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1. Introduction 
Titanium-aluminium-nitride films deposited on various 

metallic and PM materials have been proven to be effective in 
many applications including machining [1-3], and dry metal 
forming and moulding, oxidation, wear and corrosion resistant 
materials at high temperature, biocompatible surgical implants, 
and prosthesis and dental alloys. 

In particular, differently structured and compound Ti1-xAlxN
coatings are already successfully applied for cutting tools with 
extreme machining conditions [4,5]. TiAlN-based coatings, 

typically deposited as 2 to 5 m thick films with hardness ranging 
between 3000 and 3300 HV, are thermally stabile between 800 
and 900 C and have the coefficient of friction against steel 
counterparts between 0.35 and 0.4 [1-3].  

The popularity of TiAlN-based coatings is based on 
substantial lowering of operating costs by eliminating coolants, 
their disposal, and chip cleaning and part washing. As a result, 
they can improve the productivity in typical machining 
applications by as much as 40%. The practical machining 
experiences in using TiAlN at lower cutting speeds suggest the 
occurrence of an intensive built-up edge (BUE) resulting in 
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AbstrAct
Purpose: The tribological behaviour of the PVD-TiAlN-coated carbide inserts was studied in dry sliding against 
carbon and stainless steel and cast iron counterparts. The friction and wear effects were examined at variable 
sliding speeds and normal loads.
Design/methodology/approach: A pin-on-disc device with round tool inserts was applied to conduct friction 
and wear tests in which both the friction coefficient and the linear wear of the tribo-pairs were continuously 
recorded versus sliding distance. The volumetric wear rate was used to compare the wear resistance of the 
tribo-pairs tested. Light microscopy (LOM), scanning electron microscopy (SEM) and X-ray microanalyses by 
EDAX were applied for observations of wear scars and wear products.
Findings: Severe adhesive wear of the mating surfaces was found to be predominant mechanism in dry friction 
between the TiAlN coating and the AISI 304 austenitic steel. In this case the protective TiAlN layer was 
removed even under the lowest load and sliding speed applied.  On the contrary, both TiAlN/C45 and TiAlN/ 
EN-GJL-300 pairs showed the mild abrasive wear mechanism with the occurrence of tribo-oxidation. For these 
cases the protective function of the PVD-arc TiAlN layer appeared to be sufficient.
Research limitations/implications: The above findings to be transmitted to machining need confirmation in 
real machining conditions. However, they suggest serious limitations in use of the coatings tested.
Practical implications: The results can be helpful in the tool choice for the three materials machined.
Originality/value: Some specific frictional behaviours and relevant wear mechanisms observed are highlighted 
and quantified.
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subsequent chipping and notching, strongly depending on the 
surface condition of the coating [6].  

In this study the tribological behaviour of a monolayer PVD-
arc TiAlN coating of about 3.5 m thickness, deposited on the 
ISO-P20 tungsten carbide inserts using the cathodic arc 
evaporation method, was examined in conjunction with steels and 
grey cast iron under different friction conditions. Special attention 
was paid to possible metal cutting applications of the TiAlN-
based thermally-insulated coatings. 

2. Experimental set-up 

2.1 Test equipment 

The ISO-P20 uncoated and PVD-arc TiAlN coated carbides 
sliding against three disc-shaped workpiece materials were tested 
at ambient temperature under dry friction conditions using a tribo-
tester equipped with control and computerized DAQ systems. The 
functional structure of the experimental set-up and 
instrumentation for the process measurements and control of the 
operating parameters were earlier presented in [6].  

In this investigation, the contact conditions were generated by 
pressing the specimen in the form of a round tool insert to the 
narrow flat face of the rotating disc as shown in Fig. 1. Thus, the 
line type of the contact was always established at the beginning of 
each tribo-test performed. In such an arrangement the maximum 
(Hertzian) contact normal stresses are estimated at the level of 1.2 
GPa [7]. The main features of the testing device can be specified 
as follows [6]: 

the inputs: the normal load Fn and the sliding speed  
vs precisely adjusted and stabilised. 
the outputs: the friction force Ff, the dimensional linear wear 
of coupled materials l, and the contact temperature of the 
specimen c are measured and analysed in real-time mode as 
functions of the sliding distance d or/and time t, and 
successively stored in a computer memory. 
the tribo-tester operates under control of the special computer 
software QBTrib. A PC computer was equipped with a 16-
channel PC26AT acquisition board with 12 bit A/D converter. 
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Fig. 1. A scheme of the tribo-pair configuration (cylindrical pin-
on-disc) used in the investigation 

2.2 Specimen and counterspecimen materials 

The test specimens were the commercial ISO-RNMG 250900 
round carbide inserts of 25.4 mm diameter coated by a single 
PVD-TiAlN layer. The coating was deposited by the plasma 
assisted arc evaporation (PA PVD-Arc) technique, known also as 
cathodic arc-evaporation technique [5]. The TiAlN films were 
grown to a thickness of about 3.5 m. A SEM BSE micrograph of 
the fresh TiAlN coating on the specimen is shown in Fig 2a, 
whereas the EDAX surface microanalysis results of this thin film 
is illustrated in Fig. 2b.  

Surface analysis confirmed the presence of all coating 
elements-Ti, Al and N, which are not homogeneously distributed 
due to the low thickness of TiAlN layer. In addition, such elements 
as tungsten W (light areas), cobalt Co and chromium Cr, diffusively 
transferred from the sintered carbide, were also identified.  
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Fig. 2. Coating characteristics: a) SEM (BSE) micrograph of the 
fresh TiAlN coating, b) EDAX analysis within a frame 

The amount of 6.8 at. % of oxygen indicates the presence of 
Al2O3 and TiO2 oxides in the coating. Three different work 
materials were used as the disc-shaped counter specimens; the 
C45 (AISI 1045) normalised medium carbon steel of the 230 HB 
hardness, the 1H18N9T (AISI 304) austenitic stainless steel (170 
HB) and the EN-GJL-300 grey cast iron with flake-shaped 
graphite (220-240 HB). The mean diameter of the disc-pin contact 
was kept approximately at 80 mm. 

2.3 Test procedure 

In this investigation a number of dry sliding friction tests were 
carried out with three material pair combinations, under the 
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normal loads of 10, 20 and 30 N. The sliding speeds applied were 
equal to 0.5, 1.0 and 1.5 m/s, which correspond to the cutting 
speeds typically selected in machining carbon and austenitic 
steels, and grey cast iron when using uncoated and coated carbide 
tools. For steel and iron tribo-pairs, the sliding distance was 
selected to be equal to 250 m and 600 m, respectively [6]. The 
friction force was measured and instantaneous values of the 
coefficient of friction were computed for certain intervals of time 
(ca. 5 s) using a DAQ system. 

In this investigation, an Olympus PME3 optical microscope 
equipped with a JVC TK-1281 colour video camera was used to 
examine worn surfaces. The selected wear scars formed on coated 
specimens were visualised and the video signals were transmitted 
to a DAQ board. Furthermore, the raw images were processed and 
dimensioned by means of a computer image processing system 
developed earlier by the authors [8]. Investigations of the material 
structure and chemical composition in micro-areas of the 
specimens, counterspecimens and wear products were performed 
on a Philips XL20 SEM equipped with the X-ray EDAX analyser. 

3. Results and discussion 
The successively recorded data were used for the 

quantification of both frictional behaviour and linear wear of the 
sliding pairs. Accordingly, the relations concerning the actual 
friction coefficient  were plotted as functions of the sliding 
distance d. Moreover, the changes of linear wear l of the couples 
on the defined distance were analysed. 

3.1. Coefficient of friction 
It was generally noticed that shortly after the beginning of 

each test the instantaneous coefficient of friction for both steel 
counterspecimens increases up to its maximum value and remains 
almost stable until the end of the test. When the cast iron disc was 
used, the coefficient of friction usually reached about 90% of its 
final value just after the test started. Further, it was slowly 
increasing during the rest of the test (Fig. 3). 
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Fig. 3. Recordings of friction coefficient vs sliding distance for 
TiAlN/EN-GJL-300 cast iron pair and sliding speed=1.5 m/s 

This latter evidence could be related to the decay of the 
graphite contained between the mating surfaces. It was also 
noticed that for each sliding pair, the specific variations of the 
coefficient of friction occurred. They surely resulted from the 
specific response of the contact phenomena, tightly associated 
with adequate wear mechanisms of the tribological system. 
Moreover, they differ from those prevailing for other frictional 
pairs. These disturbances suggest both detachment and temporary 
rolling/sliding of the transferred material built-up between the 
mating surfaces.  
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Fig. 4. Average values of friction coefficients computed for the 
three tribo-contacts at varying sliding speeds and pressures 

The explanation of such a complex behaviour can be relied on 
the integrated investigations of the wear scars, wear tracks and 
wear debris. The average values of the coefficient of friction 
computed for the three frictional pairs tested within the steady-
state parts of recordings are given for particular sliding speeds and 
normal loads in Fig. 4. The general trend observed in all cases is 
the decrease of the coefficient of friction with the increase of the 
normal load [9] as a typical behaviour of steels [10]. For the 
lowest load of 10 N and sliding speed of 0.5 m/s, the values of 
friction coefficients for C45 carbon steel and 1H18N9T stainless 
steel. exceeded 1.4. In contrast, for the EN-GJL-300 cast iron  = 
0.74, resulting from the smearing effect of the structural graphite. 

This influence is more distinctly pronounced for the higher 
loads but it diminished in comparison to the carbon steel counter 
body for the sliding speed of 1.5 m/s. In general, when using the 
austenitic stainless steel counter body, the coefficient of friction 
becomes highest among all relevant values obtained. Moreover, in 
all cases tested, the coefficient of friction was much higher than 
0.35–0.4 as reported by other authors [1-3]. 

3.2. Linear wear of the sliding pairs 

In this section, variations of the cumulated dimensional linear 
wear recorded versus sliding distance were taken into account. 
Primarily, a significant coincidence with the appropriate 
variations of the coefficient of friction was found. The third body 
action, especially when loose wear particles slid and rolled 
between mating surfaces, can be contributed to this findings 
[9,10]. Moreover, the wear vs sliding distance curves suggested 
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intensive wear of the coating coupled with 1H18N9T steel and 
much lower one for C45 steel and EN-GJL-300 iron counterparts. 
These both hypotheses were verified by double light microscope 
measurements of the wear scar depths of the specimens and the 
picture analysis by integrating LOM with a CCD camera. 

Exemplarily, some typical images of the wear scars produced 
at the sliding speed of 1.5 m/s and variable loads for the TiAlN/ 
1H18N9T pair are shown in Fig. 5. Correspondingly, two 
predominant wear modes can be distinguished based on the 
images recorded. Firstly, there are plastically flattened lumps 
transferred from the 1H18N9T steel counterspecimen, and 
secondly, the craters of 10–20 m in depth resulting from random 
pulling out the micro-volumes of the specimen. Both these effects 
can be activated by a strong adhesive tacking of the mating 
surfaces at the contact areas. 

Fig. 5. The LOM images of the wear scars on TiAlN coated insert 
against 1H18N9T steel disc for the load of 10 N (a), 20 N (b) and 
30 N (c). Mode of wear observed:1–crater, 2-plastically flattened 
lumps of material transferred from the disc 

Different wear behaviour was revealed for the TiAlN/C45 
steel sliding pair. In particular, the measurements disclosed that 
no wear of the TiAlN coating was developed for the low loads, 
despite the fact that built-up layers with the height of 1-2 m were 
formed. The brown colour iron oxides were produced for the 
lowest load of 10 N due to oxidative wear. On the other hand, for 
the higher load of 20 N the adhesive transfer of steel layer mainly 
occurred, but also a tribo-oxidation took place The wear scars 
produced under the load of 30 N were about 2-3 m deep, so it is 
assumed that the protective layer was locally removed and 
covered by the transferred material due to intensive adhesion and 
plastic flow. The specific wear rate of the specimen is about 18 
times lower than that determined for the TiAlN/1H18N9T steel 
couple keeping the same input conditions, and marginally small 
for lower loads when C45 and for all loads when EN-GJL-300 
cast iron were used. 

The analyses and measurements of the wear scars revealed no 
wear of the TiAlN coating after sliding tests against EN-GJL-300 
iron with the speeds and loads applied. Correspondingly, the 
transferred layers with the maximum height of 3.5 m were 
found. As a result, the coating and the associated iron transfer 
layer were protected against progressing wear by the structural 
graphite film. It can be then reasoned, taking the very low wear 
rates into consideration, that the iron oxidation and mild abrasive 
wear of the counter body seem to be the prevailing wear 
mechanisms for the TiAlN/EN-GJL-300 cast iron frictional pairs.  

4. Conclusions 
The numerous data collected correlating to the coefficient of 

friction and linear wear of couple, recorded as function of the 
sliding distance, with the wear scar images and chemical 
compositions allow to conclude the following:  

Under the test conditions used the TiAlN coating itself cannot 
efficiently protect the origin. Moreover, its presence can 
negatively result in the development of distinct adhesion. 
When mild adhesion and tribo-oxidation occur 
simultaneously, and consequently mild abrasion dominates in 
the wear process, the coating and a durable transfer film are 
able to protect the specimen efficiently.  
The stainless steel as a counter material causing the strong 
high-temperature adhesion tacks the mating surfaces and 
evokes plastic deformation. Hence, the lumps are transferred 
from the counter material to the specimen surface and then 
severe wear of the surface occurs due to intensive pulling-out 
of the coating and the substrate below it. Consequently, wear 
is developed due to abrasion of both mating surfaces evoked 
by hard substrate particles detached. 
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