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Abstract – Combined method of producing of gradient na�
nocomposite coatings was developed. The coating on the ba�
sis of Ti�Al�B�N system was produced using vacuum magne�
tron deposition of TiN and bombardment by composite ions
beam (Al+B) with high energy. It was established that the
main regularity of tribological behavior and mechanical pro�
perties of this coatings as function of its structural – phase
condition including following vacuum annealing in a tempe�
rature interval from room up to 1373 К.

1. Introduction

Now on the basis of TiN system a new class of na�
nocomposite coatings has been developed with an
average grain size less than 100 nm including mul�
tiphase coatings on the basis of nitrides, borides, car�
bides of titanium, aluminium, chromium, zirconium
etc. [1–3]. Owing to an increase in the volume frac�
tion of grain boundaries such coatings have high har�
dness, wear and oxidative stability and, simultan�
eously, a high coefficient of elastic recovery and a low
friction coefficient. The mechanism of formation of
nanocomposite structure is related to segregation of
one phase on the grain boundary of the other, as a
result of the growth of grain stops. It can be achieved
if alloying elements enter the composition of the
main structure. Alloying elements can enter in seve�
ral ways: usage of composite targets (1), the bombar�
dment of the growing structure by an ion flux, which
differs from the coating by the elemental composi�
tion (2). Ion beam treatment also allows to produ�
cing a coating with a structure varying in depth of the
so�called gradient coatings. The base layer of these
coatings has a good coupling to a substrate and a high
load�carrying ability. The upper layer provides the
functional characteristics of coatings such as har�
dness, wear resistance, fire resistance and so on. The
intermediate layer is a transient binding and should
have a high strength and sufficient ductility. It is
known [4], that the multiphase coatings on the basis
of Ti�Al�B�N system demonstrate the best properti�

es compare with simpler Ti�N and Ti�Al�N systems.
The purpose of the present work is the attempt to ob�
tain gradient nanocomposite coatings on the basis of
the Ti�Al�B�N system using magnetron deposition
of Ti�N coatings followed by treatment with a high�
energy ion beam (Al+B) and vacuum�annealing in�
terval from room temperature up to 1373 К.

2. Experimental

Deposition of coatings was carried out using a
magnetron of direct current with a target diameter of
120 mm made from titanium ВТ�1�0. The power of
the magnetron was equal to 1,6 kW. The vacuum
chamber was evacuated up to the pressure of the res�
idual gas 5.10–3 Pа. An argon and nitrogen mix was us�
ed as a working gas in the deposition of nitride coa�
tings. The total pressure p0 of the working gas was
equal to 0,15 Pа and the partial pressure of nitride –
0,025 Pа. A molybdenum heater was used for heating
samples up to 573 K. For X�ray diffraction and mass�
spectrometer investigation, the coatings were produ�
ced with a thickness of 0.4 μm. For investigation of tri�
botechnical and mechanical properties the thickness
of coatings was about 9 μm. Austenitic steel
12Х18Н10Т was used as a substrate. After deposition
of the coating the was surface bombarded a ion beam
using a vacuum – arc pulse ionic source "Diana�2",
built�in the evacuated chamber of the deposition se�
tup. The accelerating voltage was equal to 80 kV, the
current amplitude of an ion beam was 600–900 mА,
pulse frequency – 50Hz, pulse duration – 250 ms.
Residual pressure in the evacuated chamber during
implantation was 5.10–3 Pа. The irradiation dose was
varied from 32 up to 64 mQ/cm2. The composite
cathodes were used for obtaining two�element ion be�
ams. They were made using powder metallurgical
techniques. There were 98 % of the AlB12 phase and
2–4 % AlB10. Further, part of the samples with ion�
implanted coatings was annealed in a vacuum furnace
within one hour from room temperature up to 1373 К. 
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X�ray analysis was carried out using a diffracto�
meter DRON�3 in the interval of angles
~20–140 degrees at FeКα radiation. To determine
the crystalline lattice parameter (а), size of area of
coherent scattering (d), microstresses (σi) and the te�
xture of coatings, the main characteristic of diffrac�
tion peaks were used [5]. The concentration profiles
of elements by depth of coating were investigated by
a mass�spectrometer of secondary ions МС�7201М
(MSSI) in a regime of etching by an argon ion beam.

Fig. 1. Current change Is of secondary ions as fun�
ction of depth h of etching of surface layer of coating
on the basis of Ti�N, treated by ions beam  (Al+B) at
accelerating voltage of 80 kV and radiation doze of
48 mQ/cm2

Friction and wearing tests were carried out using
a machine under the scheme "a rotated disk – a fixed
contact". Samples with the coating were used as a
contact. The rider is a disc with a thickness of 10 mm
and a diameter of 50 mm from steel ШХ�15 with
hardness HRC=62 with a polished cylinder surface
up to Ra=0,16 μm. Wear was carried out in the air in
the conditions of dry slip friction rotated cylindrical
rider with at a speed of 100 rpm relative to the fixed
sample at a load of 49 N. Wear resistance of the coa�
tings was determined as the relation of wear time to
the loss of weight of the coating. The coating thic�
kness was calculated using the weighing data before
and after the deposition and it was also controlled us�
ing an optical microscope BMG�160. 

The coating hardness was measured using nano�
test NanoHardnessTester, CSM with an indentor lo�
ad of 20 mN. Elasticity modulus were also determi�
ned using nanotester.

3. Results and discussion

Fig. 1 demonstrates the change of the current of
secondary ions (Is) of a titanium, aluminium, iron,
boron and nitride as a function of the depth (h) of the
TiN surface layer under deposition of argon ions in
the mass�spectrometer chamber. It is known [6] that

the value Is is proportional to atom concentration of
these elements. The comparison of curves Is versus of
the (h) implanted Al and B with the distribution cur�
ves of Ti, N and Fe from which, the coatings and
substrate, accordingly, consists demonstrates that the
Al and B ions penetrate to a depth of 200 nm at the
accelerating voltage used. An average value of the
depth of ion penetration is 102 nm, that is a little bit
lower than the projective track length Rp=113 nm [7]
in titanium at a charge of these ions equal to 1. For
aluminium ions an average depth of penetration is 91
nm that is higher and equal to 53 nm. The deviation
of the experimental values from the estimated data
can be related to the real structural – phase condit�
ion and the calculated elemental composition as
compared with pure titanium, for which the calcula�
tion was made. At the same time, a larger value of Rp
for ion penetration of aluminium can be related to
the difference of the ion charge from 1. This takes
place when vacuum – arc ionic sources operate,
such as "Диана�2" as is shown in [8].

Table I. Tribomechanical properties of coatings (H –
nanohardness, Δt/Δm – wear resistance, Е – elastic
modulus)

Using X�ray analysis is shown that the TiN is the
main phase of the coating with a cubic lattice В1
(NaCl type) with the preferred orientation of grains
of (200) Fig. 2. Vacuum annealing of coatings results
in the change of the texture of coatings. A relative in�
tensity of X�ray reflection with orientation (200)
decreases, and, on the contrary, it increases with ori�
entation (111). And at temperature of 1373К the co�
atings have only texture (111) (Fig. 2, f). The im�
plantation of ions of aluminium and boron in the
TiN coating, at first, also results in a decrease of the
relative intensity reflection with (200) orientation
and an increase with (111) orientation. When a radi�
ation dose increases this effect increases too
(Fig. 2, b, c). Secondly, the phase composition of the
surface layer changes. The volume fraction of the
TiN phase decreases down to 86 and 57 %, accordin�
gly, at radiation doses of 32 and 64 mQ/sm2

(Fig. 2, b, c). New phases of titanium�aluminium di�
boride with a hexagonal lattice Р6/mmm appear.
The volume fraction of the Ti1–x,AlxВ2 was 12 % and
37 % at radiation doses of 32 and 64 mQ/sm2, accor�
dingly. In addition, there is titanium boride TiB with
an orthorhombic lattice and titanium nitride of alu�
minium Ti3AlN with a cubic lattice in a small am�

Regime of treatment coatings H, GPa Е, GPa Δt/Δm, ×106 s/g

Initial state 25,7±2,3 433±25 0,7±0,1

Annealing at Т=1373К 26,8±1,9 462±29 1,5±0,2

Radiation dose is 32 mQ/cm2 29,5±2,4 438±27 1,6±0,2

Radiation dose is 64mQ/cm2 31,8±2,6 456±31 2,0±0,2

Radiation dose is 32 mQ/cm2,

annealing at Т=773К
36,0±2,0 555±23 3,1±0,3

Radiation dose is 32 mQ/cm2,

annealing at Т=1373К
27,1±2,0 562±21 2,2±0,2
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ount (2–6 %). Vacuum annealing of coatings at a
temperature of 773 К with a dose of 32 mQ/cm2 res�
ults in further decreasing of the volume fraction of
the main TiN phase down to 67 % and an essential
increase in the boride phases – Ti1–x, AlxВ2 up to 18 %
and TiB up to 13 of % (Fig. 2, d). At annealing of the
irradiated coatings at 1373 К (Fig. 2, е) the boride
phases and double nitride Ti3AlN dissolves so that the
volume fraction of Ti1–x,AlxВ2 AlxВ2 and TiB decrease
down to 2 % and 7 %, accordingly, and aluminium
enters a solid solution of the Ti1–xAlxN. With an inc�
rease in the annealing temperature for the irradiated
coatings the same regularity in the texture change is
observed as for unirradiated samples. The difference
consists in a higher grain fraction with orientation
(111), which they obtained at ion�beam treatment
before annealing. The average grain size of the main
TiN is equal to 45–50 nm in the initial coatings, and
decreases down to 14–16 nm at bombardment of the
surface layer with an ion beam. After annealing of the
irradiate coatings the grain size increases up to
25–50 nm.

The bombardment by an ion beam (Al+B) of co�
atings on the basis of Ti�N system leads to an increase
in nanohardness and wear resistance of the surface la�
yer (Table). With an increase in the radiation dose the
effect increases. At a dose of 64 mQ/cm2 the wear re�
sistance increases ~3 times, nanohardness ~15 %. Va�
cuum annealing of the irradiated coatings results in
increasing wear resistance and nanohardness up to  4
and 1,4 time accordingly. At a further rise in tempe�
rature of annealing up to 1373 К the decrease in na�
nohardness is observed up to the initial value, while
the wear resistance decreases, but remains a sufficient
high level ~3 times exceeding the initial value. The
annealing of unirradiated coatings increases their we�
ar resistance ~2 times at invariable nanohardness
which is within the limits of experimental error. 

It can be related one of the mechanism of the ob�
served increase in tribological and mechanical pro�
perties of coatings at annealing and ion beam bom�
bardment. The other causes can be grain�boundary
strengthening due to a decrease in the grain size,
which according to the ratio of Hall�Petch [10] leads
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Fig. 2. X�ray pattern of coatings on the basis of TiN: initial state (a), Al+B ion beam treatment at dose of
32 mQ/cm2 (b), Al+B ion beam treatment at dose of 64 mQ/cm2 (c), Al+B ion beam treatment at dose of
32 mQ/cm2 with annealing at 773К (d), Al+B ion beam treatment at dose of 32 mQ/cm2 with annealing at
1373К (e), an annealing at 1373К (f)
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to strength improvement of polycrystallic materials.
Besides, when the highly disperse boride phase pre�
cipitates, maximum concentration is achieved at a
temperature of 773 К. The decreasing value of tribo�
mechanical properties at further heating can be rela�
ted to the growth of grains due to recrystallization,
the dissolution hardening of the boride phase and
transition of alloying elements in to solid solution.
The high value of wear resistance of coatings irradia�
ted by an ion beam is remains up to 1373 K. It can be
due to the high contents of aluminium in the coating.
In conditions under study, the oxidative wearing ta�
kes place. During friction the temperature of the sur�
face layer of the coating increases. Thus, as is shown
in [11], aluminium diffuses to the surface and, com�
bining with oxygen, it forms a protective layer of
Al2O3, which make difficult further oxidation of the
coating. A higher concentration of aluminium crea�
tes a high�strength protective layer of Al2O3.

Thus, the combined treatment of coatings on the
basis of Ti�N by bombardment with a composite ion
beam (Al+B) and vacuum annealing result in a 4�ti�
mes increase of wear resistance and a 1.4 times na�
nohardness of coatings. On the basis of X�ray analy�
sis it is shown that the observed change of tribo�
mechanical behavior can be related to the precipita�
tion and dissolution of highly disperse boride phases,
change of an average grain size and a preferred orien�
tation of grains of the main phase.

The work was supported by the Russian Foundation
for Basic Research, grant № 05�08�33412�а.
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