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Abstract 
 
Machine components moving relative to each other at elevated temperatures can be found in 
applications such as power generation, aerospace, metal working, etc. The identification and 
understanding of the wear mechanisms are extremely important for solving problems related to such 
systems. Presentation of the results in the form of wear maps enables e.g. design engineers to select 
appropriate materials for these applications. In this study, unidirectional sliding wear tests of ultra-
high strength boron steel (UHSS) against tool steel were conducted under unlubricated conditions 
using a pin-on-disc machine. Studies with temperature ranging from room temperature to 400 °C, a 
sliding speed of 0.2 ms-1 and a contact pressure of 2 MPa were carried out. Specific wear rates of both 
materials were obtained by weight loss measurements. Surface damage and chemical composition of 
tribolayers have been obtained by means of scanning electron microscopy/energy dispersive 
spectroscopy techniques and X-ray diffraction analysis to identify the dominant wear 
mechanism(s).The results have shown that the wear rate of boron steel decreased almost three orders 
of magnitude as the temperature increased from room temperature to 400 °C. This behavior is 
consistent with the formation of a protective glaze layer initiated at 100°C. At higher temperatures, 
such layers become more pronounced. The obtained data was finally used to construct a wear map for 
this material pair that takes temperature into account. 
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1. INTRODUCTION 
 
The severe tribological conditions combined with the 
high temperature to which materials are subjected to in 
applications such as metal forming, materials 
processing, gas turbines, aerospace and transport, have 
a big influence on the wear and friction behaviour [1-
3]. Whereas for normal conditions, a proper selection 
of materials together with a good lubricant system may 
be sufficient to control wear and friction to an 
acceptable level, at high temperatures the conditions 
change drastically. The use of oil or grease, so called 
conventional lubricants, is not an option anymore since 
they rapidly decompose at elevated temperatures 
(usually around 300 °C). This can additionally lead to 
a potential contamination of the environment. Even 
solid lubricants such as graphite are effective at 
temperatures of up to ~ 450°C only [4]. Surface 
treatments, coatings, oxidation-resistant and self-
lubricating materials have also been used to reduce 
wear and friction at high temperatures. Their 
reliability, however, depends on the durability of the 
actual modification since once the underlying-

unprotected material is exposed, the wear rate 
increases. 
High temperature wear is a complex process as it 
involves several phenomena occurring simultaneously. 
Abrasion, adhesion, microstructural changes, heat 
conduction, thermal fatigue, oxidation, debris 
generation and material transfer are just some of these 
phenomena. Coincidently, some of these events can 
also result in generating wear resistant surfaces. 
During the last decades many authors have contributed 
to the study of oxidation wear phenomenon [5-7]. 
They found that the formation of protective surface 
layers (also known as glaze layers) under certain 
conditions of load, sliding speed and temperature, by 
compaction and sintering of oxidised wear particles, 
minimise and in some cases, almost completely 
eliminate further wear [8-10]. The conditions at which 
these layers are formed vary depending on the 
materials in contact. The composition and type of 
oxides formed depend on parameters such as load, 
sliding velocity and temperature. However, it is still 
difficult to predict the conditions that promote the 
formation of glaze layers for a specific material pair. 
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The use of wear maps as a tool for summarising and 
predicting wear mechanisms under given operating 
conditions has been broadly used since the last century 
[11-14]. The ultimate objective of these diagrams is to 
provide the designers, an easy and understandable way 
to describe the behaviour of a tribological system 
under certain conditions. During the 1980’s and 1990’s 
the tendency was to use steel/iron alloys as materials 
for wear mapping. Lim and Ashby developed a 
methodology for wear-mechanism maps depicting the 
wear rate and the regime of dominant wear 
mechanisms for a steel/steel tribo-pair [15]. It was not 
until the beginning of the last decade that temperature 
was introduced as a variable in wear maps [16-18]. 
The focus however, shifted from steel to Ni, Co, Al 
and Si alloys among others instead. 
 
The research on high temperature tribology has 
significantly grown during the last years. However, it 
is still not possible to predict the friction and wear 
behaviour of a specific tribological system since the 
conditions at the sliding interface change depending on 
the materials in contact and the process variables. This 
work is intended to enhance the understanding of the 
wear mechanisms which occur during interaction of 
ultra-high strength boron steel (UHSS) and tool steel at 
elevated temperatures. These materials are increasingly 
used in automotive industry applications. The UHSS is 
commonly processed through hot metal forming 
operations and therefore it is important to understand 
the wear mechanisms occurring during sliding against 
tool steel at high temperature. 
 
2. EXPERIMENTAL WORK 
 
In this section the test materials, specimen geometries, 
chemical compositions, experimental techniques and 
equipment used during this study are described. 
 
2.1. Test materials and specimens 
 
In this work, the tribological properties of prehardened 
tool steel and ultra-high strength boron steel (UHSS) 
have been studied. The hardness values, initial surface 
roughness and chemical compositions, of these 
materials are listed in Tables 1 and 2.The tool steel 
specimens were flat discs of ø75mm and 7.9mm thick. 
The counter body specimens were cylindrical pins of 
ø4mm and 4mm height made from UHSS. 

 
Table 1: Hardness values and initial surface roughness of 
the test specimens 
 

Material HV100 Ra (nm)
UHSS (unpolished pins) 234 870 
UHSS (polished pin) 234 200 
Tool steel 460 120 

 
2.2. Test equipment and procedure 
 
The experimental work was conducted using a Phoenix 
Tribology TE67 high-temperature pin-on-disc 
tribometer under dry, unidirectional sliding conditions. 
In this machine, a stationary test specimen (pin or ball) 
is loaded against a rotating disc specimen using either 
dead weight or pneumatic loading systems. The 
friction force is measured by a strain gauge force 
transducer. For elevated temperature tests, a heating 
device (hot air blower) is placed next to the specimen 
chamber. Test parameters such as load, rotational 
speed, duration and temperature are controlled, 
monitored and recorded by a computerised system. 
 
The tool steel discs were polished with SiC abrasive 
papers (#600) in order to get a low surface roughness. 
The UHSS pin specimens were used in as delivered 
condition. The specimens were cleaned in petroleum 
spirit in an ultra-sonic cleaner, thereafter rinsed with 
ethanol and finally dried in air before and after every 
test. 
 
The tests were carried out at 5 different temperatures 
ranging from room temperature to 400°C with a load 
of 25N (contact pressure of 2MPa) and a sliding 
velocity of 0.2 m/s. For elevated temperature tests the 
lower specimen (disc) was exposed to an initial heating 
sequence while rotating to ensure uniform heating. The 
upper specimen (pin) was kept separated from the disc 
during the heating sequence. Once the desired 
temperature was achieved, the pin was brought into 
contact with the disc, the load was applied and the test 
was started. A minimum of two were carried out for 
each set of conditions and good reproducibility in 
results was observed. Each specimen was weighed 
before and after the unidirectional sliding test using a 
Metler-Toledo AX205 analytical balance, from which 
the weight change was calculated. 

 
Table 2: Chemical composition of the materials 
 

Material 
Chemical composition (wt%) 

C Si Mn P S Cr B Mo V Ni 

UHSS 0.2-0.25 0.2-0.35 1-1.3 max 0.03 max 0.01 0.14-0.26 0.005 - - - 

Tool steel 0.31 0.6-1.1 0.9 max 0.010 max 0.004 1.35 - 0.8 0.14 0.7
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Scanning electron microscopy and energy dispersive 
spectroscopy (JEOL JSM 6460 SEM/EDS) techniques 
were used to analyse the surface damage and chemical 
composition of the tribolayers formed after the 
experiments. XRD analysis was carried out in order to 
characterise the surface layers formed after being 
exposed to elevated temperatures by using a 
PANalytical Empyrean equipment. Vickers hardness 
measurements were carried out by means of a 
Matsuzawa MXT-CX micro-hardness tester; a load of 
100g was applied during 15 seconds to measure the 
hardness of the tool steel specimens after the tests. The 
experimental data obtained was finally used to develop 
a wear mechanism map for UHSS and tool steel at 
different temperatures. 
 
3. Results and discussions 
 
3.1. Friction data 
 
During the tests performed at room temperature, the 
coefficient of friction started from a relatively low 
value of ~0.12 followed by a sudden increase after 
~245 seconds to a value of ~1.25. An unstable 
frictional behaviour was observed throughout the test 
duration, Figure 1 (a). 
 

 
 

 
 
Figure 1: Friction coefficient curves at room temperature 
for UHSS against tool steel with (a) as delivered pin and (b) 
polished pin. 
This behaviour can be attributed to the presence of a 
thin natural oxide layer formed on the pin surface 
before the test was carried out. Such a layer acts as a 
protective layer until it is removed during sliding. 
Once this layer is destroyed, metal-to-metal contact 
occurs and the friction coefficient increases rapidly. 
This is further confirmed by the observation of 

adhesive wear features on the worn surface of the pin 
at room temperature. 
 
An additional experiment under the same conditions 
was carried out where the surface of the pin was 
polished before the experiment started. It is important 
to notice that only one experiment was carried out 
under these conditions. The friction coefficient graph 
from this experiment is shown in Figure 1 (b). The 
effect of the polished surface is evident since most of 
the natural oxide layer was removed during polishing 
and metal-to-metal contact takes place after only a few 
seconds into the test. The friction reaches its maximum 
value at around half of the time compared to the 
unpolished specimen, but an unstable behaviour of the 
friction coefficient was still evident. The high 
coefficient of friction value can be attributed to the 
high interfacial shear strength. Additionally in the 
current setup, a flat on flat contact was used which 
further increases the area of contact and thereby the 
friction force. 
 
The frictional behaviour at elevated temperatures 
(100°C, 200°C, 300°C, and 400°) is shown in Figure 2. 
As seen, the initial friction value in case of 100 °C 
started at ~0.85 followed by a decrease to a lower 
value of approximately 0.55 and then it gradually 
increased to a final value of ~0.9. It can also be 
observed that all the experiments at elevated 
temperature were characterised by a similar behaviour; 
a relatively high initial peak followed by a drop and 
then a gradual increase until the end of the test. Even 
though the initial friction value changed depending on 
the temperature (200°C was higher than 300 °C and 
400 °C), towards the end of the test the friction 
coefficient reached a similar value for these three 
temperatures. Moreover, the friction coefficient during 
the tests at elevated temperatures was lower and more 
stable as compared to that at room temperature. 
 

 
 
Figure 2: Friction coefficient curves for UHSS against tool 
steel at elevated temperatures 
 
From Figure 2 it can also be observed that the friction 
coefficient decreases at higher temperatures, with the 
exception of the initial friction coefficient at 200°C. 
Such sharp rise could be explained by the presence of 

0.00

0.25

0.50

0.75

1.00

1.25

15 215 415 615 815

C
oe

ff
ic

ie
n

t 
of

 F
ri

ct
io

n

Time (s)

0.00

0.25

0.50

0.75

1.00

1.25

15 215 415 615 815

C
oe

ff
ic

ie
n

t 
of

 F
ri

ct
io

n

Time (s) 0.25

0.50

0.75

1.00

1.25

15 215 415 615 815

C
oe

ff
ic

ie
n

t 
of

 F
ri

ct
io

n

Time (s)

100 °C

200 °C

300 °C

400 °C

(a) 

(b) 



4 

rough asperities on both surfaces and running-in 
effects. 
 
Figure 3 shows the frictional characteristics observed 
during two tests at 400°C which shows the good 
reproducibility of the experimental results. As 
mentioned above, both started with a relatively high 
friction value followed by a drop. The remainder of the 
test showed a fluctuating friction which became even 
more pronounced towards the end of the experiment. 
The fluctuations in friction coefficient could be 
attributed to the formation of a glaze layer. Once this 
layer is formed, the friction decreases to a minimum 
value, the layer then keeps growing until it reaches a 
certain thickness where it breaks, allowing metal to 
metal contact and therefore increasing the friction 
value. 
 

 
 
Figure 3: Friction coefficient as a function of time for UHSS 
against tool steel at 400 °C 
 
SEM micrographs of the worn surfaces of the UHSS 
pin specimens from the tests at 400°C are shown in 
Figure 4. It can be noticed that both surfaces show the 
formation of a protective layer. However, Figure 4 (a) 
shows a more uniform layer covering the surface 
which is consistent with the lower friction value shown 
seen in Figure 3 for test A. The friction in case of test 
B starts decreasing as the glaze layer is in the process 
of regenerating. Approximately just 50% of the surface 
of this pin is covered by the protective layer (Figure 
4(b)). 

 
3.2. Wear behaviour and wear mechanisms 
 
With a view to compare the wear resistance of the tool 
steel and UHSS, the wear of the specimens was 
determined through weight loss measurements. The 
specific wear rates were obtained using equation 1 and 
the wear results are shown as specific wear rates in 
Figure 5. 
 Specific	wear	rate	(k) = .    (1) 

 
where V represents the volume worn away from the 
sample in mm3, FN is the normal load given in N and s 
is the sliding distance in m. 
It is well known that steels oxidises when they are 
exposed to elevated temperatures due to their 
thermodynamic instability. In order to determine the 
weight gained at the highest temperature due to the 
oxide formation, a stationary oxidation test was carried 
out. Whereas during a normal test, the pin was loaded 
against a rotating disc, during a stationary test, the pin 
and the disc were stationary until the experiment was 
finished. The specimen was then weighed and the 
weight gain due to oxidation was quantified. It was 
found that the weight gained in the case of the UHSS 
pin was insignificant. On the other hand, some weight 
gain was detected on the tool steel specimen due to the 
large surface area. 
 
Figure 5 shows a transition from high to low specific 
wear rate of almost two orders of magnitude at 300 °C 
for the UHSS specimens. This behaviour suggests a 
change in the wear mode from severe (metallic) to 
mild (oxidational). Welsh [19] was the first to 
demonstrate that small changes in speed or load can 
result in large changes in wear rate. Likewise other 
authors [20-22] have reported the presence of a 
transition temperature above which the wear rates are 
much lower. The reasons associated with the change in 
wear rate are described in detail in the next section. 
 

 

 
 

Figure 4: SEM images of the UHSS specimens after the tribological test at 400 °C showing (a) an extensive layer covering most 
of the worn surface and (b) a layer in process of regeneration.(Break lines delimitate the zones covered by the oxide layer)
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4. CONCLUSIONS 
 
In this work, the influence of temperature on the 
friction and wear behaviour of ultra high strength 
boron steel (UHSS) sliding against tool steel has been 
studied. The salient conclusions based on this work are 
as follows: 
 The coefficient of friction is temperature 

dependant. Generally, friction decreases at elevated 
temperatures. 

 The formation of oxide layers on the worn UHSS 
surface at temperatures above 100 °C resulted in 
reduced friction and wear.  

 A transition from high to low wear rate of almost 
two orders of magnitude was identified at 300 °C. 

 The wear rate of tool steel increases with 
temperature due to thermal softening.  

 A wear mechanisms map including temperature has 
been developed for UHSS against tool steel. 
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