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Within the framework of the model of the nonlocal thermoelastic peak of low-energy ion, the formation of intrinsic stress in a carbon
coating deposited from the vacuum arc plasma in the argon atmosphere is theoretically studied. It is shown that the flow of particles
bombarding the deposited coating contains, along with C* ions, also Ar* ions involved in the formation of intrinsic stress in the coating.
The flux density of Ar* ions resulting from ionization losses of C* ions passing through the argon atmosphere is proportional to both the
flux density of C* ions and the density (pressure) of argon. Expressions are obtained for the intrinsic stress in the deposited carbon
coating depending on the bias potential on the substrate and the argon pressure for the cases of both constant and pulsed potentials. The
analysis of the obtained expressions shows that the intrinsic stress in the carbon coating decrease with increasing argon pressure.
Keywords: Diamond-like carbon coatings; Plasma-ion deposition; Vacuum arc; Argon atmosphere; Thermal peaks; Intrinsic stress;
Growth rate
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Diamond-like carbon (DLC) coatings are of significant interest for applications associated with extreme
tribological conditions, providing high efficiency, performance and reliability. The strong covalent sp® bonding in ta-C
coatings provides high mechanical hardness, toughness, chemical and thermal stability, making them highly suitable for
harsh tribological conditions, including high speeds, loads and temperatures.

Due to the unique combination of properties, thick microcrystalline diamond-like films are most preferred for use
in tools, while thinner nanocrystalline DLC coatings are widely used for surface modification of parts used in
mechanical engineering, acrospace, medicine, micromechanics, and other industries. Such coatings are characterized by
low coefficient of friction, chemical inertness, biocompatibility and high radiation resistance. [1-5].

The development of equipment and processes for high-quality DLC deposition over the large area is the urgent
and important task, the solution of which will increase the productivity of the process, as well as expand the list of
processed articles. In addition, there is a great need for the deposition of diamond-like carbon on the surface of articles
with complex shapes (cylindrical, spherical and others, for example, the friction joints of endoprostheses). Improving
the characteristics and functional properties of DLC is impossible without knowledge of the physical mechanisms
which determine the deposition rate and the processes of formation of the structure and phase composition of the
coating material. Therefore, it is important to theoretically study the mechanisms of DLC synthesis, to reveal the role of
the bombardment of the growth surface with low-energy ions (from 0.1 to ~ 1 keV) in the sputtering and activation of
radiation-stimulated processes and the effect of deposition conditions on intrinsic stress in the coating.

The important type of the process of DLC production is the deposition of carbon coatings from the carbon plasma
of the vacuum arc in sufficiently rarefied atmosphere of the inert gas. For obtaining coatings with parameters providing
the best performance characteristics, such as hardness and high adhesion to the substrate, it is necessary to investigate
the dependence of the properties of coatings on the type of inert gas and its pressure. The key parameter providing the
above properties of the DLC is the intrinsic stress arising during the coating deposition.

In this paper, we study the dependence of intrinsic stress in the deposited coating on the pressure of the inert gas in
the atmosphere of working installation.

MATHEMATICAL MODEL
We will assume that the flux of C* ions is deposited on the substrate surface in atmosphere of easily ionized inert gas,
argon. As a result, the mixture of ion fluxes falls on the deposited surface: the flux j; of C* ions knocked out from the cathode
and the flux j, of Ar" ions generated when gas atoms collide with the flux of C* ions. Assuming that the number of ionized Ar
atoms is small compared to the initial amount, the following expression can be written for the flux j:

J =aPbj, (1)

Here P is the argon pressure, « is the coefficient that, generally, depends on the design of the installation.
The initial energy Ey of C* ions in the setup chamber is 20 to 25 eV (up to the thin near-surface layer near the
substrate, where the ions are additionally accelerated by the bias potential). Modeling the passage of the low-energy C*
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ion with such an energy through the argon atmosphere using the SRIM2000 software package shows that the following
approximate expression for the average projective ion path is valid: L¢, cm = 0.076/P, where P is given in Torr units.
The ionization loss of the C + ion can be estimated from the expressionAE,, ~0.3E,D/L. =, where D is the

won
characteristic distance traveled by the ion in the gaseous atmosphere of the vacuum chamber, specified in cm. The
coefficient 0.3 corresponds to the fraction of ionization energy losses of the C* ion ~ 30%. The above estimate is valid
under the condition D < L. that is satisfied at pressures P <107 Torr. Assuming that all ionization losses of the ion C*

are spent on the formation of Ar” ions, we obtain the following estimate for the number of Ar* ions formed by one C*
ion: Ny ~ 10DP, that is, o ~ 10D. Here we use the following average ionization potential of Ar /- = 11.6 eV. For the
coating deposition systems used, the conditions P < 10-* Torr and D < 10? cm are satisfied, whence aP < 1 follows.
When deriving the formula for intrinsic stress, basically, the line of reasoning used in works [6-9] is repeated. At this, the
model of a nonlocal thermal peak (NTP) of a low-energy ion is widely used - an overheated and overstressed nanometer
region near the ion trajectory in the target material, in which thermalized phonon losses of the ion contain [10]. Computer
simulation using the SRIM2000 software package [11] has shown that the NTP can be approximated by a spherical segment
adjacent to the target surface, the center of which lies in the middle of the average projective range of the ion. The effective

lifetime 7, , volume V' (1, E) , and temperature T (¢,E,T,) of the NTP of the ion are calculated within the framework of the

previously developed model [10, 11]. So, the volume of the near-surface NTP is found by the formula

V(E,r):;;[%R(E,tf+@R(E,r)2—%%E)S}, @)

L(E
where R(E,t)= %+ 2111((1‘ +1) is the radius of the NTP created by the ion with energy E at time ¢, L (E) is the

average projective range of the ion, 7~ 1073 s. is the ion-ion relaxation time; x is the phonon thermal diffusivity of the
coating material. Temperature 71z, E) in the NTP is calculated from the equation that takes into account the dependence

of the heat capacity on temperature [10, 12]:

E)E

_mEE :TD(gj—ToD 9], ©)
p CV(E,t) T T,

where p is the density, C =3v,kpz /M is the high-temperature limit of the heat capacity of the target material, 7(E) is

the fraction of phonon losses of the ion with energy E in the target material, 7y is the substrate temperature, 6 is the
Debye temperature of the target material, &z is the Boltzmann constant, 1, is the number of atoms in the molecule of the
target material (for carbon coating v, = 1), D (x) is the Debye function having the form [12]:

2 dz

3x
D(x)=— .
(x) x3'([ez—1

“

The lifetime #; (E ) of the NTP is determined by the rate of its cooling. Assuming that the peak is cooled only by

thermal conductivity, we obtain for the effective cooling time of the peak 7 (E ) =R (E ,0)2 /4/( . Functions L(E) and
1 (E) were calculated using the SRIM2000 software package [11]. The results of calculating the functions 7 (E) for

C" and Ar" ions in the carbon coating are shown in Fig. 1.
The dependences of the NTP volumes of C* and Ar" ions in the carbon coating on the ion energy are shown in Fig. 2.
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Figure 1. Phonon loss functions for C* and Ar" ions in the Figure 2. Volumes of NTP of C + and Ar + ions in the DLC
DLC coating. coating depending on the ion energy
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The results of calculating the NTP temperatures as functions of the ion energy are shown in Fig. 3. In the
calculations, the substrate temperature was assumed to be 7)) = 300 K.

The data obtained on the characteristics of the NTP allow us descripting the intrinsic stress formation in the
coating deposited from mixed flow of C* and Ar" ions. It is assumed that intrinsic stresses are formed as a result of two
simultaneous but oppositely directed processes: 1) stress generation due to implantation of the incident ion beam and
2) stress relaxation due to thermally activated processes of defect migration in the NTP of ions [6]. In addition, the
stated model [7-9], like the Davis’s one [6], is based on the hypothesis of proportionality between the density of defects
formed as a result of ion scattering by target atoms and the volumetric deformation of the target.

The rate of defects formation by ions of the i-th species, per unit surface of the coating, is proportional to the ion

flux density j; and the number of defects ¢ (E) formed by one ion of the i-th species. In papers [6,7], the

1

approximation ¢, (E ) ~JE was used [13]. In this work, the defect formation functions are calculated numerically

using the SRIM2000 program code [9, 11] (see Fig. 4).
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Figure 3. Temperatures in the peaks of C* and Ar* ions in the Figure 4. Functions of defect formation of C* and Ar* ions in
carbon coating depending on the ion energy. the carbon coating.

Thus, the total rate of defect formation by the mixed beam of ions of two species is determined by the expression:
ny (U)leé/l(El(U))"—jzé,Z (Ez (U)) (5

Using (1), we obtain from (5):
iy (U))~ (G (E/(U)) +aPS, (B, (V))) ©)

Here we used the notation E, =g, (U+U,)+E,;, gi is the charge of the i-th species ion, Up is the floating

potential, Ey; is the initial energy of the i-th species ion.
The opposite process of stress relaxation is determined by the number of thermally activated transitions w; (E ) of

atoms in the NTP of the i-th species ion with energy E.
Function

u

tr —_—
w, (U) = ngv £ Vi(t,E) e BB gp )

specifies the number of thermally activated transitions in the NTP of the ion, which determine the migration rate of
defects with the activation energy u and, therefore, the stress relaxation rate at the target temperature 7.
The rate of defect loss, per unit area, is proportional to w, (E ) , to the fraction of defects n/n, and to density of the

implanted ion flux j;. After summing up the contributions of two species ions to the migration process, we obtain the
following expression for the rate of defect loss:

ﬂR(U)=n10[jlw1 (E)+ jow, (E,)]= jli(wl (Ey)+aPw,(Ey)). @®)

The resulting rate, per unit area, with which defects are implanted in the film, is equal to jn/n,. Here we have

taken into account that only ions of the 1st species (carbon ions) build up the coating. On the other hand, the resulting
rate of introduction of defects is set by the difference between the rate of appearance of defects due to implantation and
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the rate of their loss due to thermally activated migration. Consequently, the condition of constancy of density of
defects leads to the relation:

Ji—=n, —ng,. ©)

Substituting 7, and 7, from Egs. (6), (8) in Eq. (9) and expressing in the resulting equation the fraction n/n, of

implanted ions in the film, we obtain for intrinsic stress in the case of the constant bias potential (so called the direct
current (DC) mode):

AE, ¢ (El (U)) +aPg, (Ez (U))
1-T1 1+w, (E, (U))+aPw, (E, (U))

o(U,P)= , (10)

where Ey and IT are the Young's modulus and the Poisson's ratio of the coating material, correspondingly. Here, we
used the relationship o =E,¢/(1-11) between stress o and volumetric deformation ¢, which is determined by the

density of defects n/n, . Coefficient 4 is found by comparing the theoretical curve with the experimental data.

Expression (10) was generalized to the case of the pulse potential mode [8]. Intrinsic stress in the pulse potential
mode is given by the expression:

_ 4B, _(G(EU))+aPs, (B (U)) fi, + (6 (£ (0) + aPL (£, (0))) (1~ £,)
L=TL 1+ (wy (B, (U)) + aPw, (E, (U))) ft, +(w (£, (0)) + aPw, (E, (0)))(1- £i,)

where, ¢, is the duration of the high voltage pulse, fis the pulse repetition rate.

When calculating the intrinsic stress in the deposited coating, it is necessary to take into account the deposition
temperature 7), which can vary significantly with the energy of the deposited ions, since the ion flux heats the coating
surface. In the approximation of the linear theory of thermal conductivity with constant coefficient of thermal
conductivity and in the stationary mode, the deposition temperature 7 is related to the bias potential U by linear
dependence:

G(U,P) , (11

T,(U) =Ty +/1q[(U0 +Ey)(1- 1t,)+ (U +U, +E0)ﬁp](1+ap), (12)

where Ty is the temperature of the non-irradiated substrate. The average charge ¢ of C* and Ar" ions, according to
experimental data, is, with sufficient accuracy, equal to the elementary (proton) charge. The value A depends on the
technical parameters of the coating deposition installation. The value of A was chosen from the condition that the
deposition temperature was equal to its experimental value at known energy of the deposited ions.

RESULTS AND DISCUSSION
In Fig. 5 shows the dependence of intrinsic stress on the bias potential for different values of the parameter P in
both cases of the direct current (DC) and pulse potential regimes. The calculations were performed for the case of the
absence of the argon atmosphere aP = 0, and for the case of aP = 1. As can be seen from the Fig. 5, the addition of Ar*
ions to the flow of incident particles does not change behavior of dependence o(U) but leads to a certain decrease of
intrinsic stress in the deposited carbon coating.
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Figure 5. Dependence of intrinsic stress in deposited carbon coating on bias potential at different pressures of inert gas.
Curves 1 — the case of the DC regime (fi, = 1), curves 2 — the case of the pulse potential regime (f#, = 0.12). Solid curves
correspond to aP = 0, and dashed curves correspond to aP = 1.
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To study the dependence of intrinsic stress on the inert gas pressure P, we represent expression (10) in the form:

J(P):B%, (13)
where
4E, & (£ (V)
B(U)= 1-TL1+w (E (U)) 9
a(U)= “42((]5 o ;), (16)
b(U)_w—E,((lzjf))))' (17)

are the positive definite functions of the bias potential U.

For given values of U, the parameters B, a,b are constants. Constant B is equal to the intrinsic stress in the
coating obtained at zero inert gas concentration. It can be seen from (13) that the intrinsic stress is the fractional-rational
function of pressure P. The behavior of the fractional-rational function (13) with the change in the argument P depends
on the ratio between its coefficients @ and b. So, at zero concentration of the inert gas (at P = 0) we have
o(0)=B, o'(0)=B(a—b). Thus, the slope of the stress curve is proportional to the difference (a-b) near the point

P =0. As the pressure P increases, the function o(P) tends to the asymptotics Ba/b.
Analysis of Eq. (11) shows that it can also be represented as the fractional-rational function of pressure P:

o, (P)= 11:2}123 (18)
where
B, S(EW)) A, + & (E(0)(1- 4,)
PO R (B )y (B O 7] "
o G(E W) A +42<E (0)(1-4,)]
L E s a EON,) -
bl(U)=a[W2(E (U))ﬁ +W2(E (O))( B )J (1)

L+ (E,(U)) fi, +w (£ (0)(1- £i,)

Dependence of intrinsic stress on the parameter P for three different bias potentials is shown in Fig. 6. The solid
curves correspond to the DC regime deposition whereas the dashed curves — to the pulse potential regime.
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Figure 6. Dependence of intrinsic stress in the carbon coating on pressure of inert gas at different bias potentials on the substrate.
The solid curves correspond to the DC regime (f#, = 1), the dashed curves — to the pulse potential regime (fi, = 0.12).
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As can be seen from fig. 6, in the case under consideration, the condition is satisfied a —b < 0, since the intrinsic
stress decreases with the increase in the pressure of the inert gas.

Note that the case of carbon coating deposition in the inert gas atmosphere differs from a similar case of
deposition of the TiN coating, since in the latter case the increase in pressure led not to the decrease, but, on the
contrary, to the increase in intrinsic stress in the TiN coating [14].

CONCLUSION

1. During the deposition of the carbon coating from the vacuum arc plasma in the argon atmosphere, the flow of
particles, bombarding the deposited coating, consists of the mixture of C* and Ar® ions. The flux density of Ar" ions
resulting from ionization loss of C* ions passing through the argon atmosphere is proportional to both the flux density
of C* ions and the density (pressure) of argon.

2. Expressions are obtained for the intrinsic stresses in the deposited carbon coatings depending on the bias
potential on the substrate for the modes of both the DC and the pulsed potential.

3. The analysis of the obtained expressions shows that the intrinsic stress in the case of deposition of the carbon
coating in the argon atmosphere decreases with the increase of argon pressure P.
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BIIJIMB TUCKY IHEPTHOI'O T'A3Y HA BHYTPIIIHI HAIIPYKEHHSI B AJIMA3OITIIIOBHOMY IMTOKPUTTI, O
OCAJIKYETHCH 3 BYIJIEIIEBOI IIJIABSMH BAKYYMHOI 1Y
O.I. Kaniniyenko, B.€. CTpeabHHUbKUH
Hayionanvnuii naykosuii yenmp « XapKiecvokuil (izuxo-mexHiuHull iHCmunmymy
61108, Yxpaina, Xapxie, Akademiuna, 1

B pamkax Mopeni HEJIOKaJbHOIO TEPMOIIPYXKHOTO IiKa HU3BKOCHEPIeTHYHOTO i0HA TEOPETUYHO MOCITIPKYETHCS BHHHKHCHHS
BHYTPIIIHIX HANpPYXXeHb Y BYTJICHEBOMY MOKPHUTTI, [0 OCAIKY€EThCS 3 IIa3MU BaKyyMHOI QyrH B aproHoBiit armocdepi. [Toka3zano,
IO HOTIK YacTOK, sIKi 60MOapAyrOTh OKPHUTTS, IO OCADKYETHCS, MICTHTH mopsiy 3 ionamu C* Takox ioHH Ar”, 1m0 6epyTh y4actb y
(opmyBaHHI BHYTPILIHIX HAMPYXeHb B MOKPUTTI. LI{iNbHICTH MOTOKY 10HIB Ar, 1110 BHHUKJIM B Pe3yJIbTaTi i0HI3alUiifHUX BTPAT 10HIB
C*, mo npoxoasTh depe3 arMocdepy aproy, MpomopiiiHa SK HIbHOCTI moToKy ioHiB C*, Tak i miinbHOCTI (THCKY) aprosy.
OtpuMaHi BUpaXEHHs [JIsl BHYTPIIIHIX HAPYXKEHb B BYIJICLIEBOMY HMOKDPHUTTI, 10 OCA/KYETHCS, 3aJISIKHO BiJ] MOTEHIIATY 3MIICHHS
Ha MIKIaALI i THCKY aproHY U BUIIAIKIB SIK IOCTIHHOTO, TaK 1 IMIYJIbCHOTO MOTEHIIaiB. AHAJI3 OTPUMAaHUX BUPa3iB MOKa3ye, 10
BHYTPIIIHI HANPYXEHHS Y BYTJIEHEBOMY NOKPHUTTI 3MEHIIYIOTHCS 31 301IBIICHHSAM THCKY aproHYy.

KorouoBi c1oBa: anMa3zononiOHi ByTIIeleB ITOKPHUTTS, IIa3MO-10HHE OCa/UKEHHs, BaKyyMHa Jyra, aTMocdepa aproty, TeIUIOBI MKy,
BHYTPIIIHS HATIPyTa, LIBUIKICTH POCTY





