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ABSTRACT 

In metal forming at elevated temperatures the tools are subjected to thermal cycling, 
increased oxidation and wear which will influence the lifetime of the tools and the 
quality of the produced parts. In addition to this, the frictional behaviour will also 
change with temperature and this can affect the performance of the forming operation 
itself. One way of controlling friction and reducing wear is to utilise the latest 
developments in surface engineering and modify or coat the tool surface with some 
thermally stable layer. However, in the open literature there are very few studies 
pertaining to the high temperature tribological properties of surface coatings applied on 
to the tool steels and sliding against actual workpiece material. This study thus aims at 
experimentally investigating the friction and wear characteristics of a surface coated 
tool steel during sliding against ultra high strength boron steel at elevated temperatures. 
The surface coatings applied on the tool steel in this work were of TiAlN and CrN 
respectively. The tribological studies were conducted by using both a reciprocating 
tribometer as well as a pin-on-disc machine at temperatures in the range from ambient 
to 800 ºC. A 3D optical surface profiler has been used for surface topography 
measurements and SEM/EDS have been used for investigating the resultant surface 
damage. The results have shown that the friction coefficient increases with temperature 
in unidirectional sliding.  Wear of the coatings is negligible at room temperature but at 
400 ºC the CrN disc is worn by abrading action of hard oxidised wear debris and the 
coating is removed to a large extent. In reciprocating sliding the friction also increases 
with temperature and the coatings are completely removed during sliding at 800 ºC. 
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1. INTRODUCTION 

In metal forming at elevated temperatures the tools are subjected to thermal cycling, 
increased oxidation and wear which will influence the lifetime of the tools and the 
quality of the produced parts. In addition to this, the frictional behaviour will also 
change with temperature and this can affect the performance of the forming operation 
itself. One way of controlling friction and reducing wear is to utilise the latest 
developments in surface engineering and modify or coat the tool surface with some 
thermally stable layer. Rodrigues-Baracalso et al. [1] have investigated the wear 
resistance of AISI H13 steel at both room temperature and elevated temperature. The 
AISI H13 steel was heat treated in different ways, with and without nitriding and coated 
with TiAlN. They found that a single gas nitrided layer had better wear resistance than a 
single TiAlN layer due to the high hardness difference between the substrate and 
coating in the latter case. The duplex system (nitriding + coating) showed the best 
performance due to better support for the coating and better conditions for oxide 
formation in the wear track. Hovsepian et al. [2] have made a survey on nanoscale 
multilayered coatings that were designed to improve the tribological behaviour at 
elevated temperatures. They conclude that adding certain elements to TiAlN coatings, 
resulting in a TiAlCrN/TiAlYN coating, will improve the wear resistance and reduce 
friction due to structural densification of the coating at high temperatures. In the case of 
a TiAlN/VN system the reduced friction coefficient is due to formation of vanadium 
oxide phases with low shear strength. In [3] Staia et al. studied the tribological 
performance at high temperatures of TiAlN deposited on WC substrates. They found 
that a single layered coating had good wear characteristics at high as well as low 
temperatures. A multilayered coating showed improved wear resistance when the 
temperature increased from 25 to 500 ºC but increased wear at a temperature of 700 ºC. 
The best coating type was the nanostructured, which showed almost no wear at 500 ºC 
and lower wear at 700 ºC compared to the others. Fateh et al. [4] investigated the high-
temperature oxide fomation of TiN and VN coatings and its affect on the tribological 
properties. They found that TiN did not form any oxides with self-lubricating properties. 
VN, on the other hand, showed a clear reduction in friction coefficient as the 
temperature increased which was explained by formation of Magnéli oxide phases with 
low shear strength. Obviously the mechanical properties of TiAlN and the self-
lubricating properties of the vanadium oxides would be interesting to combine and 
Kutschej et al. [5] have made a comparison between TiAlN and TiAlVN. At 
temperatures up to 500 ºC very small differences in friction were noticed. As the 
temperature was increased the TiAlVN coating showed a large reduction in friction 
coefficient due to formation of vanadium oxides. However, as the sliding progressed 
some aluminium-vandium oxides forms and increases friction. These oxides also reduce 
the wear resistance of the TiAlVN compared to the TiAlN. Mo et al. [6] have made a 
comparison between AlCrN and TiAlN coatings sliding against silicon nitride balls in 
unidirectional and reciprocating motion. They found that the AlCrN coating had lower 
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friction and better characteristics of anti-oxidation and anti-spalling. Huang et al. 
investigated the friction behaviour of TiN, CrN and TiAlN in [7]. They found that 
TiAlN had the highest friction and CrN had the lowest. A study on the high temperature 
tribological behaviour of CrN has been performed by Polcar et al. [8]. They used 
different balls (steel, silicon nitride and alumina) as counter bodies. They found that the 
steel ball experienced high wear while the coating had negligible wear. The friction in 
combination with the silicon nitride ball decreased with temperature while it was lowest 
at room temperature for the alumina ball. In another study by Polcar et al. [9] they 
investigated TiN, TiCN and CrN coatings at elevated temperatures sliding against steel 
and silicon nitride balls. They found that the friction increased with temperature for the 
TiN and TiCN coatings when sliding against the steel ball. CrN had a maximum friction 
between 100 – 300 ºC and a minimum at higher temperatures. They also found that a lot 
of steel ball material transferred to the CrN coated surface. An investigation of different 
PVD coatings regarding their tribological properties when sliding against hot dip Zn and 
55% Al-Zn coated steel sheets were performed by Carlsson et al. [10]. They concluded 
that the metal-carbide-doped DLC coatings would work as tool coatings in dry cold 
forming of Zn steel sheets. The 55% Al-Zn coated steel sheets were not suited for dry 
forming due to severe material pick-up. The CrN coating showed high friction 
coefficients in this study due to material transfer from the steel sheet surface. Since 
many hard and thermally stable PVD coatings experience high friction during sliding at 
elevated temperatures some attempts have been made to introduce some additional 
element to the coating that decreases the interfacial shear strength. In [11] Kutschej et 
al. investigated a CrN coating with different wt% of Ag. They found that CrN with 
12wt% Ag showed lower friction and wear when sliding at against an alumina ball at 
600 ºC. An investigation into the high temperature friction and wear behaviour of 
several coatings has been performed by B. S. Mann et al. [12]. They found that a plasma 
sprayed chromium carbide coating had superior friction and wear characteristics at 
550 ºC compared to the other investigated coatings. A lot of research has been done into 
the tribological properties of surface coatings but most of the work has been focussed on 
room temperature properties. The published work pertaining to high temperature 
tribology is quite limited, both in general and surface coatings in particular. 

The author’s have initiated research into the high-temperature tribological behaviour of 
tool steels and ultra high strength boron steels [13-15]. The investigated tool steels have 
been untreated and plasma nitrided. The results have shown that friction is temperature 
dependant and it decreases as the temperature is increased. The wear is also temperature 
dependant and increases with increased temperatures. Plasma nitriding of the tool steels 
is an effective way of reducing friction and providing protection against severe adhesive 
wear. In the open literature there are no studies pertaining to the high temperature 
tribological properties of surface coated tool steels sliding against ultra high strength 
boron steel.  
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This study is therefore aimed at experimentally investigating the friction and wear 
characteristics of a surface coated tool steel during sliding against ultra high strength 
boron steel (UHSS) at elevated temperatures.  

 

2. METHOD 

2.1 Test materials and specimens 

The investigated PVD coatings in this study were TiAlN and CrN. They were selected 
based on their good mechanical properties, wear resistance and oxidation resistance. 
The coatings were deposited on a tool steel intended for hot forming which was nitrided 
prior to deposition (thus resulting in a duplex system). The chemical composition, 
hardness and surface roughness of the tool steel and UHSS are given in Tables 1 and 2. 
Note that the hardness values, in case of the coated specimens, are the surface hardness 
of the system (coating, nitrided layer and bulk). Two different sets of test specimens 
were used. In the unidirectional tests the upper pin (Ø5 mm) was made from UHSS and 
slid against a disc (Ø75 mm, height 8 mm) made from tool steel. The initial morphology 
and surface topography of the coated tool steel discs and UHSS pins are shown in 
Figures 1 (a - c). The TiAlN coated disc had a slightly lower surface roughness 
(Sa = 74 nm) compared to the CrN coated disc (Sa = 92 nm). The UHSS pin specimen 
was used in the as delivered condition with a roughness of Sa = 6 μm. In the 
reciprocating tests an upper pin, with one end spherical, (Ø10 mm, height 10 mm) was 
made from tool steel and slid against a disc (Ø24 mm, height 7.9 mm) made from 
UHSS. The initial surface topography of the coated tool steel pins and UHSS disc are 
shown in Figures 1 (d - f).  

Table 1. Alloying composition in (wt. %) of the tool steel and UHSS.  

Material C Mn Cr Si B P S Ni Mo V 
UHSS 0.2-0.25 1.0-1.3 0.14-0.26 0.2-0.35 0.005 >0.03 >0.01 - - - 
Tool steel  0.31 0.9 1.35 0.6 - max 100 

ppm 
max 40 

ppm 
0.7 0.8 0.145 
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Table 2. Hardness values, initial surface roughness and surface treatment of the test 
specimens used in this study  

Material HV 
UHSS 300g, Coatings 25g 

Ra [μm] Surface 
modification 

UHSS 
pin 

311 6 Untreated 

UHSS 
disc 

254 0.26 Untreated 

Tool steel 
disc  

2977 0.072 TiAlN  

Tool steel 
pin  

2977 0.27 TiAlN  

Tool steel 
disc  

2975 0.093 CrN  

Tool steel 
pin  

2975 0.26 CrN  

 

 

Figure 1. Surface topography for unworn surfaces of (a) TiAlN disc, (b) CrN disc, (c) 
UHSS pin, (d) TiAlN pin, (e) CrN pin and (f) UHSS disc 
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2.2 Test equipment 

The unidirectional tests were performed using a high-temperature pin-on-disc machine 
equipped with a computerised data acquisition and control system. Heat is supplied 
through a hot air blower and the load is applied by a pneumatic bellow. A pyrometer 
measures the temperature of the disc.  

The reciprocating tests were conducted by using a high-temperature reciprocating 
friction and wear tester. It 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 test parameters used in 
both studies are given in Table 3. 

SEM/EDS technique was used to investigate the wear mechanisms and resultant surface 
damage. The surface topography and morphology was investigated by using a light 
interference 3D optical surface profiler. 

 
Table 3. Test parameters used in the unidirectional and reciprocating tests 

Test parameters Value 
Unidirectional tests  

Load 25 N 
Temperatures R. T. and 400 ºC 
Sliding speed 0.2 m/s 

Duration 7200 s 
Reciprocating tests  

Load 50 N 
Temperatures 40 and 800 ºC 
Stroke length 1 mm 

Frequency 50 Hz 
Duration 600 s 

 

2.3 Test procedure 

Before all tests the specimens and holders were thoroughly cleaned in petroleum spirit 
in an ultra-sonic cleaner, thereafter rinsed with ethanol and dried in air.  

The unidirectional tests were performed at two temperatures, room temperature and 
400 ºC. Heating was performed with the lower specimen (coated tool steel disc) rotating 
and the upper specimen (UHSS) removed to ensure uniform heating. When the desired 
temperature was reached, the upper specimen was brought into contact with the lower, 
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the load was applied and the test commenced. All tests where repeated and good 
reproducibility was observed. As an example the average friction from CrN tests at 
room temperature was 0.49 ± 0.05. 

In the case of the reciprocating tests, the lower specimen (UHSS) was heated while it 
was still separated from the upper test specimen (coated tool steel). When the desired 
temperature of the workpiece specimen was reached, the upper tool specimen was 
brought in contact and loaded against the lower specimen and the test was started. The 
test temperatures were 40 ºC and 800 ºC. All tests where repeated and good 
reproducibility was observed. As an example the average friction from TiAlN tests at 
40 ºC was 0.89 ± 0.06. 

 

3. RESULTS 

3.1 Frictional behaviour 

3.1.1 Unidirectional tests 

The frictional characteristics from the unidirectional tests are presented in Figure 2. At 
room temperature the characteristics of the two coatings are similar but TiAlN shows a 
slightly higher friction during the running-in stage. After about 2000 s they both 
approach a value of 0.5 which is maintained throughout the test. When the temperature 
is increased to 400 ºC, friction is increased by a factor of about 3. As seen in 
Figure 2 (b), friction is a lot more unstable at higher temperatures and large fluctuations 
are observed during the running-in stage. CrN shows a lower coefficient of friction 
compared to TiAlN.  
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Figure 2. Coefficient of friction as function of time from unidirectional tests at (a) R. T. 
and (b) 400 ºC (Load: 25 N; Sliding speed: 0.2 m/s; Duration: 7200 s) 
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3.1.2 Reciprocating tests 

The frictional characteristics from the tests performed with reciprocating motion are 
presented in Figure 3. At the lower temperature, friction is characterised by an initial 
running-in period where friction rapidly increases and then decreases. TiAlN shows a 
lower coefficient of friction but after 400 s, CrN and TiAlN approach the same values. 
When the temperature is increased to 800 ºC, friction coefficients increase for both 
investigated tribo-pairs. This can partly be attributed to larger hardness difference 
between the specimens, increased plastic deformation in the contact and consequently 
more ploughing. Figure 4 shows the remaining indentation after a stationary loading of 
the CrN coated pin specimen against the disc at 800 ºC with 50 N for 30 s. The depth of 
the indentation is about 3 μm. CrN has a lower initial friction at 800 ºC and after 200 s, 
TiAlN and CrN behave show similar behaviour with some fluctuations towards the end 
of test. 
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Figure 3. Coefficient of friction as function of time from reciprocating tests at (a) 40 ºC 
and (b) 800 ºC (Load: 50 N; Stroke: 1 mm; Frequency: 50 Hz; Duration: 600 s) 
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Figure 4. 3D image of the UHSS disc surface showing the remaining indentation after a 
stationary loading test with CrN coated pin at 800 ºC, 50 N and 30 s 

3.2 Surface characteristics of worn specimens 

3.2.1 Unidirectional tests 

The TiAlN coating shows a very smooth wear track, slightly blue in colour, after sliding 
against the UHSS pin at room temperature, Figure 5 (b). The wear scar profile in Figure 
6 (a) shows a slight build up in the wear track. The EDS spectra in Figure 5 (b) shows 
an increase of Fe and O in the wear track as compared to the unworn coating. It 
indicates the possibility of formation of iron oxides during sliding. The UHSS pin 
specimen has a quite smooth surface with fine grooves after sliding, Figure 5 (c). There 
are also signs of adhered particles in the wear scar which are composed mainly of Fe, 
Cr, Co and Ni. In the case of CrN, the wear scar in Figure 5 (e) is smoother than the 
original surface and shows traces of Fe and O which are not there in the unworn 
coating. The wear scar profile, Figure 6 (c) shows a build up of material in the wear 
track, just as for the TiAlN. The UHSS counter face is rough and shows transfer of Cr to 
the pin surface, Figure 5 (f). As shown in Figure 7, the wear on the UHSS pin is an 
order of magnitude higher when sliding against TiAlN compared to CrN.  
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Figure 5. SEM micrographs and EDS analysis results of unworn discs and 
unidirectional tests at R. T. of (a) unworn TiAlN coated disc, (b) worn TiAlN coated 
disc, (c) UHSS pin sliding against TiAlN (d) unworn CrN coated disc (e) worn CrN 

coated disc and (f) UHSS pin sliding against CrN 
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Figure 6. 3D optical surface profile images and 2D wear scar profiles of (a) TiAlN 
coated disc after R. T. test, (b) TiAlN coated disc after 400 ºC test, (c) CrN coated disc 

after R. T. test and (d) CrN coated disc after 400 ºC test 
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Figure 7. Specific wear rates of the UHSS pins from unidirectional sliding tests against 
TiAlN and CrN coated discs at R. T. and 400 ºC. (Load: 25 N; Sliding speed: 0.2 m/s; 

Duration: 7200 s)  

After sliding at 400 ºC, the wear scar of the TiAlN coating has a purple colour and is 
very smooth, Figure 8 (a). The wear scar profile in Figure 6 (b) reveals a very shallow 
groove which can be seen as a polishing of the highest asperities. The coating is 
however intact and the EDS analysis showed the presence of some Fe in the wear track, 
Figure 8 (a). The UHSS pin specimen surface is very rough, as seen in Figure 8 (b), and 
there are also clear signs of transfer of the coating elements to the pin surface. The CrN 
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wear scar after sliding at 400 ºC is quite rough, characterised by deep grooves and sharp 
peaks, Figure 8 (c). The EDS analysis showed that the coating is not intact and that the 
wear scar is rich in Fe and O. The pin surface is very irregular showing several smeared 
regions, Figure 8 (d). The EDS analysis showed a uniform distribution of Fe, Cr and O 
in the wear scar.  The wear of the UHSS pin is higher when sliding against the TiAlN 
coated disc. 

 

 

Figure 8. SEM micrographs and EDS analysis results from unidirectional tests at 
400 ºC of (a) TiAlN coated disc, (b) UHSS pin sliding against TiAlN, (c) CrN coated 

disc and (d) UHSS pin sliding against CrN 

3.2.2 Reciprocating tests 

The wear scar of the TiAlN coated pin, after 10 minutes of sliding at 40 ºC, is shown in 
Figure 9 (a) and it can be seen that the coating is partly removed. The UHSS disc, 
Figure 9 (b), shows a wear scar with small grooves and some adhered wear debris 
consisting mainly of Fe and O. There are also some traces of coating transfer to the disc. 
The CrN coated pin shows a wear scar that is smoother than the original surface and 
with most of the coating intact after 10 minutes of sliding against the UHSS disc at 
40 ºC, Figure 9 (c). The UHSS disc surface shows smeared regions and traces of Fe, O 
and Cr are found in the wear scar as shown in Figure 9 (d). 
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Figure 9. SEM micrographs and EDS analysis results from reciprocating tests at 40 ºC 
of (a) TiAlN coated pin, (b) UHSS disc sliding against TiAlN, (c) CrN coated pin and 

(d) UHSS disc sliding against CrN 

After sliding at 800 ºC for 10 minutes the TiAlN coating is completely removed and 
some adhered particles are found in the wear scar, Figure 10 (a). These consist of 
mainly Fe and O but also some Ti. The UHSS disc wear scar, Figure 10 (b), is 
characterised by a lot of compacted wear particles consisting of Fe, O and some Ti. 
After 10 minutes of sliding at 800 ºC the CrN coating is also removed and the wear scar 
is characterised by adhered areas consisting of Fe, Cr and O, Figure 10 (c). The UHSS 
disc counter surface, Figure 10 (d), is also characterised by compacted islands 
consisting of Fe, Cr and O.  
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Figure 10. SEM micrographs and EDS analysis results from reciprocating tests at 
800 ºC of (a) TiAlN coated pin, (b) UHSS disc sliding against TiAlN, (c) CrN coated pin 

and (d) UHSS disc sliding against CrN 

 

4. DISCUSSION 

The frictional behaviour of TiAlN and CrN during unidirectional sliding at room 
temperature is quite similar both during running-in and steady state. The quicker 
running in with lower friction of the CrN can partly be attributed to accumulation of 
wear debris in the pits which are there in the unworn surface. The values for CrN are in 
the same range as found by others when sliding against a steel ball [7,9] but lower than 
the results reported from tests when sliding against ceramic balls [8,9]. This indicates 
that even though the contact is very different (area contact vs. point contact) the 
frictional behaviour is still quite similar. Huang et al. [7] also found this behaviour and 
reported a transition from low friction at low loads to higher friction as the load 
increased. The frictional results from TiAlN shows lower friction compared to what 
others have reported [7]. One possible reason for this is the fact that the generated wear 
debris was continuously removed by the hot air blower (even at room temperature tests 
to have similar conditions between the two test temperatures). TiAlN have been 
reported to accumulate more wear debris and form layers which have an influence on 
friction. When the temperature is increased to 400 ºC the friction also increases to very 
high values for both coatings. CrN shows slightly lower values than TiAlN but very 
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similar behaviour. This could be explained by softening of the specimens and the 
formation of similar oxides on the sliding surfaces that increases adhesion and hence 
friction. Another contributing factor is the removal of wear debris which reduces the 
possibility of forming protective and friction reducing surface layers. 

The frictional results from the reciprocating tests show a similar behaviour as that in 
unidirectional tests with both coatings approaching the same values after some time of 
sliding. However, the friction level is very different and also the running-in behaviour. 
At 40 ºC, the TiAlN coated pin has a faster running-in and lower initial friction 
compared to the CrN coated pin. This can partly be attributed to formation of similar 
surface layers in the wear scar for the CrN-UHSS pair, as seen in Figure 9 (c) and (d), 
which can lead to increased adhesion. At 800 ºC the CrN coated pin shows lower initial 
friction but the two coatings approach the same values after less than 200 s of sliding. In 
this case the similar friction behaviour can be explained by complete removal of the 
coating and hence the sliding contact is the same in both cases, i.e. bulk tool steel 
against UHSS. Few studies have reported results from reciprocating tests on these 
coatings. However a similar study has been conducted in [6] but the results are very 
different mainly due to reversed specimen pair (coated disc against silicon nitride ball 
instead of coated pin against UHSS disc as in the present study) and very different 
testing conditions.  

The TiAlN and CrN coatings experience a material build up in the wear track after 
unidirectional sliding at room temperature. This is probably an oxide layer composed of 
Ti, Al and Fe oxides in case of TiAlN and Cr and Fe oxides on the CrN coated disc. 
Similar findings have been reported elsewhere [8]. Surface layers and adhered wear 
debris on the UHSS pins also have similar compositions suggesting material transfer 
between the surfaces. Others have also reported similar mechanisms to occur for these 
coatings. However, one main difference in this study is the continuous removal of wear 
debris which probably hinders retention of wear particles on the smooth disc surface but 
the rougher pin surface will easily accumulate wear debris which then are smeared into 
layers. The operating wear mechanism at room temperature appears to be oxidative in 
nature. The coatings hardly experience any wear at all. The wear track of the TiAlN 
coated disc after sliding at 400 ºC is very smooth and has been exposed to polishing 
wear. The UHSS pin form more agglomerates of wear debris at the elevated temperature 
and the higher oxygen contents in these indicates more oxidation of the elements 
present on the surface. The wear mechanisms are mainly mild polishing wear combined 
with oxidation and agglomeration of wear debris on the pin surface. The CrN coated 
disc shows a rough wear track after sliding at 400 ºC. The coating is removed to large 
extent by abrading action of the hard oxidised wear debris composed of chromium 
oxides and iron oxides. Hence, the main wear type is abrasive wear in case of the CrN 
coating. The abrasive wear in sliding contacts involving CrN coatings have also been 
reported in [8] where it was stated that the formation of chromium oxides at elevated 
temperatures increased the abrading action.  
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The TiAlN coating on the pin is partly removed, around the circumference of the wear 
scar after reciprocating sliding at 40 ºC. This can be an effect of the highly concentrated 
contact and the stresses that the coating is subjected to. The wear tracks on both coated 
pins, TiAlN and CrN, are quite evident in reciprocating sliding as compared to that in 
unidirectional sliding where these are hardly visible. This may be attributed to the 
higher contact pressure and the greater possibility of interaction with wear debris during 
reciprocating sliding conditions. Also, the fact that the coated surface is always in 
contact with the mating surface during reciprocating sliding, vis a vis unidirectional 
sliding, can also cause relatively higher wear. The UHSS disc wear scars have similar 
appearance for both coatings although more wear debris is accumulated in the case of 
CrN which can explain the milder wear seen on the CrN coated pin. At 800 ºC none of 
the coatings can withstand the condition prevalent in the reciprocating tests. The main 
reason for removal of the coating is probably softening of the tool steel which leads to 
insufficient support for the coating coupled with the increased ploughing action that 
occurs due to indentation of the hard coated pin into the soft UHSS disc. The UHSS 
discs shows wear scars completely filled with wear debris, both loose and agglomerated, 
that originated from both surfaces and are oxidised.  

 

5. CONCLUSIONS 

Tribological studies have been carried out on two PVD coatings, TiAlN and CrN, 
sliding against ultra high strength boron steel under unidirectional and reciprocating 
sliding conditions at elevated temperatures. The main conclusions based on these 
studies are as follows: 

1. The frictional results from unidirectional sliding tests of the TiAlN coating have 
shown that friction increases with temperature with a factor of about 3 when the 
temperature is increased from R. T. to 400 ºC. A similar behaviour is also seen for 
the CrN coating. The increase can be explained by increased oxidation of the 
coatings, increased softening and plastic deformation, as result of increased 
temperature. 

2. Under reciprocating sliding conditions, the TiAlN coating shows quicker running-in 
and lower initial friction values compared to the CrN. The increase in friction from 
40 ºC to 800 ºC is attributed to higher plastic deformation of the hot UHSS disc 
resulting in large contribution from ploughing. 

3. Both coatings experience no wear in unidirectional sliding at room temperature and 
a thin layer is built up in side the wear track. This layer is composed mainly of 
oxidised wear debris from the UHSS pin specimen. At 400 ºC the TiAlN coating 
again shows no wear and only a mild polishing wear occurs. However, the CrN 
coating is removed to large extent by abrading action of hard oxidised wear debris 
from both surfaces. 
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4. In reciprocating sliding at 40 ºC, the coatings are mainly worn due a combination of 
high contact pressure and interaction with hard oxidised wear debris. However, the 
coatings are not removed completely. At 800 ºC, none of the coatings can withstand 
the tough conditions, including thermal softening and large ploughing, and are 
completely removed. 
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