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Consideration has been given to the basic processes in the cathode spot of the vacuum arc of metals and al-
loys. Based on the analysis of a simplified equation of heat balance of the vacuum-arc cathode spot, formulas
for evaluating the values of the coefficient of ion erosion of metals and alloys have been obtained. The cal-
culated and experimentally measured values of the coefficients of ion erosion of certain metals have been
compared and their satisfactory agreement has been shown.

In the past two decades, the vacuum electric-arc method (method of condensation with ion bombardment) of
deposition of coatings [1] has become widespread owing to its properties and advantages; this method belongs to the
group of ion-plasma methods of deposition. Among its features we note the following ones: a coating is deposited by
the flow of positive metal ions, which makes it possible to easily control the energy of the ions and accordingly the
structure and composition of the coating; by allowing reaction gases (O2, N2, and C2H2) to bleed into the vacuum
chamber in the process of deposition of a coating, one can produce coatings with unique properties from compounds
(oxides, nitrides, and carbides); using multicomponent cathodes, one can produce multicomponent composite coatings
with different functional properties. All of this is due to the fact that in this method the main tool of deposition of
coatings is the vacuum-arc plasma excited (initiated) in vacuum between the metallic cathode and anode. The role of
the latter is usually played by vacuum-chamber walls. The cathode spot of the vacuum arc chaotically moving over the
cathode surface is the source of the positive ions of the cathode metal whose flow shapes the coating.

One of the most important characteristics of the deposition of coatings is the deposition rate. For the vacuum
electric-arc method it is determined by the coefficient of ion erosion µ of metals under the action of the cathode spot
of the vacuum arc. The quantity µ is the mass of the cathode metal lost irretrievably by the cathode from a unit cath-
ode spot in the form of the atoms and positive ions of the vacuum-arc plasma when a 1 C electric charge passes
through it. The coefficient µ takes no account of the mass that is lost by the cathode in the form of microdroplets.

To obtain formulas using which one could evaluate µ of metals and alloys it is necessary to consider the
processes in the cathode spot of the vacuum arc. The classical picture [2–8] of the basic physical processes occurring
in the cathode spot where a certain electric-potential difference U is created between the cathode and the anode and a
vacuum arc exists includes evaporation of the metal atoms from the cathode surface and thermal-field emission of the
electrons from the same surface. Next, we have separation of the atoms (expansion of metallic vapor) and acceleration
of the electrons in the electric field U in the region adjacent to the cathode surface where the cathode drop of the po-
tential Uc of the vacuum arc occurs. For the vacuum arc it is characteristic that U D Uc. In acceleration in the electric
field Uc, at a distance from the emission surface, the electrons begin to efficiently ionize the atoms evaporated and a
plasma cloud with a degree of ionization of 0.5–0.95 is formed [2, 4]. Most of the positive ions formed [9] return to
the cathode surface in the cathode spot under the action of the field Uc, heating the cathode surface up to temperatures
close to the boiling temperature of metal and creating pressures of tens of atmospheres, which causes the microdroplets
to appear. The smaller part of the ions propagate into the volume of the vacuum chamber, acquiring energies of the
order of 20–120 eV [3, 6, 11] due to gasdynamic acceleration [10], which is much higher than the quantity Uc. From
what has been said above it follows that the ion-erosion coefficient µ is determined by that part of the ions which
propagate into the volume of the vacuum chamber.

Ion-Erosion Coefficient. To find the formulas using which one could evaluate the quantity µ we turn our at-
tention to the simplified equation of heat balance of the cathode spot:

Journal of Engineering Physics and Thermophysics, Vol. 75, No. 5, 2002

Physical-Technical Institute, National Academy of Sciences of Belarus, Minsk, Belarus. Translated from In-
zhenerno-Fizicheskii Zhurnal, Vol. 75, No. 5, pp. 174–176, September–October, 2002. Original article submitted March
6, 2002.

1062-0125/02/7505-1219$27.00  2002 Plenum Publishing Corporation 1219



Ii (Uc + εi) dt + rdMi = rdMa . (1)

Here the heat loss by heating, melting, and radiation from the cathode spot has been neglected in view of its smallness
as compared to the value of the heat of evaporation rdMa. We also took no account of the cooling of the cathode in
the cathode spot because of the electron emission, since here we have an electronic work function smaller by a order
of magnitude and the electronic specific heat of metals is 100 times or more lower than the specific heat of the crystal
lattice of the metals [12]. Consequently, this component of the equation of heat balance of the cathode spot is smaller
than the heat going to evaporate the metals, and we can disregard it.

The determination of the ion-erosion coefficient µ yields that

dMa = dMi
∗
 + dMi , (2)

dMi
∗
 = µIarc dt , (3)

Iarc = Ii + Ie + Ii
∗
 . (4)

Then from (1)–(4) we obtain
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 . (5)

According to the evaluations of different researchers [5, 8], the value of Ii
∗  ⁄ Ii in formula (5) is no higher than

0.1–0.15; therefore, we can disregard it without a great error. Consequently, the most undetermined quantities in (5)
are Ie, Ii, and Uc. Whereas the material on the cathode potential drop is rather voluminous [2, 6–8, 13], the quantities
Ie and Ii are rather difficult to evaluate [9]. The results of analyzing experimental data [2–4, 6, 8] enable us to state
that about 60–80% of the number of atoms evaporated from the cathode surface in the cathode spot return to the same
surface under the action of the field Uc. Therefore, we can use neve

 ⁄ nava instead of the ratio Ie
 ⁄ Ii to evaluate the

maximum values of µ. Thus:

µ = 
Uc + εi
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If such calculations are performed for an alloy consisting of s components, we obtain
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Analysis Results. The ratio neve
 ⁄ nava can be evaluated if we use the formulas of Dushman and Richardson

with allowance for the Schottky effect [14] for thermal-field emission and of Hertz and Knudsen [15] for atomic
evaporation. To perform this evaluation it is necessary to know the temperature of the cathode surface and the electric
field strength in the cathode spot. In our opinion, with allowance for what has been said above, it is appropriate to
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take for evaluation of the maximum value of µ that the temperature of the cathode surface in the cathode spot is equal
to the boiling temperature of the metal for pure metals and to the boiling temperature of the alloy component in which
it is the lowest for alloys. The strength of the electric field in the cathode spot E can be evaluated using the relation

E C Ucσmaxna . (8)

The maximum values of the impact-ionization cross section σmax in (8) are rather easy to compute using the tested
semiempirical formulas [16, 17].

The results of calculating the ratio neve
 ⁄ nava with allowance for the assumptions given above show that it is

equal to (5–7) for Al, to (2–4) for (4), to (15–20) for Ti, and to (100–150) for Mo; for alloys it is as follows: (2–5)
for (Ni–50Fe), (2–4) for (Cu–30Al), and (1–2) for (Cu–40Zn). Alloys in which the boiling temperatures of the com-
ponents differ by more than 400–500oC are characterized by a ratio of Σneve

 ⁄ nasvas D 1. This leads to the fact that the
content of the ions charged doubly or more is very low in the vacuum-arc plasma of such alloys [18].

Now we can evaluate the quantity µ. Thus, µ C (2–3)⋅10−7 kg/C for Al, (6–8)⋅10−7 kg/C for Cu, (7–9)⋅10−8

kg/C for Ti, and (1–2)⋅10−8 kg/C for Mo. As is seen, we have obtained quite plausible values which are comparable
to experimental data [2, 4, 7, 8, 19].

We investigated experimentally the coefficient of ion erosion µal of the alloy Cu – 30wt.% Al. We measured
the mass lost by the cathode over a certain period of time (D1 h) as a function of the vacuum-arc current. It turned
out that the coefficient µal is no higher than 2.5⋅10−7 kg/C for this alloy, whereas it is 1.5–3 times higher in pure Cu
and Al. The value of µal obtained involves the removal of the cathode mass by microdroplets. Evaluation of the coef-
ficient of ion erosion µal of this alloy with the use of (7) shows that the calculated values of µal lie in the interval
(1–2)⋅10−7 kg/C.

Thus, we can infer that formulas (6) and (7) make it possible to correctly evaluate the coefficient of ion ero-
sion of the vacuum arc of metals and alloys and in doing so to determine the value of the rate of deposition of a
coating by the vacuum electric-arc method with an accuracy sufficient for practice.

NOTATION

µ, ion-erosion coefficient, kg/C; Uc, cathode potential drop, V; εi, ionization potential, V; r, specific heat of
evaporation, J/kg; Ii, current of the ions returning to the cathode surface, A; dMa, mass of the metal atoms evaporating
from the cathode surface in the cathode spot over the period dt, kg; dMi, mass of the cathode-metal ions returning to
the cathode surface over the period dt, kg; Iarc, total current of the vacuum arc, A; Ie, part of the total arc current
transferred by the emitted electrons, A; Ii

∗ , current of the ions propagating into the volume of the vacuum chamber, A;
neve and nava, numbers of electrons and atoms emitted and evaporated, respectively, from a unit area of the surface in
the cathode spot in a unit time, 1/(m2⋅sec); gs, content of the sth component in the alloy; Ps, partial pressure of the
vapor of the sth component of the alloy, Pa; ms, atomic mass of the sth component of the alloy; E, electric field
strength in the cathode spot, V/m; σmax, maximum value of the electron impact ionization cross section of the atom,
m2; na and ne, densities of the evaporated atoms and the emitted electrons, respectively, in the cathode spot, m−3; va
and ve, velocities of the evaporated atoms and the emitted electrons, respectively, in the cathode spot, m/sec. Sub-
scripts: c, cathode; i, ion; arc, arc; e, electron; a, atom; s, 1, 2, ...; max, maximum; al, alloy.
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