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Abstract – Several approaches to formation of 
multilayer coatings of the (TiAl)N/TiN type are 
described in the paper. One of the variants of the 
technological process of the multilayer coating 
deposition was realized using one-element cathodes 
of the vacuum-arc evaporators made of Ti and Al 
in the reactionary gas medium. In the second vari-
ant the Ti cathode and TiAl cathode were used. 
The investigations have been performed at deposi-
tion of separate layers with the thickness within 
50–400 nm at the total coating thickness of  
5–10 ηm. It is shown that multilayer coatings in-
crease the erosion resistance by an order and es-
sentially decrease the crack formation of coatings. 
 

1. Introduction 

Currently, the technologies of monolayer coatings 
deposition with the thicknesses of 3 to 10 µm with an 
application of a DC vacuum-arc discharge are widely 
used to improve the exploitation characteristics of 
materials and items. However, the monolayer coatings 
are characterized by a number of disadvantages, 
among which the following ones can be distinguished: 
high level of inner tensions, destruction mechanism 
from the surface to the depth of material identical to 
construction items, heterogeneous phase composition, 
and dispersion of the phases being formed, which are 
connected in many aspects with microparticle fraction 
presence in plasma. 

Besides, multilayer coatings which basis is consti-
tuted by thousands of alternating by properties 
nanosize (2 to 100 nm) and nanostructure layers of 
various composition [1], now take a priority place in 
the sphere of protective coatings investigation. The 
advantage of such coatings is connected with the fact 
that alternation of nanosize layers prevents from the 
growth of phases and their size is limited by the thick-
ness of the layer being formed. The reduction of the 
phase size considerably decreases inner tensions in the 
coatings and on the border with the substrate, which 
increases their exploitation properties. 

The peculiarities of formation and change of prop-
erties of multilayer (TiAl)N/TiN coatings formed on 
titanium alloys using one-element and multi-element 
cathodes in conditions of plasma filtering from mi-
croparticle fraction (MPF) and high-frequency short-

pulsed bias potentials supply to the samples are con-
sidered in the paper. 

2. Equipment and investigation methods 

The scheme of the experimental installation is pre-
sented in Fig. 1. The installation is equipped with four 
plasma generators of conductive materials based on 
DC vacuum-arc discharge. To clean vacuum arc 
plasma from MPF, the vacuum-arc evaporators (VAE) 
were equipped with plasma filters (PF) of the shutter 
type [2]. The installation was equipped with high fre-
quency bias potential generator to realize the regimes 
of preliminary ion clearing and plasma-immersion ion 
implantation [3]. The reactionary gas was supplied 
through a leak valve, installed on the vacuum cham-
ber. 

 

 
Fig. 1. The installation scheme: 1 – vacuum chamber; 2 – 
arc evaporator; 3 – gaseous plasma generator; 4 – samples;  
  5 – shield; 6 – heating devices; 7 – high voltage generator 

The elemental composition of the ion-alloyed sur-
face layer was analyzed by Auger electron spectros-
copy. The measurements of hardness were performed 
using the Nano Hardness Tester. The Vickers indenter 
load was in the range of 15–280 mN. The tribological 
properties were investigated by High Temperature 
Tribometer. Wear studies were carried out by means 
of a method “ball-on-disc”. Measuring of the surface 
morphology was realized on 3D profilometer. 
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3. Multilayer (Ti, Al)N/TiN coatings deposition 

On the stage of surface clearing and heating, the sam-
ples were subjected to the influence of argon ions ex-
tracted from the gas discharge plasma of “PINK” 
source [4]. The sample temperature was in the range 
of 450–550 °C. The mode was realized in conditions 
of the short-pulsed high-frequency bias potential (Ub) 
supply to the samples. The analysis of the current os-
cillograms in the circuit of the power supply source at 
plasma concentration of 109–6 ⋅ 109 ion/cm3 did not 
reveal any breakdown effects at the bias potential to 
–4 kV, duty factor of 0.5–0.72 and pulse repetition 
rate to 440 kHz. 

The short-pulsed high-frequency bias potential was 
also used for the transition layer formation between 
the base and coating. At chosen duration, the bias po-
tential pulse frequency practically determines the ratio 
of the accelerated ions flow to the target and the ion 
flow from plasma without the accelerating voltage. 
Thus, there is practically no plasma deposition at the 
duty factor of 0.66 for instance. In this case, the pause 
duration is chosen corresponding to the time of the 
plasma boundary movement to the sample after the 
pulse termination. Depending on the bias potential 
amplitude, the mode corresponds either to the begin-
ning of the area of the high-frequency plasma-
immersion implantation, or ion sputtering or surface 
heating in the absence of plasma deposition. 

When the ions of gases, metals, gases and metals 
were used, the transition layer width in conditions of 
the high-voltage short-pulsed bias potential reached up 
to 300–400 nm. The growth of the transition layer is 
conditioned by the increased energy of implanted ions, 
which alongside with the increase of the projective 
range depth in material efficiently stimulate the proc-
esses of the radiation-stimulated diffusion. 

Thus, by means of varying the bias potential am-
plitude or duty factor, it is possible to transfer from 
the surface filtering mode to the transition layer for-
mation between the base and coating and directly to 
the coating deposition in the ion assisting regime.  

The multilayer coating structure was achieved at a 
successive passage of samples in front of the VAEs 
with various cathodes. The thickness of separate lay-
ers was determined by the discharge current and the 
velocity of samples movement. The protective shields 
were used to achieve the distinguished boundary be-
tween the layers (Fig. 1). 

The external view of the spherical section of the 
multilayer (Ti, Al)N/TiN coating on the substrate of 
titanium alloy is shown in Fig. 2. The coating consists 
of 12 layers alternating in composition with the thick-
ness of ~ 230 nm. The TiAlN structure has the follow-
ing composition: Ti – (23–28)%, Al – (23–28)%, N – 
(44–54)%; TiN layer: Ti – (44–54)%, N – (46–56)%. 
The ratio of elements in the coating was determined 
by the composition of Ti50Al50 cathode, and in case of 
the one-element cathodes it was determined by the 
discharge current. 

 
Fig. 2. Photograph of the spherical section of multilayer  
  (TiAl)N/TiN coating 

Figure 3 shows the data on deposition rate of one-
layer and multilayer coatings using metallurgical Ti, 
Al, TiAl and powder TiAl cathodes depending on the 
bias potential amplitude and duty factor (k). From 
Fig. 3. it follows that as Ub increases, the coating 
thickness decreases from 3.5 to 0.3 µm. The differ-
ence in the coatings growth rate with the increase of 
Ub is conditioned by different materials sputtering 
coefficients. A small reduction of the coating growth 
rate is observed in the case of the duty factor increase 
either. 

 
H, μm/h 

 
Fig. 3. Coating deposition rate versus bias potential ampli- 
  tude and duty factor (Id = 100 A) 

4. Characteristics of multilayer (Ti, Al)N/TiN  
coatings 

The task of plasma filtering from MPF acquires spe-
cial urgency at formation of multilayer coatings with 
the thickness of separate layers of units to hundreds 
nm from the vacuum arc plasma. Fig. 4 shows the 
dependences of MPF change on the substrate surface 
located at different distances from PF. The number of 
particles is standardized per area unit, plasma genera-
tion time and discharge current.  

The PF application provides the reduction of 
macroinclusions on the coating surface by more than 
102–104 times. An additional reduction of MPF on the 
coating surface can be achieved by means of locating 
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the samples at a distance exceeding the geometric fo-
cus of PF (~ 16 cm). 

 
N, m2 ⋅ sA 

 
L, m 

Fig. 4. MPF on the coating surface depending on the dis- 
  tance between the PF and a sample 

At the discharge current of 150 A, the nature of the 
MPF change on the coating surface is practically iden-
tical for metallurgical and powder cathodes. With the 
discharge current growth the proportionality in MPF 
reduction is broken, and the greater number of parti-
cles is observed for the powder cathodes. The number 
of droplets of large size grows at that. This peculiarity 
can be connected with less thermal conductivity of the 
powder cathode conditioned by the increased porosity 
and structure of the material. 

The ratio of the ion saturation current from plasma 
at the PF input and output remained on the level of η 
∼ 50–58% for all the cathode systems used. The com-
plete absence of MPF in the structure of the coating 
being formed was achieved by means of increasing the 
rotation angle of the shutter electrodes in direction to 
the plasma flow distribution. However, a significant 
reduction of the plasma density at the PF output oc-
curs in this case. 

The coatings roughness decreased more than by an 
order using the PF. The ratio of roughness of coatings 
deposited using the metallurgical and powder TiAl 
cathodes was 0.7. For (TiAl)N/TiN coating obtained 
from the separate cathodes, the roughness is as a rule 
1.8 times higher. 

When the discharge current decreased from 150 to 
100 А and the bias potential increased to 800 V, the 
roughness of the coating from the composite cathode 
decreased by ~ 20%. In separate cases the coating 
roughness became less than that of the initial substrate 
using the high-frequency short-pulsed bias potential. 
This effect can be associated with the processes of 
MPF evaporation and microapexes sputtering.  

The adhesion properties investigation was per-
formed by the method of scratch-test at a dynamically 
changing load on indenter. The measured parameter 
was the critical load on indenter at which the coating 
destruction took place. 

The measurements showed that a sharp growth of 
internal stresses is characteristic of the one-layer TiN 

and TiAlN coatings as the coating thickness grows. 
For example, when the thickness was 5 µm a complete 
destruction of TiAlN coating is observed at a critical 
load on indenter of ~ 5.5 N. The destruction is accom-
panied by the crack formation on a periphery of the 
indenter track. At the same time, when the coating 
thickness was 100 nm, the adhesion grew more than 
by an order. The tendency of the adhesion strength 
growth for thin coatings remained for the multilayer 
system as well. 

As it follows from Fig. 5 the maximum critical 
load for the multilayer (TiAl)N/TiN system was regis-
tered at the pulsed bias potential amplitude of 500 V. 
Taking into account the duty factor of 0.55, the mean 
bias potential on the substrate is 270 V. As Ub grows, 
the coatings adhesive strength decreases which can be 
connected with the growth of internal stresses. In gen-
eral, the pulsed bias potential application provides the 
adhesion increase by 2 times on the average in com-
parison with the dc voltage. 
 

F, H 

 
U, V 

Fig. 5. Change of critical load on indenter versus the bias 
potential amplitude: 1 – pulsed bias potential occasionally 
changing (from – 400 to –4 kV); 2 – pulsed bias potential;  
  3 – dc bias potential U × 2 

The coating deposition mode at repetitively in-
creased bias potential amplitude to –4 kV was realized 
with the purpose of the adhesion increasing. The coat-
ing investigation revealed the adhesion increase by 
10–15%. The observed effect can be conditioned by 
the occurrence of additional thermal peaks in the coat-
ing structure assisting to the formation of structure 
occasionally alternating in thickness. 

The comparative investigations of one-layer and 
multilayer coatings showed that the hardness increase 
by 5–10% is characteristic of the multilayer system 
(TiAl)N/TiN. The maximum hardness of the multi-
layer coating formed from the separate cathodes  
at the mean bias potential of 100 V was 
Hv = 3500 ± 100 kg/mm2. For the composite cathodes 
Hv = 3500 ± 60 kg/mm2. The bias potential increase 
within 300–800 V results in the hardness reduction by 
15–20% on the average. The observed effect can be 
connected with the phases formation temperature rise 
and consequently enlargement of their size. The re-
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sults of nanohardness measurement show that for 
coatings formed using the plasma filtered from MPF, 
high values of the Young modulus are typical, which 
also decrease as Ub grows. 

The results of comparative research of the wear in-
tensity of a monolayer (TiAl)N coating and a multi-
layer nanostructure system (TiAl)N/TiN showed, that 
the wear intensity of a multilayer (TiAl)N/TiN coating 
(TiAl)N/TiN is 4 times less than that of (TiAl)N coat-
ing and 10 times less than that of TiN coating, formed 
with PF. This fact can be connected with the grain size 
of the coating material, which in the abrasion process 
appear as an abrasive, as well as with the occurrence 
of deep cross cracks in the coating, which are practi-
cally absent in a multilayer coating. 

The measurements of the residual voltages were 
performed in VIAM on the engine blades made of the 
alloy VT18U by the Davidenkov method. The multi-
layer (TiAl)N/TiN coating represented the structure of 
22 layers with the thickness of separate layers of 
150 nm. On the blade without coating σо = (50–
250) MPa and reached zero value at depth of 40 µm. 
The multilayer system had the compression stresses in 
maximum σо = 1150–1280 MPa, decreasing to zero at 
the depth 9 µm. The advantage of this type of coating 
is that they possess high plasticity and crack resistance 
at high values of the yield point, microhardness and 
the presence of internal stresses. 

The comparative testing on vibrating table (deflec-
tion test at an alternating load) was performed in order 
to determine the fatigue strength. The testing was exe-
cuted in the following mode: the reference level of 
stresses – σк = 42 kgf/cm2; the reference base of test-
ing: N = 2 ⋅ 107 cycles. The blades with coatings en-

dured the specified testing mode without any signs of 
destruction. 

The erosion testing was executed on the table us-
ing the quartz sand with the particle size 300 µm as an 
erosion medium. The particle velocity in a flow was 
≈ 80 m/s. The testing was performed at an attack angle 
of α = 20°. As a result of testing it was shown that the 
erosion strength increase practically by an order is 
characteristic of the multilayer coating. 

5. Conclusions 

It was experimentally shown that the intense ion as-
sisting of the process of multilayer (TiAl)N/TiN coat-
ings deposition in conditions of plasma filtering from 
MPF using the short-pulsed high-frequency bias po-
tentials enables to essentially improve the physic-
mechanical and exploitation properties of conven-
tional one-layer coatings examined in the paper. Both 
one-element (Ti, Al) and composite (TiAl) cathodes 
including those manufactured by the methods of the 
powder metallurgy can be used for the formation of 
multilayer systems. 
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