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The ultimate goal of this study is optimization of the modification processes, namely the constructional details’
surface nitriding, based on the using of glow discharge (GD). These processes are studied both experimentally and
theoretically in spherical abnormal GD plasma in N,-Ar mixture. The balance equations for the density of charged
particles and Poisson equation added with equation for heat conductivity are taken into account in the theoretical part of
investigation. The last equation describes the influence of the hot cathode on the processes in discharge volume. As is
shown, the correct account of the anode fall of potential plays a key role to represent adequately the volt-ampere

characteristic of the spherical GD.
PACS: 51.50.+v, 52.25.Dg, 52.80.Hc

1. ENERGY EFFICIENCY CRITERION
FOR THE NITRIDING PROCESS

The abnormal glow discharges (GD) are widely used
in the processes of metal surface nitriding as they provide
maximal localization of the technological action on a
treated surface. Unfortunately, a lot of publications in this
area are limited, mainly, to empirically obtain general rule
regarding application of plasma as technological
atmospheres. It does not allow making the strict analysis
of energy efficiency parameters. A basis of analytical
methods for optimization mentioned should be the careful
analysis of physical processes in the plasmas as
technological atmospheres.

There is no common viewpoint concerning the
mechanism of diffusion saturation of metal surface with
nitrogen. Now, the substantial attention is attracted to
studying the ion-molecular reactions which run in the
processes of surface modification. It was pointed out that
the efficiency of such processes in N, plasma is mostly
governed by metastable atomic nitrogen N* [1] (see also
papers [2, 3]), having two characteristic radiation lifetimes
of 1.4x10° and 6.1x10* s in their two metastable states.
Therefore, N* is the best agent to transfer the excitation
energy obtained in plasma to the surface of a solid. Really,
a typical free path of neutral particles in N, atmosphere at
the pressures 0.1...150 Pa changes from about 35 to
2.3x107 cm, respectively. Hence, N* has plenty of chances
to get from the plasma region to the surface of a solid
without collisions. Just collisions are able to transit an atom
from a metastable into the ground state.

Thus, as the energy efficiency criterion of nitriding
process the ratio between atomic nitrogen stream
diffusion on a surface of material to be processed and
electric discharge power may be considered. The higher
the ratio, the higher is the energy efficiency of nitriding.

Plasma forming mixes of N, with Ar impurity have
considerable advantages in nitriding processes as atomic
nitrogen can effectively be generated in this mix [4]. GD
plasma is sharply nonequilibrium and the strict analysis of
atomic nitrogen producing is a challenge. Moreover,
essential meaning have nonlocal effect in near cathode
GD area which are a subject of active research during last
years (see, for example, [5]). In turn, methods of direct

experimental definition of nitrogen atoms density N, in
plasma are difficult enough, as application of vacuum
spectroscopy methods [1] demands. Besides, they do not
allow predicting character of relationship between N, and
GD parameters.

2. EXPERIMENT

The discharge plasma is generated in nitrogen or N,-
Ar mixture at the pressure 50...250 Pa and discharge
current / < 120 mA. The constructional details to be
modified (samples) were placed on the metal plate
(cathode) 5cm in diameter at the central part of the
vacuum camera (anode) with a volume of 0.1 m® [3]. The
temperature of cathode was controlled by a thermocouple.
The density of charged particles N, and the electric field £
were measured by double probes that could be moved
along the radius of the chamber. GD was powered by
rectified voltage U up to 1500 V and the volt-ampere
characteristics (VAC) were measured too.

The process of nitriding was performed after
evacuation of the chamber and preliminary treatment
(cleaning) of the samples at the satellite discharge in pure
argon. Actually nitriding was effected by GD in a N,-Ar
mixture. The temperature of the plate (and, hence, of the
samples) during the process was maintained within
810...820° K due to the energy supply from GD powered
at Ul ~ 60 Wt.

This system was approximated as spherical diode in
numerical simulation [6, 7]. The following values of
parameters were considered in calculations: r¢x = 1.5 cm
and R = 33 cm are the radii of the internal and the
external spheres of diode, respectively. The calculations
were performed for values of the discharge current
density 2...20 mA/cm’® that is corresponding with the
interval of calculations carried out in [8]. In turn, in some
cases for experimental studies spherical cathode of
molybdenum was also used.

3. VAC OF THE SPHERICAL GD

As it is well known, despite the influence of nonlocal
effects, the estimated VAC of GD in fluid model is well
correspond to the real. This is due to the fact that only a
small part of the fast electrons from their total number is
responsible for these effects [5].
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Previously we simulated spherical GD, paying special
attention to the problem of adequate description of the
diffusion processes [7]. The role of the latter can be very
significant at low pressures. The system of fluid equations
was solved
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where J, and J; are the densities of the electron and ion
flows, respectively (J = e(J; + J,)); a(E) is the first
Townsend coefficient; D., u., D;, u; are the diffusion and
mobility coefficients of electrons and ions, respectively; e
is the electron charge, and g, is the dielectric constant.
The boundary conditions for problem (1) — (3) were
initially formulated in a manner like [8] as follows:
Je:%]ﬂ eJe:yJK/(l"_}/)» (0:0» (4)
Ni=0,eJ.=Ju, dNJdr =0, 5)
at the cathode and the anode, respectively; here Jx and Ju
are current densities at the cathode and the anode, y = 0,02
denotes the coefficient of electron secondary emission
from the cathode. The problem (1) — (5) was solved by
modified method of continuation of the solution with
respect to a parameter [6, 7].

The set of solutions of upper equations allows to
determine theoretically obtained VAC of DC and to
compare it with experimental one. As may be seen in
Fig. 1 this comparison demonstrates only slight
quantitative consistency between two groups of VAC.
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Fig. 1. Volt-ampere characteristics of spherical glow
discharge (r. = 1,5 cm): experimentally obtained
(solid lines) and numerically calculated (dotted lines):
p=250(1,4), 120 (2, 5) and 250 Pa (3, 6)

In  particular, numerical simulation (1)—(5)
demonstrates a significant level of potential fall on the
positive column GD that is about half of the total voltage
drop on the discharge gap. This contradicts to the results
of experimental determination of potential distribution
along the diode radius by floating probe method. It does
not fix appreciable electric field in the positive column. In
this connection the role of the processes near the anode
was specified by method of numerical experiment. In this
case the principle of minimum power supply in GD was
used in fact [9]. The setting of numerical experiment
become possible due to high efficiency of computational
procedure for GD mathematical model, proposed in [6, 7].
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During the numerical experiment was changed last of
the boundary conditions (5) on the anode. Namely,
instead of condition dN.,/dr = 0 was introduced value of
electron density on the anode N,,. It was varied during the
process of numerical experiment. The radial distribution
of potential in positive column was radically changed
under threshold value of this condition N,, in simulation
(Noo*~3.8x10° cm™ at a pressure 133 Pa, j, = 20 mA/cm?).
In this case the electric field was decreased on the order
of value in the positive column and the positive fall of
potential value of several volts took place near the anode.
The nature of this phenomenon is generation of charge
particles in anode fall of potential (AF) [10]. Due to
admitting of ions from AF region into positive column is
providing ionic component of discharge current that is
resulted in the lowering of potential on the GD. The set of
GD VAC is shown in Fig. 2 as illustration of the role of
adequate account of the processes on the anode.
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Fig. 2. Volt-ampere characteristics of spherical glow

discharge at a pressure 100 Pa (rx=1,5 cm):

experimentally obtained (solid line 1) and numerically
calculated (dotted lines): with account AF
(Tx =800K (2) and Ty = 300 K (3))

and without AF (Tx = 800 K (4) and Ty = 300 K (5))

The reason of the numerical experiment was the fact
that the processes on the anode were presented as the
anode spots located on the sharp edges of vacuum
chamber. This system is quite complex for its formal
description. However, the results obtained during the
numerical experiment reflect adequately the major role
that performs these spots — filling a gap discharge with
positive ions that compensate space charge. All the basic
laws of so introduced AF in our case correspond well to
their experimental study [10].

The influence of the cathode temperature on the
processes in discharge volume might be taken into
account to further improvement in agreement
experimentally obtained and numerically calculated VAC.
For this purpose the set of equation (1) — (5) was added
with equation for heat conductivity:

gd(rz,(de _o. 6)
e dr dr
Here « is heat conductivity coefficient [8]:
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where M — molar mass, Q%? = 1,157(71.4/t)0‘1472, c =
3.68 4°, R = 8,314 J/(mol K).



With account of this equation the temperature of gas
in discharge volume is changed from 810...820 K at the
cathode to 400 K at the distance 5 cm from it.

As may be seen from Fig. 2 by comparing the curves /
and 2, the system of equation (1) — (2) allows describing
adequately enough real VAC of GD in the process of
nitriding. The further improving may be consisted with
the account of current change of the temperature of
cathode (plate) due to variation of energy supply with
grow of voltage U on the discharge gap.

4. CONCLUSIONS

The complex study of glow discharge presented in this
paper as a whole may be used for optimization of the
modification processes from the view point of energy
efficiency. Strictly speaking the electric discharge power
is not parameter of the technology presented in this paper.
Really, in the process of nitriding energy supply of GD in
maintained on the level of Ul ~ 60 Wt to stabilize the
temperature of samples to be processed within
810...820 K. Nevertheless these results allow determining
quantitatively the basic parameters of GD depending of
pressure. The way how to use these parameters as well as
to determine the percentage composition of N,-Ar
mixture as technological atmosphere to optimize the
process of nitriding is presented in paper [11].
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SHEPTETUYECKHUE XAPAKTEPUCTUKHU CPEPUYECKOI'O TJEIOHIEI'O PA3PSIIA
B.A. ZKoemsanckuii, O.B. Anucumosa, B.A. Xomwviu, I0.U. Jleniox, B.I'. Hazapeuxko, A.B. Tkauenko

Koneunoii menbto naHHOW pabOTHl SBISETCS ONTHMH3AaLMS MPOLECCOB MOAM(HUKAIMKM, OCHOBaHHBIX Ha
HCIIONIb30BaHNK Tiieromero paspsina (TP), a MEeHHO a30THPOBaHMS HMOBEPXHOCTH KOHCTPYKIMOHHBIX AeTalieid. DTn
MIPOIECCHl N3YUEHBI SKCIIEPUMEHTAIBHO U TEOPETHUECKH B IUIa3Me aHOMalIbHOTO chepudeckoro TP B cmecu N,-Ar. B
TEOPETHYECKOH JacTH pabOThl pacCMOTPEHBI ypaBHEHHMs OajlaHca Ul MIIOTHOCTH 3apsDKEHHBIX YAaCTHIl U ypaBHEHHE
[Tyaccona, 1oTIOTHEHHbIE YpaBHEHHEM TEIIONPOBOAHOCTH. [lociaeHee 3 HUX OMMCHIBAET BIMSHHUE TOPSUYETO KaTona
Ha TIpoLEecChl B pa3psaHOM oObeMme. [loka3aHo TakXkKe, 4TO KOPPEKTHBIM y4eT MPHAHOJHOTO MafeHHs MOTEHIHaa
UTpaeT KI0YEBYIO POJIb IS aJeKBATHOTO MOJICTUPOBAHUS BOJIBT-aMIIEPHOI XapakTepucTuKy cepudeckoro TP.

EHEPTETHUYHI XAPAKTEPUCTUKH COPEPUYHOI'O JKEBPIIOUYOI'O PO3PALY
B.A. ZKosmsancwokuii, O.B. Anicimosa, B.O. Xomuu, FO.1. Jlentox, B.I. Hazapeuko, A.B. Tkauenko

KinneBoro MeToro 1€l poboTH € onTUMi3allis npoueciB Moaudikalii Ha OCHOBI BUKOPHCTAaHHS JKEBPIIOUOTO po3psiay
(°KP), a came a30TyBaHHsI TOBEPXHI KOHCTPYKUiHNX Aeraneil. Lli mpouecu BUBUEHI €KCIEPUMEHTAIBHO 1 TEOPETHYHO B
1azmi anomansHoro cepuanoro JKP y cymimni Ny-Ar. ¥V TeopeTnuHiil yacTiHI poOOTH pO3MIISTHYTO PIBHSHHS OanaHcy
KOHILIEHTPALiT 3apsJUKEHUX YacTHHOK 1 piBHAHHS IlyaccoHa, JOMOBHEHI PIBHAHHIM TEIUIONpPOBiTHOCTI. OCTaHHE 3 HUX
OIICY€ BIUIMB Taps4oro KaTojJa Ha NpOLecH B po3psgHoMy o0’emi. [Toka3aHO Takok, IO KOPEKTHE ypaxyBaHHS
NPUAHOAHOTO MAagiHHS MOTEHIIaNly BiAIrpac KIIOYOBY pOJb IS aIeKBATHOTO MOJEIIOBAHHS BOJIBT-aMIEPHOT
xapakTepucTuku cpepuanoro JKP.
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