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Abstract. TiCrAlN and CrTiAlN multicomponent coatings have been 
developed using closed-field unbalanced magnetron sputtering technique 
(CFUBMS) in a gas mixture of Ar + N2. The nitrogen level was varied by 
using the feedback control of plasma optical emission monitor (OEM). An 
investigation into the effect of the CFUBMS process parameters on the 
properties of the coatings was undertaken. The main coatings parameters 
such as thickness, surface morphology, nanohardness, strength of adhesion 
and wear resistance were studied by means of ball-cratering method, 
atomic force microscopy, scanning electron microscopy, scratch tests and 
nanoindentation measurements. The study revealed strong dependency of 
the mechanical properties on the nitrogen flow rate. Analysis of the 
experimental results showed that Cr-based multicomponent coatings 
possess better mechanical properties than Ti-based coatings at a nitrogen 
flow rate of 21 sccm: higher value of hardness (≤ 31GPa) and higher 
scratch resistance (> 30 N).  

1 Introduction  
Unbalance magnetron sputtering technique was developed to improve the homogeneity of 
deposition films by increasing the region of homogeneous plasma and the substrate – target 
distance. This technique [1] has been used successfully to deposit various coating materials 
on different kind of substrates and tools.  Hard coatings based on Ti and Cr nitrides are 
widely used as protective coatings. Cubic(c)-TiAlN and c-CrAlNcoatings have exhibited 
superior mechanical properties and oxidation resistance in comparison to traditional binary 
TiN and CrN coatings [2], and have been successfully used in the industry.  Films based on 
the Ti-Cr-N system were also deposited using a variety of deposition methods in order to 
improve the hardness and wear resistance [3, 4]. Many studies were reported on the 
deposition and properties of TiAlN coating produced by various techniques. TiAlN 
coatings were developed by Physical vapour deposition (PVD) as an alternative to TiN, 
because of their higher oxidation resistance (>700°C), enhanced hardness (30–35 GPa) and 
higher corrosion resistance [5-10]. The later concept has been found to have promising 
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performance compared to that of ternary films. Ti–Al–Cr–N system offers a high variability 
ranging from Cr rich to Al rich [11, 12] coatings.  These films demonstrated improved 
hardness and thermal stability, oxidation resistance and exhibit lower friction and wear 
coefficient. However, as these coatings become more complex and the number of possible 
compositions increases dramatically, it is important to understand the role of each element 
in order to optimize the final composition, which determines their mechanical and 
tribological properties. 

The present study focuses on the investigation of the Ti/TiN/TiAlCrN and 
Cr/CrN/CrTiAlN coatings obtained by a CFUBMS technique. The goal of this work is to 
establish optimal technological regimes which provide stable mechanical properties of the 
system “substrate - multicomponent coating” and to explore its potential for industrial 
application.  

2 Experimental 

2.1 Material and preparation 

Ti-Cr-Al-N and Cr-Ti-Al-N coatings were deposited onto substrates of high-speed steel 
(HSS) and stainless steel (SS) using a closed-field unbalanced magnetron sputtering system 
UDP850 (Teer Coatings Ltd., UK) as shown in Figure 1. CFUBMS is equipped by four 
rectangular cathodes with high purity (99,99%) Cr, Ti and two Al targets operated in an 
unbalanced magnetron mode. The closed magnetic field coupling results in a highly degree 
of ionization and bias current density. Prior to the deposition, the substrates were cleaned in 
an ultrasonic bath for 5 min. at temperature of 65°C using commercial cleaning solution to 
remove oils, residues and protection against corrosion. After that the substrates were rinsed 
in distilled water for 2 min. followed by ultrasonic cleaning in hot isopropanol for 5 min. 
and dried up. Generally, ultrasonically cleaned metal substrates contain thin top oxide layer 
which affects the adhesion. After wet chemical cleaning the substrates were loaded in the 
deposition chamber and the system was pumped down to the base pressure less than 
2,5×10−3 Pa. In order to remove the top oxide layer the substrates were plasma cleaned in 
argon atmosphere (1.7x10-1 Pa) for 30 min. at negative pulse substrate bias voltage of 500 
V and frequency of 250 kHz. In all the deposition processes the substrates were biaxially 
rotated at a speed of 5 rpm in order to obtain homogenous film composition. The distance 
between the substrates and the targets was kept 150 mm.  

All the experiments were realized without additional substrate heating at a bias voltage 
of -70 V and frequency of 150 kHz, in DC work regime of the Ti and Cr cathodes and 
pulsed regime of the Al cathodes. A mixture of argon and nitrogen gases was introduced 
into the chamber during the deposition process with a fixed Ar flow rate of 25 sccm. 
Nitrogen content was controlled by a plasma optical emission monitor with a feedback 
control of 95-50% (N2 flow rate being in the range between 5 and 24 sccm). 

Two series of experiments were performed under the same deposition conditions for 
deposition of Ti-based and Cr-based multicomponent coatings. In the first series, TiCrAlN 
coatings were deposited using Ti as the adhesive layer and TiN as an interlayer. In the 
second series, Cr and CrN were the adhesive layer and interlayer, respectively. Deposition 
started with a Ti or Cr adhesion layer. Over it a Ti-N or Cr-N transition film with gradually 
increasing nitrogen was layered. Following these two sub-layers, a compositionally graded 
Ti-Cr-Al-N or Cr-Ti-Al-N top layer was deposited. The relative concentration of Cr, Ti and 
Al in the coatings was adjusted through the sputtering power (P) applied to the targets 
during deposition: PCr = 1.5 kW; PTi = 2.4 kW; PAl = 0.6 kW.   
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Fig.1. Cross-section schematic drawing of the CFUBMS sputtering system 

2.2 Characterization  

The coating thickness measurements were performed by a ball-cratering method (Calotest) 
which is suitable supplemental method providing information on configuration of 
individual layers and resistance to wear. Rotating ball of known diameter (20 mm or 30 
mm) produces crater on the specimen surface, the so-called calotte which is used for 
determination the thickness of the layers.  

Surface observations and morphology are performed on JEOL JSM 6390 electron 
microscope, equipped with INCA Oxford EDS energy dispersive detector. Surface images 
are obtained in secondary electrons (morphology contrast) and back-scattered electrons 
(density contrast) as well. 

The Atomic force microscopy (AFM) studies were carried out by NanoScope VAFM 
(Bruker Inc.) in air in tapping mode. Silicon cantilevers with reflective aluminium coating 
with thickness of 30 nm, Tap 300Al-G (Budget Sensors, Innovative solutions Ltd, 
Bulgaria) were used. The characteristics of the cantilevers are as follows: spring constant, 
from 1.5 to 15 N/m, resonance frequency, 150 ± 75 kHz and radius of the tip curvature less 
than 10 nm. The scanning rate was set at 1 Hz. 

The mechanical properties of the deposited coatings were investigated using Compact 
Platform CPX (MHT/NHT) CSM Instruments equipment which includes a 
Nanoindentation module (NHT), a Micro Scratch module (MST) and an Optical video 
microscope with CCD camera, installed together on the same platform. Nanoindentation 
was performed by a triangular diamond Berkovich pyramid in the loading interval of 10 - 
200 mN. 

The adhesion strength of the coatings to the substrate material and a friction coefficient 
were evaluated with MST equipped with a spherical Rockwell indenter with radius of 
200 μm under the following test conditions: progressively increasing pressing force in a 
range of 1-30 N; loading rate 0.5 N/min; indenter movement speed 0.02 mm/min; acoustic 
emission detector sensitivity – 9. The character of the damages formed was assessed by 
observations with an Optical video microscope equipped with a CCD camera. 
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(a)                                                                  (b) 

The wear resistance examinations were performed using a Ball on Flat Sliding Wear 
Test in a horizontal orientation of the test surface. A mineral-ceramic ball of Al2O3 with a 
diameter d = 3.0 mm, fixed in a holder, was used as a counter -body. The ball was rubbed 
on a Reciprocal Drive in air at room temperature, without lubricants. 

3 Results and discussion 
The study revealed that the same technological conditions have different effect on Ti –and 
Cr- based multicomponent coatings, which is, probably, due to different nucleation 
properties and growth rates during deposition. Below the results for the coatings deposited 
at a nitrogen flow rate of 21 sccm, which showed best mechanical properties, are presented. 

3.1 Thickness and morphology 

The thickness of the deposited coating was calculated from measurements of the diameters 
of the craters obtained in the coating and substrate using a steel ball with a diameter of 20 
mm and diamond slurry with particles of 0.25 μm in diameter. The coating was abraded 
until the substrate was reached by the ball. This method provides an opportunity to observe 
continuous transition from layer to layer down to the substrate. The calculated total 
thickness (d) of deposited coatings is in the range of 1.8–2.5 μm. Figure 2a depicts 
architecture of the CrTiAlN coating, deposited at a nitrogen flow rate of 21 sccm.  

 
Fig.2. An optical microscopy image of the CrTiAlN coating architecture, obtained by ball-cratering 
test (a) and the cross-sectional SEM micrograph (b) of same the coating sample 

Determination of the coating thickness was performed also on a cross-section of the 
CrTiAlN coating using a scanning electron microscope (Fig.2b). The obtained result 
(d=1.75 µm.) is in good agreement with the Calotest method calculation (d=1.8 µm). 

Several scans were performed by the AFM in tapping mode over different areas. The 
roughness analysis gives the value Ra, which is an arithmetic average of the absolute values 
Zj of the surface height deviations measured from the mean plane, while the image Rq is 
the root mean square average of height deviations taken from the mean image data plane. 
The AFM data revealed that the coating, obtained at a nitrogen flow rate of 21 sccm 
exhibited a densely packed structure [13], consisting of well separated grains with 
apparently spherical form and predominantly equal sizes (Fig.3a-b). The average roughness 
(Ra) and root mean square (Rq) surface roughness were obtained on a scanned area of 10 
µm x 10 µm as follows: Ra = 16.4 nm and Rq = 22.0 nm. On the coating surface were 
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Fig.3. Surface topography of the CrTiAlN coating (SS substrate) obtained by AFM: a) 2D image - 
box dimension 5x5 µm; b) 3D image. 

3.2 Hardness 

The nanohardness (H) and elastic modulus (E) were calculated from nanoindentation load–
displacement data at a periodic loading and unloading of the samples at a successively 
increasing load using an Oliver & Pharr method [14], executed by the software. To 
eliminate influence of the substrate on the measurement a load of 15 mN was applied, 
which corresponded to a maximum indentation depth of about 170 nm (less than 10% of the 
coating thickness). The maximum nanohardness of 31 GPa and elastic modulus of 418 GPa 
were measured for CrTiAlN coatings at the applied load of 15 mN. This value is higher as 
compared to the best value of the TiCrAlN coating (28 GPa and 358 GPa). The obtained 
nanohardness is significantly higher than those reported in [15, 16] and coincides with that 
obtained in [17]. 

3.3 Scratch strength 

During the tests the load increased progressively in linear mode from 1N to 30 N at scratch 
lengths of 1 mm and 3 mm and constant scratch speeds of 0.02 mm/min and 0.05 mm/min. 
The measuring device registers the penetration depth and the acoustic emission along the 
length of the track. Three scratches on the coated HSS substrates for each sample were 
carried out in order to determine the adhesion strength. The critical load (Lc) values show 
relationship between the normal load, coefficient of friction and scratch length were 
determined after the test by optical microscopy observation of the damages formed in the 
scratch tracks and from the recorded acoustic emission (AE) and friction force (Ft) signals. 
The critical loads Lc1 and Lc2 indicate the appearance of the first cohesive and adhesive 
cracks, respectively [16]. 

a 

b 
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Fig.4. Typical scratch graphs on the TiCrAlN/HSS coating and optical micrographs (e, f and g) of 
the main parts of scratch track with cracks at different locations: a) Normal load; b) Acoustic 
emission; c) Friction force; d) Coefficient of friction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. Typical scratch graphs on the CrTiAlN/HSS coating and optical micrographs (e, f and g) of the 
main parts of scratch track at different locations: a) Normal load; b) Acoustic emission; c) Friction 
force; d) Coefficient of friction. 
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Fig.5. Typical scratch graphs on the CrTiAlN/HSS coating and optical micrographs (e, f and g) of the 
main parts of scratch track at different locations: a) Normal load; b) Acoustic emission; c) Friction 
force; d) Coefficient of friction. 

 

 The test consists of applying a continuously increasing load on the system coating-
substrate at a constant speed. The scratching point causes increase the elastic and plastic 
deformation until damage occurs in the surface region. In most of the experiments the 
normal load at which the coating failure was initiated was detected by an increase in 
acoustic emission and confirmed by microscopic examination.  Figure 4 shows scratch 
graphs of the TiCrAlN/HSS coating and the optical micrographs of the main parts of the 
scratch track with cracks at different locations. It is observed that with increase of the 
scratch length and the normal load respectively, the values of the friction force and acoustic 
emission are change. Very slight semi-circular cracks were observed at the normal load of 
about 5 N (Fig.4e). The first critical load is registered at Fn = 12,5 N (Fig.4f) and the 
second one at Fn = 23 N (Fig.4g).  A distortion of the line of the friction force and the 
acoustic emission is observed at a higher normal load Fn = 23 N. However, it should be 
noted that the total removal of the coating did not occur within the loading interval.  

The best adhesion result without any visible damages within loading range of 1-30 N 
possessed the CrTiAlN coating. An optical micrograph of the scratch track parts in the 
CrTiAlN coating and scratch test results of the acoustic emission (AE), friction force (Ft) 
and coefficient of friction (Cof), are shown in Figure 5.  
 As a result of the tests carried out, it was established that the critical loads  Lc1 and Lc2 
are observed for the Ti-based multicomponent coatings, while  Cr-based coatings exhibit 
very good  adhesion properties in the loading range 1 -30 N. The coefficient of friction of 
the Cr-based coatings against diamond indenter was measure to be µ= 0.1, while the Ti-
based coatings had a higher coefficient of friction (µ ≈ 0.2).  

3.4 Wear and wear rate 

Investigations of the effect of normal force on the wear resistance of the CrTiAlN coating 
(d=2µm) at a load of 1, 1.5, 2, 2.5 and 3N and an average speed of sliding Vav = 20 mm/s = 
const. were carried out. The width of the groove was measured with a microscope TESA 
VISO-300 non-contact measuring system with magnification x100 (resolution 0.001 mm). 
The average value of the width of the groove (bav) is determined by the equation: 
 

    
n

i
iср b

n
b 1

, mm.       (1) 

The wear rate (coefficient) Iw  was determined by the formula: 

    
LF

VIw .
  , mm3/N.m       (2) 

where: V is the volume of the removed coating material (track) in mm3; F is the normal load 
in N; L is the sliding distance of the sample in  m. 

The track volume is determined according to the method described in [18, 19]. The wear 
coefficient is based on the assumption that the volume wear varies directly with the contact 
load and the sliding distance. The data of the wear volume and the wear rate as a function 
of the loading at Vav = 20 mm/s and L = 50 m are presented in Table 1.  
The experimental results show that the normal load significantly influences on the wear of 
the Cr/CrN/CrTiAlN multilayer coating. The worn volume increases with the increase of 
the normal load while the wear intensity changes slightly. The experiments with loads from 
1N to 3N passed completely in the coating without reaching the substrate. The maximum 
penetration depth (h) is 1.56 μm. It should be noted that the coating has a complex vertical 
construction (from the surface to the substrate) and, under greater load, it passes through 
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layers having different mechanical properties. Consequently, the volume variation at 
different loads is a direct criterion for the evaluation of the coating wear, while the wear 
rate Iw is an universally accepted measure for the wear of different coatings at the same 
working conditions.  

 
Table 1: The calculated value of wear and wear rates of the CrTiAlN coating, 

deposited on an unhardened stainless steel substrate (1.2343). 
 
 

  
 
 
 

4 Conclusion 
Two series of multicomponent coatings without additional substrate heating were 
successfully obtained under the same deposition conditions using the closed-field 
unbalanced magnetron sputtering technique. The study revealed strong dependency of the 
mechanical properties on the nitrogen flow rate. The coatings based on Ti/TiN/TiAlCrN 
and Cr/CrN/CrTiAlN exhibited hardness and an elastic modulus of 26 ± 5 GPa and 350 ± 
70 GPa, respectively, at a nitrogen flow rate of 21 sccm. Further increase of the N2 flow rate 
caused decreases of the coating hardness. The results of the scratch tests showed different 
states of adhesion to the HSS substrate of these coatings. The Cr-based coatings 
demonstrated excellent adhesion in the loading interval from 1N to 30N and a low 
coefficient of friction (µ=0.1), while the Ti-based coatings had worse adhesion expressed 
by presence of  higher  coefficient of friction (µ≈ 0.2) and a critical load Lc1 at loading of 
12 N.  
 The research showed that further optimization of the deposition process of Ti-based 
multi-component coatings is needed in order to obtain better mechanical properties. 
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