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In model of nonlocal thermoelastic peak of low energy ion the process of intrinsic stress formation in the multi-
component coatings CrN, CrosAlgsN, TiN, TigsAlosN, deposited by vacuum arc method from ion beams Cr”,
CrtosAlfs, TiY, Ti*osAlos in direct current (DC) and pulsed potential modes is investigated. The calculations of the
intrinsic stress ¢ in the coatings depending on bias potential U at different deposition regimes and temperatures are
carried out. It has been shown that growth of Al ion content in the mixed beam of incident ions increases stress o(U)
in the deposited coating whereas growth of deposition temperature decreases it. Transition from the DC mode of
deposition to the pulsed potential one leads to reduction of intrinsic stress maximum and shifts it in area of higher
potentials. Comparison of theoretical results with experimental data permits estimating value of activation energy of

defect migration.
PACS: 52.77.Dq, 81.15.Jj

INTRODUCTION

The coatings based on nitrides of Ti and Cr with
improved operational characteristics (hardness, wear,
corrosion, radiation and heat resistances) are formed
mainly by vacuum arc and plasma — ion deposition [1].
The intrinsic compression stresses, which, on the one
hand, increase the hardness of coatings, but, on the other
hand, may cause their destruction, arise during
deposition. Determination of intrinsic stresses and their
dependence on the deposition process parameters and
thermal characteristics of the coating are necessary to
choose the optimum mode of deposition and to control
quality of the deposited coatings.

According to model proposed in [2] the intrinsic
stress is formed as result of stress generation due to
defect formation during ion implantation and stress
relaxation during migration defects in point thermal
peaks (PTP) of ions. Obtained formula gave qualitative
explanation of the observed stress dependence on the
ion energy and satisfactory quantitative agreement with
experimental results.

However, the use of PTP model for description of
stress relaxation seems to be not quite correct, because it
does not take into account the nature of interaction
between the implanted ions and atoms of the target
material, which determines the energy content and the
size of the formed thermal peak. In this regard, the
model can not in principle explain the experimentally
observed dependence of intrinsic stresses arising from
the deposition temperature To. Its agreement with expe-
rimental data is achieved by activation energy u at
values of u = 3 ... 14 eV, far exceeding the known
values for defect migration. Besides the charge state of
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the ions and the deposition mode of coating do not take
into account in the model.

In [3, 4], the modified formula for intrinsic stress
calculation which uses the model of nonlocal
thermoelastic peak (NTP) of ion is proposed. According
to this model, the NTP of the low-energy ion is
overheated and overpressured nanometer-sized region,
arising around the ion path in the coating material as a
result of thermalization of ion phonon losses. This
formula allows us to calculate the stress in one-
component coatings deposited from ion flows with
different charging in modes of direct current (DC) and
pulsed bias potentials and at different deposition
temperatures.

In this paper we present a generalized formula for
the calculation of intrinsic stresses in the multi-
component coatings at the deposition of mixed ion
beam, and the results of calculations of intrinsic stress ¢
in coatings CrN, CrosAlosN, TiN, TigsAlosN, deposited
by vacuum arc of beams of Cr*, Cr*sAlfs, Ti*,
Ti*osAl*s ions in modes of DC and pulsed potential on
substrate and comparison with experimental data.

INTRINSIC STRESSES IN THE COATINGS
DEPOSITED FROM MIXED ION BEAM

The formula for calculating the intrinsic stresses in the
multi-component coatings at deposition of mixed beam
of differently charged ions is derived in accordance with
the scheme, originally proposed in [2] and modified in
[3-5] for the NTP model of low-energy ion in the cases
of DC and pulsed potential mode. The expression for
the intrinsic stress, the detailed derivation of which in
the most general case is given in [5], has the form:
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There Ev and IT are the Young's modulus and Poisson's
ratio of the coating material, t, is the rectangular pulse
duration of potential with an amplitude U, f is the
frequency of pulse repetition, Uy is the floating
potential, U; is the potential applied to the substrate
between pulses, yij and Egjj are the ion part of j sort with
charge i (in units of the proton charge) and the initial
energy per unit of charge of these ions, respectively.
The summation is executed over m ion sorts and n ion
charge states, and

iZ%zi,- =1. (2)

It is assumed that the deposited flux contains only ions
and no neutral atoms. The function ¢; defines the

deformation dependence on ion energy E, caused by
defect formation of j-th sort ion. Function
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defines the number of thermally activated transitions in
the NTP of j-th sort ion at deposition temperature To.
There kg is the Boltzmann constant, ng is the
concentration of the coating atoms, f is the frequency of
the atom vibration, z, is the NTP lifetime, and

V;(t,E) and T;(t,E,T,) are the NTP volume of j-th

sort ion and the temperature in it, u is the migration
activation energy of point defects. Functions &,

V;(t,E) and T;(t,E,T,) are calculated by the program

code SRIM2000 [6] and at the values of ng, coating
density, thermal characteristics, which are typical for
CrN, CrAlIN, TiN, TiAIN coatings of micron thickness.
Parameter A and the value of u were determined by
comparing of the theoretical curve with the
experimental data.

The deposition temperature To can vary significantly
with changes in the deposited energy ions E. So it is
necessary to take into consideration. The value of Ty
affects the total peak temperature determining migration
rate of defects and, consequently, the stress relaxation
rate. Deposition temperature is associated with the ion
energy by linear dependence in the approximation of
linear heat equation with constant thermal conductivity
coefficient of substrate K and in the stationary thermal
mode. Temperature of absorbing surface of substrate
with thickness h, reverse side of which is at constant
temperature Too, can be represented as:

where J is ion flux. The deposition temperature is linear
function of the potential on the substrate U, because the
energy E; of the j-th sort ion with charge i is related to

U by ratio Ej; =i(U +Uy+Eg;). In view of the multi-

component flow of differently charged deposited ions,
the expression for the substrate temperature can be
represented as:
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where Elijzi(U1+U0+E0ij). This parameter A is

proportional to the flux density of the deposited ions but
is inversely proportional to the thermal conductivity
coefficient of the target material, and also depends on
the structural features of facility for coating deposition.
The value A is chosen from the condition that the
deposition temperature is equal to its experimental value
at known potential U.

RESULTS AND DISCUSSION

Expression (1) allows determining the value of the
intrinsic compressive stress ¢ in the coatings deposited
from a mixed beam of ions in modes of direct current
(DC) and pulsed potentials. Calculation of stresses for
nitride coatings TiN and TiosAlosN (CrN and
CrosAlpsN) was carried out under the following
deposition parameters and deposited coatings: f =
24 (12) kHz, To = 473 (400) K, t, = 5 (12) ps and Ey =
450 (400) GPa, IT =0.23 (0.3), A= 0.1 (0.3). Values of
xij and Eoj; parameters for coatings were taken from the
book [7].

Fig. 1 shows the dependence of the intrinsic
compressive stresses in the deposited coatings CrN,
CrosAlgsN, TiN, TigsAlosN on the bias potential U
(curves 1-4) in DC (dotted lines) and pulse (solid line)
potentials.
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Fig. 1. The dependence of the intrinsic compressive
stresses in the deposited coatings based on nitrides of
Cr and Ti on substrate potential in modes of DC (dotted
line) and pulsed (solid line) potential. Dark (light)
circles are data from experiments for TiN(CrosAlosN)

[8, 9] ([10])

Analysis has shown that the best agreement between
the calculated curves with experimental data is
achieved: for the stresses in TiN coating at the
activation energy of defect migration u = 0.75 eV (solid
curve 3) [8, 9]; for the stresses in the coating CrosAlosN
at u = 0.85eV (solid line 2) [10] (coating deposited in
pulsed potential mode). The maximum of stress curve
omax = 6.5 (10) GPa for coating CrosAlgsN (TiN) is
achieved at U = 1 (0.5) kV (solid curves 2 (3)), in
accordance with the experimental data.
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Activation energy values u <1 eV, obtained from
comparison of theoretical curve with experimental data
are consistent with the assumption that the origin of
intrinsic stresses in the coating during plasma-ion
deposition is associated with formation and subsequent
migration of interstitial defects.

In the DC mode maximum of stress curve calculated
at the same temperature is shifted towards lower values
of U and reaches for CrosAlgsN (TiN) coating the value
omax = 8.3(21) GPa at U = 300(150) V (dotted curve 2
(3)). It is important to note that deposition in pulsed
potential mode leads to lower maximum intrinsic stress
than deposition in DC potential mode.

As can be seen from Fig. 1, increase of Al content
leads to increase of stress in TiAIN (CrAIN) coatings
and to shift of maximum stress in the direction of higher
values U. The analysis also showed that the ratio
between the stresses in the coatings deposited in DC and
pulsed potential modes at a fixed temperature deposition
depends essentially on content of Al.

Fig. 2 shows the results of calculations and
experimental data for the intrinsic stress o(U) in TiN
and CrosAlosN coatings, deposited in pulsed potential
mode at different deposition temperatures: To = 400 K
(curves 2 and 4, respectively) and 473 K (curves 1 and
3, respectively).

o,
GPa

Fig. 2. Dependences of the intrinsic compressive
stresses in the deposited coatings of TiN and CrysAlosN
on substrate potential in pulsed potential mode, cal-
culated at deposition temperatures To = 473 K (curves
1, 3) and To = 400 K (curves 2,4). Dark (light) circles
are experimental data for TiN (CrosAlos N)[8,9]([10])

As can be seen from Fig. 2, the stresses ¢ and shape
o(U) curve strongly depends on the deposition
temperature To. With increasing To maximum stress is
reduced and shifted to lower potentials. For coating
CrosAlgsN (TiN) stress maximum is om ~ 6.5(11) GPa
and it is achieved at deposition temperature To = 400 K
and U ~ 1(0.7) kV (curve 2 (4)). The stress maximum is
reduced to the value of om~5.9(10)GPa at U ~
0.6 (0.5) kV (curve 1 (3)) and at temperature of
deposition To =473 K.

It should be noted that relatively high heat
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conduction TiN, compared with CrN, leads to a
decrease of temperature in the NTP ions into titanium
nitride coatings that suppresses the migration of defects
and stress relaxation. As a result, coatings based on TiN
are characterized by higher level of intrinsic stresses at a
fixed bias potential.

CONCLUSIONS

1. In framework of model of nonlocal thermoelastic
peak the calculation of intrinsic stresses is carried out in
the nitride coatings TiN and TiosAlosN (CrN and
CrosAlgsN), deposited from a mixed beam of ions in the
modes of DC and pulsed bias potential. The results of
intrinsic stress calculations in coatings based on
TiN(CrN), which are obtained for the pulsed potential
mode at the activation energy of defect migration u =

0.75 (0.85) eV, respectively, agree with the
experimental data.
2. The theoretical curves agree with the

experimental data at the activation energy u <1 eV. This
confirms the assumption that the origin of internal
stresses in the coating during plasma ion deposition is
associated with the formation and subsequent migration
of interstitial defects.

3. It was shown that the intrinsic stresses decrease
sharply with increasing deposition temperature in the
modes of DC and pulsed bias potential.

4. It was shown that the intrinsic stresses increase
with increasing of Al content in modes of DC and
pulsed bias potential.
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BHYTPEHHUE HANPS’)KEHUA B MHOI'OKOMIIOHEHTHBIX HUTPHHBIX NOKPBITUAX,
MOJYYAEMBIX METOJIOM IVIASMEHHO-UMMEPCUOHHOW NOHHON UMIIJIAHTAIIUM

A.U. Kanunuuenxo, C.C. Ilepenénkun, B.E. Cmpensnuykuii

B pamkax Mojenu HEJIOKAaJbHOTO TEPMOYIMPYroro MHKa HOHA HH3KOH OSHEPIHH aHAJIHU3HUPYETCs MpPOIece
(bopMHUpOBaHHs BHYTPEHHHX HANpsDKeHUH B MHOTOKOMIOHEHTHBIX MOKPHITHAX CIN, CrosAlgsN, TiN, TiosAlosN,
OCaKJaEMBIX BaKyyMHO-AYTOBHIM MeTOmoM 3 mydkoB HOHOB Cr*, CrfgsAl%os, Ti*, Ti*osAl*os B pexnmax
HOCTOSIHHOTO ¥ HMMITYJIBCHOTO [OTEHIHAIOB Ha MOMIOKKE. I[IpoBemeH pacu€T 3aBHCHMOCTH BHYTPEHHHX
HANpsDKEHUH o OT moTeHnuana cmernenuss U B HOKPBITUSX MIPU Pa3iHYHbIX PEKAMAX U TEMIICPATYPax OCAKICHHS.
ITokazaHo, 4YTO yBENMYCHHE cCOAEpKaHus HOHOB Al B CMCIIAaHHOM IOTOKE MAJAIOIIMX HOHOB IIOBBIIIACT
Hanpsokernst 6(U) B ocakgaeMoM MOKPBITHH, TOTAA KaK YBEIHYCHHE TEMIIEPATYpPhl OCAKICHHS CHIKACT HX.
ITepexox OT peKMMa MOCTOSHHOTO K PEKHMY HMITYJIBCHOTO MOTEHIHANa MPUBOAUT K CHIDKCHHIO MaKCHMyMa
BHYTPEHHUX HATPSDKCHUH M CMEIICHHIO ero B 00nacTh 6osiee BBICOKHX MOTEHIHANoB. CpaBHEHHE TEOPETHICCKUX
PE3yIBTaTOB C 3KCIEPUMEHTAIBHBIMU JAHHBIMH [MO3BOJMJIO OLCHHTH BEIMYMHY DHEPTHHM AKTHBAIMH MHUTPAIIHH
Te(heKTOB.

BHYTPIIIHI HAITPYKEHHSI B BATATOKOMIIOHEHTHUX HITPIIHUX HOKPUTTSX, IO
OTPUMYIOThCSI METOJIOM IJIABMOBO-IMEPCIHHOI IOHHOI IMIIVIAHTA LTI

O.1. Kaniniuenxo, C.C. Ilepenvoaxin, B.€. CmpenvnuybKkuit

VY paMkax MOJETi HEJOKalbHOrO TEPMOIPYKHOTO MiKy i0Ha HH3BKOI EHeprii JOCHiIKYEThCS TNPOLEC
(dbopMyBaHHs BHYTpIIIHIX HamnpyxeHb B OaraTokoMnoHeHTHHX NOKPUTTAX CrN, CrosAlgsN, TiN, TigsAlosN,
0Ca/DKYBAaHUX BaKyyMHO-IYTOBMM MeTOIOM 3 myukiB ioHiB Cr*, Cr¥osAl*s, Ti", Ti%sAl s y pexxuMax mocTidiHOro
Ta IMIYJILCHOTO NOTEHIIaliB Ha miakiaiui. [IpoBeleHO pO3paxyHOK 3ajeXHOCTI BHYTPILIIHBOI HANpyrd © Bif
noreHuiany 3MimeHHs U B NOKPUTTSX INPH PI3HUX pEXUMax 1 TemIeparypax ocaipkeHHs. I[lokaszaHo, 1o
30UTBIIICHHST BMICTY i0HIB Al B 3MimIaHOMY TOTOII MaJalO4yMX iOHIB MiABHINye Hampyry o(U) B ocaKyBaHOMY
MTOKPUTTI, TOAL K 301IBIICHHS TEMIIEPaTypu OCaKCHHS 3HIDKYE 1X. [lepexin Bif peKUMy MOCTIHHOTO 0 peKUMY
IMITyJIbCHOTO TIOTEHIliaTy BeJIe MO 3HIKCHHS MaKCHMyMy BHYTPIIITHIX HampyXeHb Ta 3MIMICHHIO HOro B 00JIaCTh
OUTBII BHCOKMX MOTeHLianiB. [IOpIBHSHHS TEOPETHYHUX PE3YJIbTATIB 3 CKCHEPUMEHTAIBHUMH JaHUMH JAJIo0
MOXIIMBICTb OIIIHUTH BEJTMUMHY €Heprii akTuBauii Mirpanii nedexris.
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