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Abstract 
The wear characteristics of coated H13 tool steel and as-casted H13 tool steel in 
dry sliding conditions were investigated through a pin-on-disc tribometer, where 
the H13 steel is used as a pin and EN31 steel is used as disc material. The study 
was focused on evaluating the tribological behaviour by examining the friction
characteristics, surface morphology and wear performance. Initially, to improve 
the hardness of the untreated (as-casted) H13 steel, the tempering process where
carried out on the samples, which helped elevate the hardness from 38 to 55 HRC.
The worn surface of the samples was analysed using atomic force microscopy
(AFM). Among the four samples (as-casted, heat-treated, AlCrN coated and TiN 
coated) the as-casted samples were affected by oxidation and adhesive wear. The 
material loss measured for as-casted, heat-treated, AlCrN and TiN samples was 
30.34, 7.85, 0.78 and 0.14 mg, respectively. The measured coefficient of friction 
was 0.541 for as-casted, 0.492 for the heat-treated, 0.48 for the AlCrN and 0.147 
for the TiN sample. From the study, the major conclusion was that the TiN coating
offers major wear protection and lower friction. 

 
1. Introduction 

In recent years, for protecting solid surfaces, 
coatings have found an essential place in major 
industries like aerospace, automotive, 
manufacturing and cutting tools, as well as in the 
biomedical sector [1-2]. The H13 tool steel is used 
in the industry for its wear resistance and 
toughness, which leads to the expanded life of the 
material. The H13 steel is unique because of its 
properties, such as heat resistance, toughness, 
machinability and corrosion resistance. H13 steel is 
mainly used in cutting tool applications [3-6]. The 
H13 steel can be coated, which enhances its 
friction properties, thermal fatigue and abrasion 
resistance [7-10]. Liquid and plasma nitriding were 
used for the in-depth investigation of the 
tribological and mechanical properties of the 
coated H13 steel samples. Notably, the wear 

resistance and roughness were improved [11-14]. 
Researchers are focused on finding various types 
of coating deposition methods for H13 steel 
substrate, which will be highly efficient in high-
stress industry applications [15-18]. 

Telasang et al. [19] studied the magnetron 
sputtering method. They reported that coatings 
like AlCrFe and AlCrN are intricately structured, 
offering various advantages like wear and 
corrosion resistance. Chayeuski et al. [20] reported 
that coatings like titanium nitride (TiN) and 
diamond-like carbon (DLC) significantly improve 
the material's hardness and wear resistance. DLC 
and TiN coating also helps in improving the 
toughness and bonding between the surfaces and 
improves tool life. Vinoth et al. [21] have 
investigated the use of DLC coating which has 
improved wear of the coated surfaces and resulted 
in lower maintenance. Mishra et al. [22] have 
examined the surface of WC/Co material. The 
surface of the samples was coated with AlTiN and 
AlCrN, respectively. The test results were 
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compared with as-casted steel, and results 
indicated a 30 % improvement in wear behaviour. 
In another study, Arrabal et al. [23] found that 
alloys can be better protected using coatings like 
plasma electrolytic oxidation, which may help in 
reducing wear by up to 30 %, increase the surface 
hardness, decrease porosity and lower coefficients 
of friction under applied load. In another study, TiC 
and TaC are included in the substrate of a TiAlN 
coated sample, which leads to the improvement of 
wear performance. It is noticed that this inclusion 
helps in increasing sample hardness and reduces 
the wear rate. Also, a formation of uniform 
microstructure was visible, which led to an 
improvement in the adhesion strength [24]. 

This study aims to focus on choosing a better 
coating for drilling tools. The H13 tool steel was 
chosen based on its low cost and good 
hardenability, and it is essential to analyse its wear 
behaviour. The tribological analysis was compared 
with heat-treated H13 tool steel and with TiN and 
AlCrN coated H13 tool steel. 
 
2. Experimental procedure 

The untreated (as-casted) H13 steel samples 
were prepared in a cylindrical form dimension. The 
dimensions were prepared based on the pin-on-
disc instrument, i.e. for pin a 32 mm height and 8 
mm diameter and for disc a 4 mm thickness and a 
32 mm diameter. The chemical composition of the 
H13 steel is shown in Table 1. 

Table 1. Chemical composition of H13 steel 

Element C Si Mn Cr Mo V Fe 
wt. % 0.38 1.1 0.4 5.0 1.4 1.0 Balance

 
Before the coating deposition, the samples 

were heat-treated to improve the hardness [25-
26]. It is important to improve the hardness of the 
H13 steel sample, which is measured using a 
Rockwell hardness tester. The applied load and the 
indenter penetrated during testing were 150 kg 
and 0.18 mm, respectively. Initially, the hardness 
measured for the as-casted steel was 38.10 HRC. 
At different stages, the samples were preheated to 
improve their hardness using a vacuum heat 
treatment process. The samples were preheated 
three times at 650, 850 and 1030 °C, followed by 
high-pressure nitrogen quenching and finally the 
samples were tempered at 1040 °C. The hardness 
values obtained from the Rockwell hardness (HRC) 
test of all samples are shown in Table 2. 

Table 2. Rockwell hardness (HRC) of tested samples 

Sample As-
casted 

Heat-
treated 

AlCrN 
coating 

TiN 
coating 

HRC 38.10 53.01 79.12 78.02 
 

The samples underwent a preparation process 
to ensure they were ready for coating deposition 
before the wear study. Using waterproof abrasive 
papers, successive grinding was processed, 
followed by polishing. Finally, ultrasonic cleaner 
was used to remove the residual impurities. 

The samples for TiN coating deposition were 
placed in the vacuum chamber. Using magnetron 
sputtering or electric arc the titanium (100 %) 
target is vaporised to release titanium atoms. 
During the process, nitrogen gas is introduced in 
the vacuum chamber to form a titanium nitride 
(TiN) and the deposition rate was controlled for 
uniform thickness. During the process, the 
deposition rate for TiN coating is maintained at 0.1 
micrometres per hour, the temperature is 
controlled at 450 °C and pressure is maintained at 
1000 Pa. Similarly, for AlCrN coating, 50 % 
aluminium and 50 % chromium target is vaporised 
using magnetron sputtering or arc evaporation. By 
the nitrogen gas, which is introduced into the 
chamber, the aluminium and chromium atoms 
form aluminium chromium nitride (AlCrN). The 
deposition rate was controlled for uniform 
thickness. During the process, the deposition rate 
for AlCrN coating is maintained at 0.45 
micrometres per hour, the temperature is 
controlled at 550 °C and pressure is maintained at 
1000 Pa. The samples were cooled at room 
temperature to avoid thermal stress. The coating 
thickness observed during deposition was 3 and 
3.5 µm for TiN and AlCrN, respectively. 

The schematic image of the pin-on-disc 
tribometer is shown in Figure 1a, and the H13 steel 
sample mounted on the tribometer is shown in 
Figure 1b. Input parameters like speed, load and 
temperature are critical to ensuring quality 
products. The proper parameters result in less 
wear, minimising material wastage and improving 
productivity [26]. Based on a literature survey, the 
parameters used were as follows: sliding distance 
of 1200 m, sliding speed of 2 m/s, sliding diameter 
of 30 mm, sliding time of 10 minutes and a normal 
load of 40 N (0.796 MPa) [27,28]. The experiment 
where performed at a temperature of 250 °C and 
the disc speed of 1273 rpm was calculated based 
on the input parameters. 
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Figure 1. Pin-on-disc tribometer: (a) schematic image 

and (b) H13 mounted sample 

The morphology and structure of the worn 
surface were analysed with a scanning electron 
microscope (SEM) equipped with a Zeiss Inca 
energy-dispersive X-ray spectroscopy (EDS) 
analyser and Nanosurf C3000 used for analysing 
the atomic force microscopy (AFM). 
 
3. Results and discussion 
 
3.1 Wear performance 

The wear behaviour of the H13 steel was 
investigated by measuring the mass losses and 
analysing the surface morphology. Figure 2 shows 
the wear of the tested samples. The as-casted 
sample showed the highest wear among the tested 
samples of 30.34 mg, while the heat-treated and 
coated samples showed less wear. The coated 
samples (TiN and AlCrN) have less wear because of 
their higher hardness and thermal stability. Notably, 
the TiN coating showed improved wear resistance 
and reduced friction compared to the AlCrN 
coating. Table 3 shows the wear and coefficient of 
friction (CoF) values obtained during the test. 

Table 3. Wear and friction results 

Sample Wear, mg CoF 
As-casted 30.34 0.541 
Heat-treated 7.85 0.492 
AlCrN coating 0.78 0.480 
TiN coating 0.14 0.147 

 
Figure 2. Wear of the tested samples 

 
3.2 Coefficient of friction 

The coefficient of friction (CoF) encompasses 
both, the statics and kinetic factors which govern 
the contact mechanisms among the surfaces. The 
higher CoF denotes an increase in resistance, 
which directly affects the life of the surface, 
optimal lifespan and performance [29,30]. Figure 3 
shows the CoF images of the four tested samples, 
where the red line indicates the displacement of 
the probe in a horizontal direction during testing 
and the white line indicates the CoF. 

The as-casted sample has the highest CoF of 
0.541, while the minimum CoF was noticed for the 
TiN coated sample of 0.147. The wear was 
significantly lower for the TiN and AlCrN coated 
samples compared to the as-casted sample. These 
coatings have reduced surface irregularities, 
leading to the wear resistance. 
 
3.3 Surface morphology 

Figure 4 shows the surface morphologies of the 
tested samples after the test. Deep pits are noticed 
in the wear track region and slight peeling is 
present. The surface morphologies of the as-casted 
and heat-treated samples' worn region are shown 
in Figures 4a and 4 b. Fine scratches were observed 
near the edges of the wear region. Fewer oxides 
are visible on the wear surface area. This 
characterises oxidative and adhesive wear. No 
severe peeling has been observed in Figures 4c and 
4d, i.e. on the worn surface of AlCrN and TiN 
coating. It is proved that the impact of 
temperature was minimal on coated samples, 
except in some spalling noticed on the AlCrN 
coated sample. At the as-casted sample, due to the  

 

(a) 

(b) 
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Figure 3. CoF images of tested samples: (a) as-casted, (b) heat-treated, (c) AlCrN coated and (d) TiN coated 

continuous formation of fresh debris, the wear 
patterns are anticipated to worsen over time, 
which contributes to increased wear. 

Furthermore, it is also noticed that there are 
significantly fewer irregularities in the coated 
samples when compared with other samples. 
However, the AlCrN coated sample shows a slight 
growth of irregularities and in the TiN coated 
sample, the surface became finer. The fine surface 
leads to uniform coating thickness and also 
enhances surface characteristics which further 
leads to enhanced wear resistance. 
 
3.4 Energy-dispersive X-ray spectroscopy 

Figure 5 shows the composition of the worn 
surface of tested samples. Figure 5a shows the 

traces of Fe and O, where Fe is observed more. The 
presence of adhesive wear is defined as a primary 
wear mechanism. It also has shown some 
delamination regions and cracks. Figure 5b shows 
the presence of high oxygen content, particularly 
in the worn area. Oxides were not detected on the 
coated samples' unworn surfaces, which resulted 
in their better surface finish (Figs. 6a and 6c). The 
content of Fe was lower in coated samples' worn 
surfaces, which also gives a better surface finish 
(Figs. 6b and 6d). From Figure 6b it could be seen 
that the surface reacted with oxygen, which may 
form an oxide layer. In as-casted sample, they are 
formed as thin layers which may not help prevent 
wear. Only adhesive wear is visible in the coated 
samples and oxidation wear is presented only in 
the as-casted and heat-treated samples. 

 

(a) (b)

(c) (d)
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Figure 4. Surface morphologies of tested samples: (a) as-casted, (b) heat-treated, (c) AlCrN coated and (d) TiN coated 

  

  
Figure 5. Composition of the worn surface of tested samples: (a) as-casted and (b) heat-treated 

(b)

(c) (d)

Oxidative wear

Adhesive wear 

Abrasive wear

Abrasive wear

(a) 
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Figure 6. Composition of the unworn and worn surface of tested samples: (a) AlCrN coated (unworn), (b) AlCrN 

coated (worn), (c) TiN coated (unworn) and (d) TiN coated (worn) 

(b)

(c) (d)

(a) 
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Figure 7. Surface roughness (2D model and graph obtained by AFM) of the samples: (a) as-casted, (b) heat-treated, 

(c) AlCrN coated and (d) TiN coated 

(b)

(c) (d)

(a) 
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3.5 Surface topography 

The surface topography and roughness of the 
samples were studied, capturing them using 
atomic force microscopy (AFM). The AFM images 
help understand the visual representation of the 
samples' wear-induced topographical changes 
along the height values of the z-axis as shown in 
Figure 7. In the study, the image is captured over 
the worn surface area. 

The area roughness parameters of the surface 
obtained by AFM are shown in Table 4. The 
parameters are defined as Sa (arithmetical mean 
height), Sq (root mean square height), Sp 
(maximum peak height) and Sz (maximum height). 

Table 4. Area surface roughness obtained by AFM 

Parameter As-
casted 

Heat-
treated 

AlCrN 
coating 

TiN 
coating 

Sa, nm 158.94 169.26 164.69 72.631 
Sq, nm 192.69 211.25 199.03 87.404 
Sp, nm 592.88 792.19 479.26 262.43 
Sz, nm 1106.1 1687.8 1053.8 532.48 

 
Figure 7 illustrates the surface roughness of the 

samples as the 2D model and graph. The images 
reveal the existence of coating layers. The 
roughness of the heat-treated sample was higher 
than the as-casted sample, so the heat-treated 
sample showed better wear resistance due to its 
higher hardness. The AlCrN and TiN coatings (Figs. 
7c and 7d) exhibited less roughness when 
compared with the heat-treated sample. 

Due to the formation of a dense layer on the 
surface, the surface is free from delamination and 
makes the surface durable. Due to the crack's 
formation in the heat-treated sample, oxides form 
on the surface and layers peel off. Because of this, 
the roughness is higher at this sample. Surface 
damages (cracks) are noticed only on the surface 
of the heat-treated sample and very little damage 
on the as-casted sample. 
 
4. Conclusion 

The investigation was conducted to examine 
the friction value and wear resistance for the four 
samples, with the following conclusions. 

For as-casted and heat-treated samples, 
oxidation wear and adhesive wear were noticed. 
The wear rates of AlCrN and TiN coatings are lower 
than those of the other two samples, while the TiN 
coating exhibited lower wear than the AlCrN 

coating. The wear was reduced by 99.5 % for TiN 
coating, by 97.4 % for the AlCrN coating and the 
heat-treated sample exhibited 74.1 % lower wear 
compared to as-casted H13 tool steel.  

The coefficient of friction (CoF) of the TiN 
coatings was significantly improved compared to 
the other samples. The CoF was reduced by 72.8 % 
for TiN coating, by 11.3 % for the AlCrN coating 
and the heat-treated sample exhibited 9.1 % lower 
CoF compared to as-casted H13 tool steel. 
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