a) boron steel disc wear scar and (b) untreated tool steel 1 pin wear scar from a test performed at 500 ◦C.
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Fig. 17. Total specific wear rates for self-mated hardened high strength boron
steel during tests with varying sliding velocity (contact pressure: 250 MPa; test
duration: 1 h; temperature: R.T.).

3.4. Wear behaviour of self-mated hardened high strength
boron steel

The wear results for the self-mated hardened high strength
boron steel pairs at different speeds and also that of the reference
900A steel at 4 mm/s are shown in terms of specific wear rates
in Fig. 17. The specific wear rate of the hardened high strength
boron steel pairs seems to be decreasing with increasing sliding
speed. The wear resistance of the boron steel as compared to that
of the reference 900A steel is a lot more superior. The decrease in
specific wear rate with increasing sliding velocity may result due
to formation of oxides or some other protective layers owing to
increased frictional heating and consequently higher interfacial
temperatures.

Typical worn surfaces were also analysed by using
scanning electron microscopy/energy dispersive spectroscopy
(SEM/EDS) techniques with a view to get an insight into the
wear process. The SEM micrographs in Fig. 18 indicate that
the wear modes of the specimens from the tests conducted at
different speeds are quite similar and that the material removal
is predominantly caused by sliding (or adhesive) wear mecha-

Fig. 19. Total specific wear rates for self-mated hardened high strength boron
steel during tests with varying contact pressure (sliding velocity: 4 mm/s; test
duration: 1 h; temperature: R.T.).

nism. In Fig. 18(a), a part of the original surface is also visible
in the left part of the image since the wear scar does not cover
the entire width of the disc.

The results pertaining to the wear behaviour as function of
contact pressure are shown in Fig. 19. These results show that
there is no clear trend of the specific wear of the hardened high
strength boron steel pairs as function of contact pressure. On
the other hand, the specific wear rate increased significantly for
the reference 900A steel pair when the contact pressure was
increased from 250 to 500 MPa.

The worn surfaces from the tests performed on the hardened
high strength boron steel pairs at 110 and 750 MPa, respec-
tively, were analysed by using SEM/EDS and the corresponding
micrographs are shown in Fig. 20. As can be seen from these
micrographs, the wear is rather mild in nature at low contact
pressure, characterised by fine adhesive wear marks as well as
some traces of the original surface. At the higher contact pres-
sure of 750 MPa, the worn surface is plastically deformed and
have large grooves formed by the removal of relatively large
adhered fragments. There is no visible trace of the original
surface.

Fig. 18. SEM images of worn self-mated hardened high strength boron steel discs. Sliding velocity in (a) 2 mm/s and in (b) 8 mm/s (contact pressure: 250 MPa; test
duration: 1 h; temperature: R.T.).
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Fig. 20. SEM images of worn self-mated hardened high strength boron steel discs. Contact pressure in (a) 110 MPa and in (b) 750 MPa (sliding velocity: 4 mm/s;
test duration: 1 h; temperature: R.T.).

4. Conclusions

Experimental studies pertaining to the friction and wear
behaviour of different boron steels (with and without coatings)
during rubbing against different tool steels (with and without
surface treatments) have been carried out at elevated tempera-
tures (500–800 ◦C) and some new results have been obtained.
These results indicate that the operating temperature consid-
erably influences the friction and wear behaviour during the
tribological interaction of high strength boron steel and tool
steel. It has also been seen that the plasma nitriding of the
tool steel specimens is effective in reducing friction and provid-
ing protection against severe adhesive wear (seizure or galling)
during rubbing against high strength boron steel. The Al–Si
coating on boron steel has been effective in reducing friction
during rubbing against plasma nitrided tool steel 1 at 800 ◦C but
resulted in significantly higher friction at 500 ◦C. Further, the
Al–Si coated boron steel has generally resulted in lower wear
of plasma nitrided tool steel. It may be pertinent to mention
here that these are the initial results and further research is in
progress. The future work will focus more on investigating the
tribochemical changes occurring on mating surfaces at elevated
temperatures such as the type of oxides, borides or any other tri-
bochemical layers in order to explain the observed tribological
behaviour.

The tribological properties of hardened high strength boron
steel have been studied under dry oscillatory sliding condi-
tions. The influence of contact pressure, speed and interaction
of wear particles on friction and wear has been investigated.
Some tests on a 900A steel have also been conducted for com-
parison of results. The results have shown that the friction and
wear characteristics of the hardened high strength boron steel
are considerably superior to that of the 900A steel. The influ-
ence of sliding speed on the frictional behaviour of self-mated
high strength boron steel pairs was marginal but friction tends
to decrease at higher contact pressures. The specific wear rates
of the high strength boron steel pairs decreases with increasing
sliding speed whereas the influence of contact pressure on the
specific wear rate do not reveal any clear trend. The mechanisms

of friction and wear of high strength boron steels are still unclear
and further research is required to investigate these mechanisms.
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Abstract 

The recent years have witnessed an increasing usage of high strength steels as structural 
reinforcements and in energy absorbing systems in automobile applications due to their favourable 
high strength to weight ratios. Owing to poor formability, complex shaped high strength steel 
components are invariably produced through hot metal forming. The high strength steel sheets are 
in some instances used with an Al-Si coating with a view to prevent scaling of components during 
hot metal forming. However, the friction and wear characteristics of Al-Si coated high strength 
steel during interaction with different tool steels have not yet been investigated. With this in view, 
the friction and wear behaviours of different tool steels sliding against Al-Si coated high strength 
steel at elevated temperatures have been investigated by using a high temperature version of the 
Optimol SRV reciprocating friction and wear tester at temperatures of 40ºC, 400ºC and 800ºC 
respectively. In these studies both temperature ramp tests with continuously increasing 
temperature from 40ºC  to 800ºC  and constant temperature tests at 40ºC, 400ºC and 800ºC 
respectively have been conducted. The results have shown that both the friction and wear of tool 
steel/Al-Si coated high strength steel pairs are temperature dependant. Friction decreased with 
increasing temperature whereas wear of the tool steel increased with temperature. On the other 
hand, the Al-Si coated high strength steel showed significantly lower wear rates at 800°C as 
compared to those at 40°C and 400°C. The Al-Si coated surface undergoes some interesting 
morphological changes when exposed to elevated temperatures and these changes may affect the 
friction and wear characteristics. The mechanisms of these changes and their influence on the 
tribological process are unclear and further studies are necessary to fully explain these 
mechanisms. 

Keywords: wear; friction; high temperature; high strength steel; tool steel; Al-Si coating

1. Introduction 

The emphasis on passenger safety and fuel efficiency has led to a significant increase in the usage 
of high strength steels (HSS) in automobile applications due to their high strength to weight ratio 
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[1]. The most common applications of high strength steels in vehicles are as structural 
reinforcements and energy absorbing systems. These components usually have complex 
geometries and are manufactured from sheet metal by means of various metal forming processes. 
There are however problems during forming of these steels owing to their poor formability, 
increased spring back and their tendency to work-harden. The forming of high strength steel 
components is therefore done at elevated temperatures. The hot metal forming of high strength 
steels also leads to several problems such as oxidation of tool and workpiece surfaces, increased 
wear of the tools and scaling of the work piece. The high strength steel sheets are in some 
instances used with an Al-Si coating in order to prevent scaling of the components during hot 
metal forming [2]. Several compositions of tool steels for hot metal forming applications have 
been developed recently. The cost of these tool steels varies considerably but there are very few 
published results regarding their tribological performance. Keeping in mind the lack of research in 
this field, the authors have initiated research in this direction and recently studied the high 
temperature tribological behaviour of uncoated high strength boron steel during sliding against 
different tool steels. This study revealed that friction was affected by the operating temperature 
and that plasma nitriding of the tool steels reduced the severity of adhesive wear [3].  

There have been some earlier studies pertaining to different tribological aspects of metal 
forming. Alinger et al. [4,5] studied the evolution of tribological characteristics of several forming 
die materials. They found that tungsten carbide performed best regarding both the evolution of 
friction as well as wear. A study on the frictional behaviour of electron beam-textured steel sheets 
was conducted by Wihlborg et al. [6]. They reported that surface topography is a significant factor 
in determining frictional behaviour in the mixed lubrication regime. Schedin [7] reviewed some 
important observations regarding the initiation of galling for various combinations of tool and 
sheet materials and observed that tool surface defects are initiation sites for material transfer 
leading to build-up of material at these sites. The initiation of galling at these defect sites seems to 
be independent of material combination. Fontalvo et al. [8] looked at the microstructural aspects in 
the context of adhesive wear of tool steels. They found that the carbide content and the distance 
between carbides are the main controlling parameters in determining adhesive wear of tool steels. 
The work pertaining to hot metal forming reported in open literature is rather limited. There are 
several new problems that are encountered at elevated temperatures such as thermal fatigue, 
oxidation etc. An investigation by Pellizzari et al. [9] into the hot rolling operations indicated that 
the wear in rolls mainly occurred due to abrasion and oxidation and that the hot hardness was an 
important parameter. In his review, Beynon [10] stated that several aspects of hot metal forming 
tribology are poorly understood and further research both through laboratory experimentation as 
well as computer simulations is necessary to enhance our knowledge within this field.  

It is thus evident from published results that only a few investigations into the high temperature 
friction and wear behaviour of materials have been conducted to date. This work is thus aimed at 
bridging some of these gaps and generating new knowledge regarding the friction and wear 
behaviour of various tool steels during rubbing against Al-Si coated high strength steel at elevated 
temperatures. It may be pertinent to mention here that the present work focuses mainly on 
investigating the fundamental tribological behaviour of these materials at elevated temperatures 
and it is not an attempt to simulate the hot metal forming process. The high temperature friction 
and wear results are of course extremely useful for various applications involving high 
temperatures, e.g. turbines in power generating plants, aerospace and hot metal forming processes.  
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2. Experimental 

2.1 Test materials and specimens 

In this work, tool steels of three different compositions and an Al-Si coated high strength steel 
were used. The tool material test specimens were cylindrical pins (Ø10 mm x 10 mm long) with 
one end spherical. The pin specimens were used both with and without surface treatment. In case 
of surface treated tool steels, the pin specimens were nitrided through a patented process known as 
Corr-I-Dur® which is a combination of various thermo-chemical process steps involving plasma 
nitriding, gas nitro-carburizing and oxidation. The depth of the nitrided layer was 0.25 ~ 0.3 mm. 
The mating Al-Si coated high strength steel material test specimens were flat discs (Ø24 mm x 7.9 
mm thick). The contact of spherical ended pin against flat disc results in a point contact 
configuration (initially) and enables the application of the high contact pressures typically 
encountered in metal forming applications. The composition, hardness values, initial surface 
roughness and type of surface treatment for the test materials employed in this study are given in 
Table 1. 

Table 1. Alloying composition in (wt. %), hardness values, initial surface roughness and surface 
treatment of the test specimens used in this study 

Material C Mn Cr Si B P S Ni Mo V HV300g Ra
[ m]

Treatment 

Coated
boron
steel

0.25 1.4 0.3 0.35 0.005 - - - - 
85a 1.06 Al-Si 

coating

Tool
steel 1 

0.37 1.4 2.0 0.3 - - - 1.0 0.2 559 1.29 Plasma 
nitrided

Tool
steel 1 

0.37 1.4 2.0 0.3 - - - 1.0 0.2 389 1.27 Untreated 

Tool
steel 2 

0.31 0.9 1.35 0.6 - 100
ppm 

40
ppm 

0.7 0.8 0.145 794 2.31 Plasma 
nitrided

Tool
steel 2 

0.31 0.9 1.35 0.6 - 100
ppm 

40
ppm 

0.7 0.8 0.145 794 2.79 Untreated 

Tool
steel 3 

0.39 0.4 5.2 1.0 - - - - 1.4 0.9 634 1.83 Plasma 
nitrided

Tool
steel 3 

0.39 0.4 5.2 1.0 - - - - 1.4 0.9 634 1.27 Untreated 
Pre -

hardened

a Hardness value is for the coating 

2.2 Test equipment 

The experimental studies were carried out by using a reciprocating friction and wear (SRV 
Optimol) test machine. This utilises an electromagnetic drive to oscillate an upper specimen under 
normal load against a stationary lower test specimen. The normal load is applied by means of a 
servo motor. The lower test specimen is provided with a cartridge heater which enables tests at 
elevated temperatures of up to 900ºC.  A computerised control system enables accurate control of 
the applied load, temperature, stroke length and frequency of the oscillatory movement. The data 
acquisition system records friction, temperature, load, frequency and stroke length during test. The 



test parameters used in this study are listed in Table 2. The wear scars were examined by using 
SEM/EDS technique to analyse the nature of wear.  

Table 2. Test parameters 
Test parameters Value
Load 50 N (20 N in 800ºC tests) 
Temperature ramp 40ºC to 800ºC 
Temperatures 40, 400 and 800ºC 
Stroke length 1 mm (2 mm in 800ºC tests) 
Frequency 50 Hz 
Duration 20 min (15 min in 800ºC tests) 

2.3 Test procedure 

The specimen and specimen holders were cleaned in industrial petrol in an ultrasonic cleaner, 
rinsed with ethanol and dried prior to testing. In this work, two sets of experiments were 
conducted. In the first set of experiments, the friction and wear characteristics of different tool 
steel and high strength steel tribological pairs were studied during a temperature ramp from room 
temperature up to 800ºC. These temperature ramp experiments were mainly aimed at studying the 
influence of increasing temperature on frictional behaviour. Wear measurements were carried out 
at the end of each temperature ramp test and did not pertain to any specific temperature.   

The second sets of experiments were conducted at three different constant temperatures with a 
view to studying the influence of temperature on friction and wear characteristics of tool steel and 
high strength steel. In the second set of experiments the heating of the lower work piece specimen 
was performed while the specimens were still separated. When the desired temperature of the work 
piece specimen was reached the upper tool specimen was brought in contact and loaded against the 
lower specimen and the test was started. All experiments were repeated and good reproducibility 
of the results was observed. As an example the uncertainty in friction measurements for TS1 PN at 
400 ºC was 078.0874.0 . The uncertainty in wear measurements is given in Figures 6 – 10. 

3. Results 

3.1 Frictional behaviour 

Temperature ramp tests 

The friction results obtained from temperature ramp tests (from 40ºC to 800ºC) on plasma nitrided 
tool steels and untreated tool steels during rubbing against Al-Si coated high strength steels are 
given in Figures 1 and 2 respectively. The frictional behaviours as a function of temperature in the 
range 40ºC to 800ºC for different tribological pairs are quite similar. The initial friction 
coefficients at the time of commencement of the tests were ~ 0.8. These then quickly decreased to 
values of ~ 0.6. This trend was observed for all the plasma nitrided tool steels as well as for the 
untreated tool steels implying that the initial friction coefficients are neither dependent on the 
composition of the tool steel nor the surface treatment. As the temperature increased, friction also 
increased quite rapidly to ~ 1.4. The plasma nitrided tool steels show a rather gradual increase in 
friction and lower maximum friction coefficients vis a vis the untreated tool steels. As the test 
progressed and the temperature increased, the friction coefficient started to decrease. The 
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temperature at which friction started to decrease was different for different tool steels (both with 
and without plasma nitride surface treatment).  

Figure 1. Coefficient of friction as a function of time for plasma nitrided tool steel and Al-Si 
coated high strength steel during a temperature ramp from 40ºC to 800 ºC (Load: 50 N; Stroke: 1 

mm; Frequency: 50 Hz) 

Figure 2. Coefficient of friction as a function of time for untreated tool steel and Al-Si coated high 
strength steel during a temperature ramp from 40ºC to 800 ºC (Load: 50 N; Stroke: 1 mm; 

Frequency: 50 Hz) 

For TS1, friction started to decrease at about 300ºC and for TS2 at ~ 400ºC. For TS3, the 
decrease in friction started at a temperature slightly above 200ºC. The friction continued to drop to 
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a minimum value which was reached at a temperature of ~ 600ºC. Towards the end of the tests, an 
increase in friction has been observed. For TS1 and TS2 it occurred above 700ºC and for TS3 at 
just below 700ºC. Some differences were also observed between plasma nitrided and untreated 
tool steels 2 and 3. A sharp increase to values above 1.2 was seen for untreated tool steels TS2 UT 
and for TS3 UT. While the increase was not as sharp for TS1 UT the maximum value increased to 
~1.4. The overall friction level was higher in the tests with untreated tool steel as compared to 
those with plasma nitrided tool steel.  

Constant temperature tests 

The frictional characteristics of the plasma nitrided tool steels and Al-Si coated high strength steel 
pairs at constant temperatures of 40, 400 and 800ºC respectively are shown in Figures 3-5. The 
initial friction behaviour at 40ºC was similar to that observed in the temperature ramp tests with an 
initial drop to below 0.6 followed by a sharp increase to about 1.4 and stabilisation at this level 
thereafter, Figure 3.  

Figure 3. Coefficient of friction as a function of time for plasma nitrided tool steel and Al-Si 
coated high strength steel at 40ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz) 

Similar behaviour has been observed for all the plasma nitrided tool steels except for TS3 
which seized shortly after the friction stabilised at a value of ~ 1.4. At 400ºC the initial results 
were also similar to those observed in the temperature ramp tests with an initial drop but in this 
case the values were slightly higher. An increase in friction followed and peaked at values slightly 
above 1 for TS1 and TS2 and about 0.9 for TS3. Towards the end of the tests all the tribological 
pairs approached the same friction value of 0.8 as can be seen from Figure 4. 

 The results from tests at 800ºC have shown different frictional behaviour as compared to those 
for 40ºC and 400ºC respectively. In the case of TS1 PN, friction initially increased from ~ 0.7 to ~ 
0.9 then remained at this level before increasing again towards the end of the test to a value of ~ 
1.2. The friction in the case of TS2 PN increased from ~ 0.7 to ~ 1.0 after a test duration of ~ 200 
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s. This was considerably higher compared to that for TS1 PN and also that for TS3 PN for the 
majority of the test duration. In the case of TS3 PN, friction decreased rapidly from 1.0 to 0.8 
during the initial 50 s and thereafter gradually increased to a highest value of ~ 1.35 towards the 
end of the test. It then decreased to ~ 0.9 by the culmination of the test. 

Figure 4. Coefficient of friction as a function of time for plasma nitrided tool steel and Al-Si 
coated high strength steel at 400ºC (Load: 50N; Stroke: 1 mm; Frequency: 50 Hz) 

Figure 5. Coefficient of friction as a function of time for plasma nitrided tool steel and Al-Si 
coated high strength steel at 800ºC (Load: 20 N; Stroke: 2 mm; Frequency: 50 Hz) 
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3.2 Wear behaviour 

The wear results obtained during this work have been presented in terms of specific wear rate 
which is calculated as follows: 
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(1) 

Where V is the volume worn away in [mm3], FN is the normal load in [N] and s is the sliding 
distance in [mm].  

In tribological tests at elevated temperatures, the oxidation of test specimens plays an 
important role in determining their friction and wear behaviour. In order to account for the 
oxidation in the wear results at the highest temperature, a stationary oxidation test was conducted. 
This was using the same equipment as in the tests. The lower specimen was heated to 800ºC and 
maintained at this temperature in contact with the upper specimen for the same duration as in the 
tribological tests. The oxidation was then quantified by weighing the specimens after the test. It 
was found that the change in mass due to oxidation was negligible on the tool steel specimens 
possibly owing to a small surface area. The work piece specimens on the other hand experienced a 
weight gain. This value was then subtracted from the wear values obtained in the tests at 800ºC 

Temperature ramp tests 

In the temperature ramp tests, the specific wear rates for plasma nitrided TS1 PN and TS2 PN are 
quite similar whereas for TS3 PN it is almost half that as compared to the other two, Figure 6. The 
untreated tool steels TS1 UT and TS2 UT have shown negative wear (weight gain) whereas TS3 
has indicated small positive wear, Figure 7. These temperature ramp tests have revealed that 
plasma nitriding of TS3 has considerably (by almost one tenth) reduced its wear vis a vis the 
untreated TS3 tool steel thereby clearly indicating the beneficial effect of the plasma nitriding. 
Results for the other two tool steels are somewhat anomalous owing to large scatter in the wear 
results. The wear characteristics of Al-Si coated high strength steel specimens in tests with plasma 
nitrided tool steels as well as with untreated tool steels have also shown large scatter. 

s
ratewearSpecific

NF
V



Figure 6. Specific wear rates for plasma nitrided tool steel and Al-Si coated high strength steel 
during a temperature ramp from 40ºC to 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; 

Duration: 20 min) 

Figure 7. Specific wear rates for untreated tool steel and Al-Si coated high strength steel during a 
temperature ramp from 40ºC to 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 

20 min) 

Constant temperature tests 

The wear results obtained from constant temperature tests at 40ºC tests indicated that the wear 
characteristics of all the plasma nitrided tool steels are quite similar and the wear rates are very 
small, Figure 8. The wear characteristics of Al-Si coated high strength steel specimens during tests 
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with different plasma nitrided tool steels are characterised by large scatter. It is however clearly 
seen that the wear of Al-Si coated high strength steel as well as total wear is lowest during rubbing 
against TS3 PN. 

Figure 8. Specific wear rates for plasma nitrided tool steel and Al-Si coated high strength steel at 
40ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min) 

Figure 9. Specific wear rates for plasma nitrided tool steel and Al-Si coated high strength steel at 
400ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min) 

The results from constant temperature tests at 400ºC have shown higher wear on the different 
tool steels as compared to that at 40ºC, Figure 9. These results show that the wear was lowest in 
the case of TS2 PN and highest for TS3 PN, although the differences in specific wear rates for 
different plasma nitrided tool steels were small. The wear results of Al-Si coated high strength 
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steel specimens in the tests at 400ºC have also shown large scatter. The maximum wear occurred 
in Al-Si coated high strength steel specimen during rubbing against TS1 PN.The wear rates of Al-
Si coated high strength steel specimens during rubbing against TS2 PN and TS3 PN were quite 
similar and lower than that with TS1 PN. 

At 800ºC, the specific wear rates of different plasma nitrided tool steels are very similar, 
Figure 10. It may also be noted that compared to wear at 400ºC, wear rates at 800ºC for TS1 PN 
and TS2 PN did not change significantly but in the case of TS3 PN, the wear rate decreased to 
almost half of its wear rate at 400ºC. The wear rates for Al-Si coated high strength steel specimens 
were quite low and showed small negative wear in Al-Si coated high strength steel specimens 
during rubbing against TS2 PN and TS3 PN tool steels. 

Figure 10. Specific wear rates for plasma nitrided tool steel and Al-Si coated high strength steel at 
800ºC (Load: 20 N; Stroke: 2 mm; Frequency: 50 Hz; Duration: 15 min) 

4. Discussion 

The unworn and worn surfaces of different test specimens were analysed by using SEM/EDS 
techniques with a view to understanding the friction and wear results.  The SEM/EDS analysis of 
the unworn surfaces of Al-Si coated high strength steel specimens exposed to temperatures of 
40ºC, 400ºC and 800ºC respectively revealed some interesting surface morphological changes. The 
SEM micrographs revealed that the unworn surfaces of test specimens exposed to 40ºC and 400ºC 
are quite smooth and homogenous showing only some machining marks, Figure 11. In marked 
contrast, the surface morphology of unworn test specimens exposed to 800ºC is quite different and 
the surface structure is characterised by the presence of randomly spaced nodule-like features of 
size 10~20 μm.
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Figure 11. SEM micrographs of unworn Al-Si coated high strength high strength steel at (a) 40ºC 
(b) 400ºC (Duration: 35 min) and (c) 800ºC (Duration: 30 min) 

These nodule-like features are mainly composed of Al-Si. The remainder of the surface showed 
signs of the presence of Fe and O as revealed by the EDS analysis, Figure 12. It seems that 
exposure of Al-Si coated steel to a temperature of 800ºC results in these changes in the surface 
structure possibly as a result of diffusion of Al-Si into the high strength steel substrate. Suehiro et 
al. [2] have also reported changes in surface and near surface composition of Al-Si coated steel 
due to exposure to elevated temperatures. It is felt that the surface morphological changes may 
influence the friction and wear behaviour of tool steel/Al-Si coated high strength steel tribological 
pairs during sliding at elevated temperatures.  

The friction results from the temperature ramp tests, Figures 1-2, have clearly shown that 
friction is influenced by the operating temperatures. This effect has also been seen from results 
obtained from the different constant temperature tests at 40ºC, 400ºC and 800ºC. The temperature 
ramp tests have also revealed that the overall friction coefficients are higher during tests with the 
untreated tool steels and that TS1 UT has also shown seizure tendencies during the initial stages of 
the test, Figure 2. It can also be seen from the wear results in Figure 7 that TS1 UT suffered the 
most negative wear i.e., large material transfer thereby indicating the occurrence of severe 
adhesive wear. 
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Figure 12. EDS spectrum of the unworn Al-Si coated surface at (a) nodule-like feature and 
(b) surrounding surface 

The SEM micrographs of the worn surfaces of plasma nitrided tool steel 1 and the mating Al-
Si coated high strength steel specimens surfaces from tests at 40ºC, 400ºC and 800ºC  respectively 
are shown in Figure 13. The EDS spectra from analysis of the worn surface of the plasma nitrided 
tool steel 1 specimen from the test at 40ºC is given in Figure 14.  

 The high friction obtained during tests at 40ºC (Figure 3) may be attributed to the occurrence 
of severe adhesion and material transfer from the disc surface, i.e. the Al-Si coated high strength 
steel to the pin surface as revealed by the SEM/EDS analysis. This can also be ascertained from 
the SEM micrographs in Figures 13 (a) and (d) which show removal of material fragments from 
the Al-Si coated steel and some material pick-up on the tool steel surface. The low wear of the tool 
steel may be attributed to the fact that Al-Si alloys are known to form compacted surface layers 
during sliding as reported earlier [11,12]. These layers are of a protective nature and enhance the 
wear resistance of the material. At 400ºC (Figure 4), the friction coefficients are lower as 
compared to those at 40ºC. The SEM micrograph in Figure 13 (b) shows a relatively clean and 
smooth tool steel surface. The decrease in friction with time during the tests at 400ºC may be 
attributed to running-in effects and formation of compacted oxide layers on the Al-Si coated steel 
surface, Figure 13 (e). The governing wear mechanism appears to be mainly adhesive 
accompanied by some abrading action of oxidised wear debris as can be seen from some scoring 
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marks on the tool steel pin specimen surface in Figure 13 (b) and some plastically deformed 
plateaus on the Al-Si coated disc surface in Figure 13 (e). Wear of the Al-Si disc specimen at 
400ºC seems to be mainly confined to the coating since an EDS analysis of some of the retained 
wear debris indicated the presence of Al and Si only. 

Figure 13. SEM micrographs of plasma nitrided tool steel 1 at (a) 40ºC (b) 400ºC (c) 800ºC and 
Al-Si coated high strength high strength steel at (d) 40ºC (e) 400ºC (f) 800ºC. (Load: 50 N; Stroke: 

1 mm; Frequency: 50 Hz; Duration (40, 400ºC): 20 min; Duration (800 ºC): 15 min) 

Figure 14. EDS spectra taken from plasma nitrided tool steel 1 after sliding against Al-Si coated 
high strength steel at 40ºC. (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min) 

At the highest temperature of 800ºC (Figure 5), the friction coefficients are lower as compared 
to those at 40ºC but in the case of TS1 PN and TS3 PN friction increased towards the end of the 
tests. The increase in friction of plasma nitrided  tool steels 1 and 3 towards the end of test could 
be caused by softening of the material  giving rise to larger contact area (i.e. more plastically 
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deformed plateaus) resulting in increased adhesion. The formation of different intermetallics on 
Al-Si coated steel at elevated temperatures due to diffusion coupled with material transfer from 
tool steels of different chemical compositions may also influence the friction behaviour at 800ºC 
as the tests progress. The wear mechanism at 800ºC is predominately adhesive as is evident from 
the SEM micrographs in Figures 13 (c) and (f). There are also signs of compaction of oxidised 
wear debris on worn surfaces of both the tool steel pin and Al-Si coated disc specimens. All tool 
steel pin specimens are characterised by scoring marks which may result from the abrading action 
of hard oxidised wear particles. The material transfer from tool steel 3 to the coated high strength 
steel was confirmed by the presence of a vanadium peak in the EDS spectrum obtained from the 
worn surface of the Al-Si coated steel disc specimen. It is in marked contrast to the behaviour 
observed at 40ºC in which material transfer occurred from the Al-Si coated steel disc to the tool 
steel pin specimen. The Al-Si coated high strength steel specimens in these tests have shown very 
low specific wear rates, Figure 10. The features of the worn surface of the disc reveal that sliding 
occurs on several small plastically deformed plateaus. Also, as observed during the experiments, 
the valleys are filled with retained wear debris during sliding. This can be supported by the fact 
that there is a substantial amount of wear debris accumulated in the contact during sliding and that 
retained wear debris in the valleys are also observed in the SEM micrographs. On the disc 
specimens from tests with tool steel 1 and 3 there are some signs of larger grooves, possibly due to 
abrasion from larger hard oxidised wear particles. Frictional heating does not seem to influence the 
tribological or oxidation behaviour at this temperature since an EDS analysis both outside and 
inside the wear scar revealed similar levels of oxygen. If oxidation were to have been further 
promoted by frictional heating the amount of oxygen would have been higher in the wear scar. A 
possible explanation for the drastic decrease in wear of the Al-Si coated high strength steel is the 
formation of a Fe-Al layer during heating. The higher contents of Fe on surface after exposure to 
800ºC, as seen in Figure 12, also suggest the formation of such a phase. The occurrence of such a 
formation has also been reported by Suehiro et al. [2]. The characteristics of such Fe-Al layers 
have been investigated by Zhu et al. [13] who found that the wear and friction of these layers 
decreased with increasing temperature. 

The exact mechanisms behind the tribological behaviour and the observed morphological 
changes are still somewhat unclear and further detailed studies to investigate the tribochemical 
layers as well as the role of surface morphology changes with time are necessary to get a better 
picture of the course of events.  

5. Conclusions 

High temperature friction and wear studies on different tool steels (with and without nitriding) 
sliding against Al-Si coated high strength steel have been conducted. The main conclusions of 
these studies are as follows: 

The frictional characteristics of different tool steels during the initial stages of sliding up to 
400ºC are quite similar for all the tribological pairs. 

The low temperature of 40ºC resulted in high friction. As the temperature increased, the 
coefficients of friction decreased possibly due to formation of oxides and/or intermetallic 
compounds and consequently reduced adhesion.  
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The wear characteristics are also temperature dependant. The low temperature of 40ºC 
resulted in low wear on the tool steels. At 400ºC, the tool wear increased. At 800ºC, the 
change in wear characteristics of plasma nitrided tool steels, as compared to those at 400ºC, 
were small but the wear on the Al-Si coated high strength steel was significantly lower.  

The principal material removal mechanism appears to be adhesive wear at all temperatures 
coupled with contribution from abrading action of oxidised wear debris at elevated 
temperatures. 

The wear characteristics of different plasma nitrided tool steels are quite similar indicating 
that the compositions of the tool steels have hardly any influence on wear. 

The Al-Si coated surface undergoes surface morphological changes when heated to 800ºC. 
The mechanism of these morphological changes and their influence on the friction and wear 
characteristics are unclear and further investigations are necessary to explain the mechanism 
and their role in determining the tribological behaviour. 
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Abstract 

The superior strength to weight ratio of high strength steels is the main reason for their increasing 
usage in the automotive industry as structural reinforcements and energy absorbing systems. To 
enable the forming of high strength steel components, hot metal forming operations are commonly 
used. In addition to facilitate forming, the high temperature also offers the possibility of hardening 
through quenching directly after forming. However, it is not clear how the hardening influences 
friction and wear during relative sliding between the tool and workpiece. In order to understand 
this, the friction and wear characteristics at elevated temperatures of hardened high strength steels 
have been investigated and compared to the friction and wear characteristics of unhardened high 
strength steel. The study involves plasma nitrided tool steels sliding against uncoated and Al-Si 
coated high strength steel. The experimental work has been carried out using a high temperature 
version of the Optimol SRV reciprocating friction and wear tester. The results have shown that 
both friction and wear, at all the investigated temperatures, are affected by hardening of the high 
strength steel. In the case of uncoated high strength steel, the hardening resulted in lower friction 
owing to the formation of compacted oxide layers. The tool wear increased at low temperatures 
but it was not affected at elevated temperatures. In the case of Al-Si coated high strength steel, the 
hardening reduced friction and tool steel wear at elevated temperatures and also reduced the wear 
of the Al-Si coated high strength steel at low temperature. At low temperatures, tool steel wear 
increased when sliding against the hardened Al-Si coated high strength steel and lower adhesion 
can possibly cause the lower friction observed in case of hardened Al-Si coated high strength steel. 

Keywords: friction; wear; high temperature; high strength steel; hardening; tool steel  

1. Introduction 

High strength steels (HSS) have offered a good solution to the automobile industries in their 
pursuit to improve fuel efficiency and crashworthiness of vehicles due to its high strength to 
weight ratio. Common applications for HSS in vehicles are as structural reinforcements and energy 
absorbing systems. The components are usually produced through various sheet metal forming 
processes at elevated temperatures to facilitate the forming and simultaneous improvements in the 
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material properties through hardening. The hardening is achieved by quenching the component in 
water resulting in a fully martensitic microstructure and thus a very high strength. During 
quenching of the hot components, there is usually some relative sliding between the tool and 
workpiece due to shrinkage. In view of this, the elevated temperature friction and wear during high 
strength boron steel and tool steel interaction become important and needs to be investigated. 

The authors have previously studied the high temperature tribological properties of unhardened 
high strength boron steel and tool steels pairs [1,2]. The high strength steel was studied in 
uncoated and Al-Si coated conditions whereas the tool steels were either untreated or plasma 
nitrided. The results have shown that both friction and wear are temperature dependant. Higher 
operating temperature resulted in decreased friction and increased wear.  Plasma nitriding of the 
tool steels has been effective in reducing friction and improved resistance to adhesive wear. The 
Al-Si coating on the high strength steel has resulted in high friction at low temperatures and 
reduced friction at elevated temperatures. Its wear resistance also improved at elevated 
temperature possibly owing the formation of some hard Fe-Al-Si intermetallic. 

A literature survey on the subject of high temperature tribology of various material pairs 
revealed that only a limited amount of work has been done in this field. Pellizzari et al. [3] have 
studied the tribology of hot rolling mill rolls and concluded that wear mainly occurred through 
abrasion and oxidation and that the hot hardness was an important parameter. In a review on 
tribology in hot metal forming, Beynon [4] states that several aspects of hot metal forming 
tribology are poorly understood and further research both through laboratory experimentation as 
well as computer simulations is necessary to enhance our knowledge within this field.  

The aim of this work is therefore to generate new knowledge regarding the high temperature 
tribological behaviour of tool steel and hardened high strength boron steel pairs. It may be 
pertinent to mention here that the present work focuses mainly on investigating the fundamental 
tribological behaviour of these materials at elevated temperatures and it is not an attempt to 
simulate the hot metal forming process. The high temperature friction and wear results are also 
useful for various other high temperature applications as well as in computer simulations of the hot 
metal forming process. 

2. Experimental 

2.1 Test materials and specimens 

In this work, tribological studies were conducted on tool steels of three different alloying 
compositions with a nitriding surface treatment. The nitriding surface treatment was performed in 
a multi-step process involving both plasma nitriding and nitro carburising. The depth of the 
nitrided layer was 0.25 – 0.3 mm. Nitriding of steels is a well known method to improve their 
corrosion and wear resistance through formation of hard nitride surface layers [5]. The upper 
specimens were pins (Ø10 mm x 10 mm long) with one end spherical. The lower specimens were 
flat discs (Ø24 mm x 7.9 mm thick) made from uncoated as well as Al-Si coated high strength 
steel. The high strength steel was studied in both unhardened and hardened conditions. The 
hardening was achieved by heating the specimens to 920ºC and retaining them at that temperature 
for 12 minutes in the case of uncoated high strength steel and 8 minutes for the Al-Si coated high 
strength steel. The difference in time for high temperature retention was in view of different 
thickness of the two materials. After retention at 920ºC, the specimens were subsequently 
quenched in water. During the tribological tests, the upper specimen is mounted with the spherical 
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end in contact with the flat disc specimen. This result in a point contact configuration and enables 
the application of the high contact pressures typically encountered in metal forming applications. 

The composition, hardness values, initial surface roughness and type of surface treatment for 
the test materials employed in this study are given in Table 1.

Table 1. Alloying composition in (wt. %), hardness values, initial surface roughness and surface 
treatment of the test specimens used in this study  

Material C Mn Cr Si B P S Ni Mo V HV300g Ra
[ m]

Treatment 

Coated
boron
steel

0.25 1.4 0.3 0.35 0.005 - - - - 85a 1.06 Al-Si 
coating

Hardened
coated
boron
steel

0.25 1.4 0.3 0.35 0.005 - - - - 1180a 3.23 Al-Si 
coating

Boron 
steel

0.2-
0.25 

1.0-
1.3 

0.14-
0.26 

0.2-
0.35 

0.005 >0.03 >0.01 - - - 210 0.323 Untreated 

Hardened
boron
steel

0.2-
0.25 

1.0-
1.3 

0.14-
0.26 

0.2-
0.35 

0.005 >0.03 >0.01 - - - 230 2.36 Untreated 

Tool
steel 1 

0.37 1.4 2.0 0.3 - - - 1.0 0.2 559 0.199 Plasma 
nitrided

Tool
steel 2 

0.31 0.9 1.35 0.6 - 100
ppm 

40
ppm 

0.7 0.8 0.145 794 0.324 Plasma 
nitrided

Tool
steel 3 

0.39 0.4 5.2 1.0 - - - - 1.4 0.9 634 0.533 Plasma 
nitrided

a Hardness value is for the coating 

2.2 Test equipment 

The experimental work in this study was carried out by using a reciprocating friction and wear 
(SRV Optimol) test machine. This utilises an electromagnetic drive to oscillate an upper specimen 
under normal load against a stationary lower test specimen. The normal load is applied by means 
of a servo motor. The lower test specimen is provided with a cartridge heater which enables tests 
at elevated temperatures of up to 900ºC.  A computerised control system enables accurate control 
of the applied load, temperature, stroke length and frequency of the oscillatory movement. The 
data acquisition system records friction, temperature, load, frequency and stroke length during the 
tests. The test parameters used in this study are listed in Table 2. The wear scars were examined by 
using SEM/EDS technique to analyse the nature of wear. Hardness measurements were carried out 
by using a microhardness tester and the microstructures were studied by an optical microscope. 

Table 2. Test parameters 
Test parameters Value

Load 50 N

Temperatures 40, 400 and 800ºC
Stroke length 1 mm  

Frequency 50 Hz 

Duration 20 min 



4

2.3 Test procedure 

The specimen and specimen holders were cleaned in industrial petrol in an ultrasonic cleaner, 
rinsed with ethanol and dried prior to testing.  

The experiments were conducted at three different constant temperatures with a view to study 
the influence of temperature on friction and wear characteristics of tool steel and high strength 
steel. The lower work piece specimen was heated while it was still separated from the upper test 
specimen. When the desired temperature of the work piece specimen was reached, the upper tool 
specimen was brought in contact and loaded against the lower specimen and the test was started. 
All experiments were repeated and good reproducibility of the results was observed. As an 
example, the uncertainty in friction measurements for TS1 sliding against hardened high strength 
steel at 800ºC was 0.794±0.037. The uncertainty in wear measurements is shown in Figures 5 – 8. 

3. Results 

As the friction and wear results of the different tool steels in this study were very similar under the 
same conditions the results will focus on only one of the tool steels during sliding against both 
uncoated as well as Al-Si coated high strength steel in unhardened and hardened conditions. 

3.1 Frictional behaviour 

High strength steel 

The frictional characteristics of the unhardened high strength steel and plasma nitrided tool steel 
pairs at different temperatures are given in Figure 1. At 40ºC, the friction starts at a high value of 
above 1, and increases further until seizure occurs after approximately one third of the test 
duration. At 400ºC, the initial friction is slightly lower (approximately 1) as compared to that at 
40ºC and it continues to decrease until it levels out halfway through the test at a value of about 0.8. 
The friction at 800ºC is characterised by a lower initial value than at the other temperatures (below 
1) followed by a decrease to a value of 0.8. The remainder of the test shows a fluctuating friction 
that ends with a steady increase to values approaching 1.1.  

The friction results from the tests on hardened boron steels and plasma nitrided tool steel pairs 
are given in Figure 2. The friction for hardened high strength steel is lower at all temperatures as 
compared to that for unhardened high strength steels. At 40ºC, the initial friction is similar to that 
involving the unhardened high strength steel, but in this case seizure does not occur. Instead, the 
friction coefficient remains almost steady at ~1.25. The results at 400ºC show a similar trend as in 
the unhardened case but the friction is lower and relatively more steady. At 800ºC, the behaviour 
of the hardened high strength steel is quite different as compared to that of the unhardened steel. 
The initial friction is substantially lower (approximately 0.6) and steady, but decreased thereafter 
to about 0.85 towards the end of the test. 
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Figure 1. Coefficient of friction as a function of time for plasma nitrided tool stee1 l and 
unhardened high strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 
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Figure 2. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and hardened 
high strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz) 
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Al-Si coated high strength steel 

The frictional characteristics of the unhardened Al-Si coated high strength steel and plasma 
nitrided tool steel pairs are given in Figure 3. The friction at 40ºC is characterised by an initial 
increase and then it remained stable at a value of 1.4 before seizure occurs towards the end of the 
test. At 400ºC the friction shows an initial increase that peaks at about 1 and is followed by a 
steady decrease to a value of ~ 0.8. The friction at 800ºC increased very rapidly to values of above 
1 during the initial stage, but then decreased and resulted in the lowest overall friction.  
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Figure 3. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and 
unhardened Al-Si coated high strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; 

Frequency: 50 Hz) 

The friction results from the tests on hardened Al-Si coated high strength steel and plasma 
nitrided tool steel pairs are given in Figure 4. The friction at 40ºC initially increase to about 0.9 
followed by a drop to 0.75 and then a steady increase thereafter to about 1.3 where it levels out 
halfway through the test. The friction at 400ºC shows very small changes during the test. It starts 
at 0.6 and then marginally increased to ~ 0.8 during the test. A similar frictional behaviour is 
observed at 800ºC although the initial value is the lowest of all the tests (0.5) and the friction is 
somewhat unstable as compared to that at 400ºC. 
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Figure 4. Coefficient of friction as a function of time for plasma nitrided tool steel 1 and hardened 
Al-Si coated high strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 

50 Hz) 

3.2 Wear behaviour 

The wear results obtained during this work are presented in terms of specific wear rates which are 
calculated as follows: 

sF
VratewearSpecific
N

   (1) 

Where V is the volume worn away in [mm3], FN is the normal load in [N] and s is the total 
sliding distance in [mm].  

In tribological tests at elevated temperatures, the oxidation of the test specimens plays an 
important role in determining their friction and wear behaviour. In order to account for the 
oxidation in the wear results at the highest temperature, a stationary oxidation test was conducted. 
This was performed by using the same equipment as in the tests. The lower specimen was heated 
to 800ºC and maintained at this temperature in contact with the upper specimen for the same 
duration as that in the tribological tests. The oxidation was then quantified by weighing the 
specimens after the test. It was found that weight gain due to oxidation was negligible on the tool 
steel specimens possibly owing to a small surface area. The work piece specimens on the other 
hand experienced a weight gain. This value was then subtracted from the wear values obtained in 
the tests at 800ºC. 
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High strength steel 

Wear of the plasma nitrided tool steel during sliding against unhardened high strength steel 
increased at elevated temperatures, Figure 5. Wear on the unhardened high strength steel was 
found to be the lowest at 400ºC and highest at 800ºC.  
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Figure 5. Specific wear rates for plasma nitrided tool steel 1 and unhardened high strength steel 
at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min) 

When sliding against hardened high strength steel, Figure 6, the plasma nitrided tool steel 
shows an increase in wear between 40 and 400ºC but it hardly changed from 400ºC and 800ºC 
respectively. The minimum wear on the hardened high strength steel occurs at 400ºC and the 
maximum wear at 800ºC. The wear of the hardened high strength steel is lower at 40ºC as 
compared to that of unhardened high strength steel at 40ºC. The tool steel wear is however similar 
between the unhardened and hardened cases except at 800ºC where TS1 shows higher wear during 
sliding against unhardened high strength steel. 
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Figure 6. Specific wear rates for plasma nitrided tool steel 1 and hardened high strength steel at 
40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 20 min) 

Al-Si coated high strength steel 

In the case of plasma nitrided tool steel and unhardened Al-Si coated high strength steel the wear 
is higher at elevated temperatures. The maximum wear of the Al-Si coated high strength steel 
occurs at 40ºC whereas the wear is quite low and similar at 400ºC and 800ºC respectively, 
Figure 7.  

Wear of the plasma nitrided tool steel during sliding against hardened Al-Si coated high 
strength steel is also higher at elevated temperatures, Figure 8. At 40ºC, the tool steel wear is 
slightly higher than that in the unhardened case but at 400 and 800ºC it is lower as compared to 
that of the unhardened case. The wear of the hardened Al-Si coated high strength steel is the 
lowest at 400ºC and highest at 800ºC. The wear at 40ºC is lower as compared to the unhardened 
case.
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Figure 7. Specific wear rates for plasma nitrided tool steel 1 and unhardened Al-Si coated high 
strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 

20 min) 
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Figure 8. Specific wear rates for plasma nitrided tool steel 1 and hardened Al-Si coated high 
strength steel at 40ºC, 400ºC and 800ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 

20 min) 
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4. Discussion 

The frictional results in Figures 1-4 clearly show that hardening does influence the frictional 
behaviour, both at low as well as high temperatures. In the case of high strength steel at 40ºC, the 
hardening of the high strength steel specimen has prevented the occurrence of seizure, Figure 2. 
The stable friction behaviour observed in the case of hardened high strength steel at 40ºC can be 
attributed to the formation of some protective oxide layer on the surface of tool steel, as confirmed 
by SEM/EDS analysis, and possibly also the interaction of the already existing oxide layer that 
originates from the hardening process. The higher hardness will also lead to reduced ploughing 
action by the upper tool steel specimen in the lower specimen. Hardness measurements on the 
hardened high strength steel have shown that the top surface layer (about 50 m) has a lower 
hardness compared to the bulk, as shown in Figure 9. The microstructural analysis also revealed 
that the top layer had a ferritic microstructure as compared to the martensitic structure found 
further down in the material, Figure 10. The ferrite is probably formed due to decarburisation of 
the high strength steel when it is heated prior to hardening. The lower concentration of carbon 
suggests that some ferrite is formed along with the austenite during heating and only then the 
austenite is transformed to martensite during quenching, leaving a ferritic top layer. 
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Figure 9. Hardness depth profiles for (a) unhardened high strength steel and (b) hardened high 
strength steel 

Figure 10. Microstructure of hardened high strength steel. Top layer has different microstructure 
compared to the bulk. 
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The wear mechanism in the tests at 40ºC is mainly adhesive in the hardened and unhardened 
cases, Figures 11 (a) and (d) and Figure 12 (a) and (d). The unhardened high strength steel shows 
signs of severe adhesive wear. The tool steel shows more signs of compacted oxide layers after 
sliding against the hardened high strength steel, Figure 12 (d), which can explain the absence of 
seizure in that test as well as lower and steadier friction. At 400ºC, in tests with hardened high 
strength steel the friction is relatively lower and more stable as compared to that in case of the 
unhardened steel. The increased oxidation, compaction and sintering of the wear debris due to the 
higher temperature could be the reasons for lower friction and wear. These phenomena have also 
been reported by other researchers for various material combinations [6-10]. The formation of 
such compacted wear resistant layers also explains the occurrence of low wear at 400ºC on the 
high strength steel in both the unhardened and hardened conditions as compared to that at 40ºC. 
The relatively smoother plateaus of compacted wear debris as seen in case of the hardened steel in 
Figure 12 (e) vis a vis that of the unhardened steel in Figure 11 (e) may also explain the lower 
friction observed in Figure 2. The tool steel wear scars in Figures 11 (b) and Figure 12 (b) shows 
very similar appearance suggesting that the layers created on the disc surface controls the 
tribological behaviour at this temperature. The increased tool steel wear that occurs at 400ºC as 
compared to that at 40ºC, both in the unhardened and hardened case, can possibly be due to 
softening of the tool steel and increased adhesion.  The different frictional characteristics observed 
at 800ºC between the unhardened and hardened high strength steel can possibly be attributed to 
differences in the initial oxide layers. The hardened high strength steel disc has some residual 
oxides present from the hardening which can affect the frictional behaviour. In Figure 12 (f), it can 
bee seen that the plateaus on the hardened disc wear scar appear to be more compacted and 
smoother as compared to those in the unhardened case. The tool steel wear scar has also higher 
contents of O after sliding against the hardened high strength steel, as confirmed by EDS, 
suggesting that more oxide layers are formed and hence affecting friction. The lower wear on the 
hardened high strength steel can possibly be caused by the interaction with the already existing 
oxide layer (remaining from the hardening). 

Figure 11. SEM micrographs of plasma nitrided tool steel 1 at (a) 40ºC (b) 400ºC (c) 800ºC and 
unhardened high strength steel at (d) 40ºC (e) 400ºC (f) 800ºC. (Load: 50 N; Stroke: 1 mm; 

Frequency: 50 Hz; Duration: 20 min) 
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Figure 12. SEM micrographs of plasma nitrided tool steel 1 at (a) 40ºC (b) 400ºC (c) 800ºC and 
hardened high strength steel at (d) 40ºC (e) 400ºC (f) 800ºC. (Load: 50 N; Stroke: 1 mm; 

Frequency: 50 Hz; Duration: 20 min) 

The frictional behaviour of hardened Al-Si coated high strength steel during sliding against 
tool steel at 40ºC is quite similar to the unhardened case. The initial increase from a quite low 
value to a high and steady value can possibly be caused by the adhesive action and transfer of the 
Al-Si coating to the pin as confirmed by EDS analysis. However, in the hardened case the initial 
friction increases slowly and the steady state value is reached ~400s later than in the unhardened 
case. This can be caused by the lower adhesion, initially, in the hardened case due to the harder 
surface layer. As seen in Figure 13 (d) the surface of the unhardened disc has a more continuous 
layer compared to the hardened one, Figure 14 (d). 
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Figure 13. SEM micrographs of plasma nitrided tool steel 1 at (a) 40ºC (b) 400ºC (c) 800ºC and 
unhardened Al-Si coated high strength steel at (d) 40ºC (e) 400ºC (f) 800ºC. (Load: 50 N; Stroke: 

1 mm; Frequency: 50 Hz; Duration: 20 min) 

Figure 14. SEM micrographs of plasma nitrided tool steel 1 at (a) 40ºC (b) 400ºC (c) 800ºC and 
hardened Al-Si coated high strength steel at (d) 40ºC (e) 400ºC (f) 800ºC. (Load: 50 N; Stroke: 1 

mm; Frequency: 50 Hz; Duration: 20 min) 

The hardening process will promote the formation of some hard Fe-Al-Si intermetallics that 
may have other characteristics compared to the original coating. The surface layer reaches a 
hardness of more than 1200 HV25, Figure 15, after heating and quenching suggesting the formation 
of some Fe-Al-Si intermetallics. The tool wear is higher in the case of hardened Al-Si coated high 
strength steel. This is most likely caused by the very hard surface layer, which is created when the 
Al-Si is exposed to elevated temperatures during the hardening process, combined with reduced 
formation of the wear protective layers that Al-Si alloys are known to form [11,12]. 
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Figure 15. Hardness depth profiles for (a) unhardened Al-Si coated high strength steel and (b) 
hardened Al-Si coated high strength steel 

Correspondingly, the wear of the hardened coated high strength steel is lower compared to the 
unhardened. At 400ºC the friction of the hardened Al-Si coated high strength steel and plasma 
nitrided tool steel pair is low and steady and the wear of both the tool steel and coated high 
strength steel is lower as compared to the unhardened case, Figures 3 and 4. The EDS analysis 
revealed that there is some transfer of Al and Si to the tool steel specimen in the unhardened case 
whereas the tool steel specimen sliding against hardened Al-Si coated high strength steel shows a 
wear scar free from oxides and transferred layers, Figure 14 (b). The wear scar on the hardened 
disc, Figure 14 (e), shows no trace of Al or Si and has more compacted plateaus consisting of Fe 
and O whereas the unhardened disc, Figure 14 (e), shows less compacted layers and clear traces of 
Al and Si along with Fe and O. The reason for the higher friction in the unhardened case is 
probably due to higher adhesion caused by the difference in the initial surface morphology and 
composition. Hardness measurements revealed that the surface layer of the hardened Al-Si coated 
high strength steel decreases in hardness after exposure to 400ºC from 1200 HV25 to about 700 
HV25 whereas the hardness remains unchanged in the unhardened case. Friction between 400ºC 
and 800ºC is very similar in the hardened case which can be attributed to the formation of similar 
surface layers during sliding. The frictional behaviour of the unhardened and hardened Al-Si 
coated high strength steel and tool steel pair at 800ºC is very similar after ~200s indicating that 
similar surface layers are formed. This has also been confirmed by EDS analysis. The very similar 
appearance of the wear scars in Figure 13 and 14 (f) also explains the observed frictional 
behaviour. The initial differences in the frictional behaviour can be attributed to the very different 
surface morphologies, Figure 16. The hardened Al-Si coated high strength steel has a smoother 
surface compared to the unhardened. This difference originates from the way the specimens have 
been heated. The hardened disc has been heated to 920ºC, kept at that temperature for 8 minutes 
and subsequently quenched. The unhardened disc has been heated to 800ºC at a different heating 
rate which can cause the observed morphological change. The tool wear at 800ºC is lower in the 
case of hardened coated high strength steel which can also be attributed to the its surface 
morphology.  



Figure 16. SEM micrographs of unworn unhardened Al-Si coated high strength steel after 
exposure to (a) 40ºC, (b) 400ºC, (c) 800ºC and hardened (at 920ºC) Al-Si coated high strength 

steel after exposure to (d) 40ºC, (e) 400ºC and (f) 800 ºC 

5. Conclusions 

High temperature tribological studies on plasma nitrided tool steel sliding against high strength 
steel (unhardened, hardened, with and without Al-Si coating) have been conducted. The salient 
conclusions from this work are as follows: 

The frictional behaviour of different tribological pairs at elevated temperatures is affected by 
hardening of the uncoated and the Al-Si high strength steels. Generally the friction decreased 
when sliding against hardened high strength steel.  The tests at elevated temperatures also 
resulted in lower friction. 

In the case of uncoated high strength steel, the frictional characteristics are dependant on the 
formation of compacted oxide layers formed during tests at elevated temperatures. 

For the Al-Si coated high strength steel, the absence of transferred Al-Si layers in the 
hardened case is beneficial for friction at elevated temperatures whereas it results in seizure at 
the lowest temperature. 

The wear characteristics are affected by both hardening of the high strength steel as well as 
the operating temperature. At low temperature, the tool wear has increased and the high 
strength steel wear has decreased in the hardened case (both with and without coating).  

The tool wear increases from 40 to 400ºC but it remains unchanged from 400 ºC to 800ºC 
when sliding against the uncoated high strength steel (unhardened and hardened). Tool wear 
continuously increases during sliding against the coated high strength steel (unhardened and 
hardened).  

Minimum wear on the high strength steel discs were found at 400ºC for all tribological pairs, 
possibly owing to the formation of compacted wear resistant layers. 

16



17

Generally at elevated temperatures, the tool wear has decreased during sliding against hardened 
high strength steel (with or without coating). 
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