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Based on the relations of nonequilibrium thermodynamics and mechanics
of a deformed solid, physical-mathematical model of interface boundary of
contacting metals is proposed for determining the energy characteristics
of near-surface layers and contact potential difference. The interfacial-
layers’ energy parameters (interfacial energy W,, interfacial tension o,,
and energy of adhesive bonds W,, for contacting metals Cr, Fe, Al, Ni,
Cu, Zn, Ti, Sn, Pb) are calculated. The internal contact potential differ-
ence Ady (CPD) between metals under taking into account the energy pa-
rameters of interphase layer is evaluated. The comparison of the CPD cal-
culation with similar known methods is carried out.

3anpomoHoBaHO (Di3MKO-MaTeMaTHUHUHE MOJAENh MeXKi IOAily KOHTaKTyBa-
JbHUX METAaJIiB Ha OCHOBi CIIiBBifHOIIIeHh HEPiBHOBAXKHOI TEePMOIMHAMIiKI
Ta MexaHiKu Je()OPMOBHOT'O TBEPAOTO Tijia IJid BU3HAUEHHA €HEPreTUUHUX
XapaKTepUCTUK IIPUIIOBEPXHEBUX IIapiB i KOHTAKTHOI PiKHUIII IOTeHIid-
aiB. IIpoBemeHO pPO3PaXyHOK €HEPreTUYHUX XapaKTEePUCTUK MiKdasoBux
mapiB: mikdasHol emeprii W,,, mirkdasHoro marary c,, Ta eHeprii axaresiii-
Hux 3B’a3kiB W,, nnsa rKourakTyBaspHUx MerauaiB Cr, Fe, Al, Ni, Cu, Zn,
Ti, Sn, Pb. Omineno BHYTPiIIHIO KOHTAKTHY DPi’KHUII0 TOTEHIiAIIB Ady
(KPII) mixx meTasmaMu 3 ypaXyBaHHAM €HEPTEeTUUHUX ITapaMeTpiB Mixkdaszo-
BOrO ITapy. BuKoHaHo mopiBHAHHA oxep:kaumx ominok KPII 3 anamoriunm-
MU, OJeP’KaHNMU 3a BiIOMUMU MeTOAUKAMU.

IIpengnorkena (pusmKo-maTeMaTUdyecKas MOEJbh T'PAHUIBI pasfesia KOHTAK-
THUPYIOIAX METAJIJIOB HAa OCHOBAHWU COOTHOIIEHWN HEPABHOBECHOM TEpPMO-
IVHAMUKY ¥ MeXaHUKM Ae(OPMHPYeMOro TBEPAOIO Teja AJis OIpeneseHuns
JHEPreTUYeCKNX XapPaKTePUCTUK IPUIIOBEPXHOCTHBIX CJIOEB WM KOHTAKTHOM
Pa3HOCTHM IOTEHIMAJOB. PaccumTaHbl JHHEPTEeTUYECKUE XapaKTEePUCTUKHI
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MeXK(dasHBIX CJA0€B: Me:KdasHoit sHepruu W ,, me:xdasHOTO HATAKEHUA G,
U DHEPTruu aATe3NOHHBIX cBaAzel W, nid KoHTakTuUpylomux MmerasmioB Cr,
Fe, Al, Ni, Cu, Zn, Ti, Sn, Pb. IIpoBenena omenka BHYTpeHHell KOHTAKT-
HO# pasHOCcTH moTeHINUMaNOB Ay, (KPII) mexay metannaMm ¢ y4€TOM SHeEp-
reTUUYECKMX MapaMeTpoB MesKdasHoro ciosi. IIpoBemeHO cpaBHEHHE IIOJY-
yeHHBIX olleHOK KPII ¢ aHamornuHbpIMu, IMOJYYEHHBIMU C IIOMOIIIBIO M3BECT-
HBIX METOIUK.
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1. INTRODUCTION

It is believed that, at the contact of two metals, due to the differ-
ence in the Fermi energies at thin near-surface area, in one of the
metals, there is an excess of electrons, and in the second one, there
is a shortage of them. Such a system is modelled by an effective ca-
pacitor [1-4]. A quantitative parameter of such an interaction is
external contact potential difference (CPD), Ad.. For metals and
semiconductors, it is determined as a difference for the contacting
media, A, =(4,, — A4,,)/e [5], where A;;, Ay, are media electron
work functions, e is an electron charge.

However, due to the physical-chemical, thermodynamic, and me-
chanical incompatibility of contacting metals (semiconductors),
there is an interaction between them, and interphase boundary is
appear [3, 4], and it is modelled as interface capacitor. Therefore,
the properties of metal boundaries will be quantitatively defined by
the external (¢..) and internal (¢;,) contact potential difference
(CPD) as well as a number of energy parameters: interfacial energy
W, interfacial tension o,, energy of adhesive bonds W ,,, and work
of adhesion [1, 5—8]. Certain correlation between these parameters
is possible under consideration of mechanoelectrical nature of inter-
face boundary [6, 7].

The relationship between the CPD and energy parameters (in par-
ticular, with surface energy) has practical interest in the study of
contact phenomena: coating adhesion, diffusion, stresses relaxation,
creep, corrosion properties, and diagnostics of the technical proper-
ties of the surface layers [1-9].
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The internal CPD (Galvani potential) is approximately calculated
as Adp, = |(EF1 —E,,)/e|, where E,, and E;, are the Fermi energies of
insulated metals. It is calculated from the bottom of the conduction

2/3
n (3 .
band of each metal or A, = —| — n2/? —nfw‘ [5], where £ is
8me\n
Planck’s constant; m, is an electron mass; n,, n, are free-electrons’
concentration of contacting media.

According to [10, 11], internal CPD A¢;,, (Galvani potential) is

calculated as A¢,, = kT lnLﬁj, where k; is Boltzmann constant,
e n,

and T is Kelvin temperature. This equation, as well as Adg, gives an
incorrect estimation of CPD, since electrostatic, kinetic, exchange,
and correlation components of electron gas were not taken into ac-
count when it was derived [8, 12]. According to [10], at room tem-
perature, the inequality must be satisfied: Ad;y; << Adeyis Adg << Ay
However, the calculations based on the above ratios show that, for
most of the contacting metal pairs, it is not fulfilled. In an addi-
tion, for many cases, Ad;;# Adx. In particular, it has been found
that the typical averaged calculations of CPD for typical metal pairs
are as follow: Ad. =1 V, Ad;, = 0.03 V.

Based on the above results, the energy situation on the interface
must be taken into account during CPD calculation. Therefore, au-
thors of [2, 4], during evaluation of internal CPD A¢,,, for interface
of different metal pairs, Al, Fe, Cr, Ti, Ni, Cu, Zr, under ‘conden-
ser approach’, made an attempt to establish the interconnection be-
tween CPD (A¢;,,) and interface energy W,. However, for the evalu-
ation of interface layer, they used only electrostatic component of
interphase energy, which, according to their assumption, is 100%.
At the same time, according to [1, 8, 12], for iron—copper contact,
the electrostatic component of the interphase energy is only 0.2%,
and the main part (99.8%) corresponds to the kinetic, exchange,
and correlation components as well as the contribution of heteroge-
neity of the electron gas. In [6, 7], a different approach is used in
accordance with surface energy Wy divided into two components—
electrostatic and mechanical ones. That is why, in the energy mean-
ing, for the mechanical component, the additive (total) contribution
of the kinetic, exchange, and correlation components as well as the
contribution of heterogeneity of the electron gas corresponds to the
mechanical component. For the boundary of each of these metals
(Al, Fe, Cr, Ti, Ni, Cu, Zr) with an inert-gas environment, the av-
erage value of the electrical component of the surface energy is ap-
proximately of 65%, and mechanical one is of 35% [6, 7]. There-
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fore, for the correct evaluation of the internal CPD, it is advisable
to take into account the adequate values of the constituents (electric
and mechanical ones) of interface energy in different combinations
(for example, ‘metal 1-metal 2°, ‘metal-inert-gas environment’).
Furthermore, for the simulation of the interface capacitor for phys-
ical reasons, it is more appropriate to use internal CPD [5, 11],
since it takes into account the situation on the boundary of the en-
vironments and does not require for calculations the values of the
electron work functions on the contacting surface, the value of
which has a significant dispersion [13].

The determination of energy parameters of the ‘metal-metal’ in-
terface, evaluation of interface-capacitor internal CPD, and estab-
lishing interrelationships between them are the goal of this work.

2. ENERGY PARAMETERS OF INTERPHASE INTERACTION.
CONTACT POTENTIAL DIFFERENCE

2.1. Physicomathematical model of interphase boundary

The energy parameters of the interface layers at the ‘metal-metal
(semiconductor)’ boundary are calculated within the physicomathe-
matical model. It is based on microscopic relations of nonequilibri-
um thermodynamics, mechanics of deformable body, and surface
physics. They take into account the internal mechanical stresses
caused by the redistribution of conduction electrons (or bounded
charges in dielectrics) [6, 7, 14, 15].

The approach is based on separation of interface-layer energy W,
and surface energy Wy into two components, in particular, surface
energy on the electrical (W) and mechanical (W,) energies [6, 7,
14, 15]. Electrical component W, is determined by the redistribu-
tion of conduction electrons and mechanical one W, is defined by
tensor of mechanical stress 6. In the first stage, according to [14,
15], we consider the system of ‘metal—inert gas’ with corresponding
surface parameters. In the second stage, two metals are hypotheti-
cally brought into contact and analysing the interphase layer.

For ‘metal-inert-gas medium’, the expressions for surface ten-
sion energy o,, surface energy (SE) Wy, and the conditions of the
surface layer equilibrium and surface layer effective thickness & are
as follow [6, 7, 14, 15]:

h
Icydxzch, G, =0, (1)
0

W, +&W, =Wy, (2)
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o(W, +EW, C
W _0Ws &Wo) o PG 3)
ok ok €,
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Here, W, = Iwde is electrical component of SE and W, = Iwax
0 0
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are densities of the electrical and mechanical components; c,, o, are
mechanical-stresses’ tensor components; x, y are Cartesian coordi-
nates, and, in particular, x is perpendicular to the boundary of the
media; h—effective thickness of the surface layer; g, is electric con-

SK-2C g _q3E*29, ¢ B, K are the compression,
23K + G) 3K +G

Young’s, and shear moduli, respectively; v is Poisson’s ratio; k is
variation ratio [1, 15]; p is specific density of a metal; p=100 kPa
is atmospheric pressure; C, is specific electrical capacity; ¥ is po-
tential of electric field; & is dimensionless parameter determined by
a boundary problem [6, 7, 14, 15].

Equations (1)—(4) are used to determine changes of surface ten-
sion and energy.

Let us apply them to investigation of state parameters (like £ and
C,) and surface-layer geometric parameter k2 at the boundary of
‘metal—inert-gas medium’ (of air type).

At the second stage of calculation of interphase energy W,, and
interphase tension G,, let us write them in the form [14, 15]:

2
. . g
is mechanical one; w, = —0( J and w, =

stant; v =

H H H
W =W .+ W s W o= J wpdx; W, = I wpdx; G, = j c,dx .(9)
-H -H -H

Here, &,, is the physical parameter of interphase layer, 2H—its ef-
fective thickness.

The energy of the adhesion bond W, is given according to the
definition [14, 15]:

Weau=W+W,-W,_, (6)

where W, and W, are surface energies of contacting metals.

The condition of equilibrium of interface layer and the approxi-
mate conditions on the boundaries, x = H and x = —-H, are written in
the same way as Eqs. (3) and (4) [14]:
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oW,/ 0x=0(W g+, W) /0x=0, 6,1 +p=0 (x=+H), &

y

,+p=0 (x=—H).
(7

The conditions on the ‘metal 1-metal 2’ boundary [14, 15] are:

§1+ Doy = Py + Dog, j1=Ja, Or1= Orz, Oy1= Oya. (3)

where j, and j, are densities of electric currents.

The equation (5)—(8) (taking into account the expressions for the
surface and interphase tensions [6, 7, 14, 15]) are used for evalua-
tion of energy parameters of the interface layer and their changes
under mechanical loads and diffusion processes.

2.2. Evaluation of the internal contact potential difference

Let us calculate the CPD by applying the interconnection between
the interphase energy W, and surface electric-charge density Q,
which is localized within the interphase capacitor [14, 15].

The electric component of surface energy W, can be expressed
by means of the surface electrical capacitor C and potential AY
(Galvani potential) [16]:

W, =CAY; /2=0% /(20), C=¢k /2, d. =2/ k, (9)

where d: is effective distance between the plates of the capacitor
(within the double electric layer).

The electrical capacitance C of interface layer capacitor and po-
tential difference AY, (which is interpreted as internal CPD) are
calculated by electrostatic equation C=Q/AY, and numerical data

TABLE 1. Energy parameters of interface layers and contact potential dif-
ference calculated by different methods.

Type |W,, J/m?|c,, N/m|W,.,, I/m] Ades, V] Adui V | Apg, V | A¥y, V
Cr-Fe 1.133 1.271 4.898  0.13 0.0180 4.218  0.297
Al-Ni 0.682  0.765 3.138  1.11 0.00026 0.076  0.189
Fe-Cu 0.658  0.735 4.004 0.17 0.0176 4.129  0.215
Al-Fe 0.646  0.705 3.194  0.26 0.00159 0.477 0.186
Al-Cr 0.598  0.652 4.113  0.26 0.0196 4.7 0.200
Zn-Fe 0.521  0.566  3.363 0.255 0.00645 1.787  0.166
Al-Cu 0.3 0.338  2.84  0.15 0.0191 4.606  0.142
Al-Ti 0.291 0.318 2.569  0.09 0.0118 3.118  0.130
Zn-Sn 0.185  0.201  1.778 0.135 0.00323 0.88  0.0951
Al-Pb 0.163 0.175 1.573  0.25 0.0080 2.21  0.0825
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of Q. The values of three types of internal CPD for different pairs
of contacting metals are shown in Table 1.

3. THE NUMERICAL DATA OF INTERPHASE ENERGY
PARAMETERS AND CPD

Energy parameters of interface layers and CPD can be calculated
with the help of next parameters: Young modulus E, Poisson modu-
lus v, surface tension o, and surface energy Wy, specific density of
a metal p, density of conduction electrons n, electron work function
Ay, and Fermi energy Ej, which are given in [6, 7, 13—20]. The re-
sults of calculations are given in Table 1.

For some contacting pairs of metals, with relations (1)—(9) and
some technique shown in [6, 7, 14—-16], the energy parameters of
interface layer are evaluated, namely, interface energy W, [4, 19],
interface tension o,, [17], and energy of adhesion bond W, [19, 20];
in particular,

W (Cu, Al)=0.3 J/m? [4], ,(Zn, Sn)=0.20 N/m,
W (Fe, Cu) = Wy(Fe) + Wy(Cu) - W,(Fe, Cu)=4.0 J/m?,
W, (Cu, Al)=2.78 J/m? [19], W,(Fe, Cr)=5.06 J/m%  (18)

The numerical calculation of energy parameters of interface lay-
ers and CPD A¢y and CPD Ady,, Adg, Ade carried out with proce-
dure [1] based on above equations are given in Table 1.

The values of internal CPD (Ady,, Adx, Ady) calculated by differ-
ent methods are differ significantly with each other according to
the data shown in Table 1.

To understand the relationship between the energy parameters of
the interphase layer and the calculated values of CPD (Ady), let us
carry out the data analysis of Table 2. The cross-correlations analy-
sis had shown that connection between the energy parameters W,,,
G, W, and CPD Ay, Adu, Adx is absent. Nevertheless, between
interface energy W, and CPD (Ady) as well as between W, and
@®,./Qc, the essential correlation is observed. The corresponding val-
ues of linear correlation coefficients taking into account the numer-
ical data ranking are as follow:

KW ,., Apy) =0.98; K(W,, Q,/Qc) =0.85. (20)

The obtained data indicate that the application of CPD (A¢y) is more
correct to describe the interface layer than the parameters A¢,,, and

Adg.
To fulfil the physical picture on the boundary of contacting met-
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TABLE 2. The relative number of electrons diffusing through the interface
layer on the distance D between the plates of interface capacitors.

Type | AI-Ni | Al-Fe | Cr-Fe | Al-Cr | Zn-Fe
Q./Qc> % 2.07 2.02 1.99 1.87 1.78
D, nm 0.0149 0.0153 0.0240 0.0192 0.0165
Type | FeCu | AI-Ti | Zn-Sn | Al-Pb | Al-Cu
Q./Qc> % 1.76 1.52 1.480 1.475 1.45
D, nm 0.0213 0.0164 0.0143 0.0125 0.0192

als, let us evaluate the number of electron diffused through that
layer. Let us calculate the number of electron on the boundary of
‘metal—inner-gas environment’ and ‘metal®—metal”’ by [1]. For
surface charges and relative number of electrons @,/Q. diffused
through the Zn—Fe interface layer, we have:

Q«(Fe) = 0.591 C/m?; Qs(Zn) = 0.411 C/m? Q.(Fe, Zn) = Q,;
Q. = (Qs(Fe) + Q«(Zn))/2 = 0.501 C/m?; @, = 0.00891 C/m?;
Q,./Qc=0.00891/0.501 ~ 1.78% . (19)

Here, Q4(Fe) and Q4(Zn) are surface charges of metals contacting
with inert-gas environment (air) at pressure p,= 100 kPa; @, is the
average value of the surface electric charge; Q. is interface charge.
For other contacting metals, the calculation results are given in Ta-
ble 2.

As we can see in Table 2, the relative number of electrons diffus-
ing through the interface layer is around @,,/@.=1.45-2.07% that
is well agree with (®,/Q;=2%) [21]. At the same time, similar
evaluation of interphase charge @, and distance D based on data of
Ady,, and Adx do not match with value @,,/Q:=2%.

As far as A¢g is of almost an order of magnitude larger than Ady,
and Ad.. is of an order of magnitude smaller than for Ads,
Q,/Q:=20% and A¢..—@®../Q-=0.2%. That is why, the data like
(®,/Q:=20%, @,/Q;=0.2%) is physically incorrect.

4. CONCLUSIONS

Energy parameters of interface layers for contacting metals (Cr, Fe,
Al, Ni, Cu, Zn, Ti, Sn) assuming two additive components of inter-
phase energy (electrical and mechanical ones) were calculated. In-
ternal contact difference of potential (CPD) Ady between metals tak-
ing in account interphase interaction was estimated. A comparative
analysis of Ady with A¢,,, and Adx has been carried out.
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As shown, the relative number of electrons diffusing through the
interface layer of metals does not exceed 2% of their total electron
value in the metal near-surface layer, which is in contact with the
inactive gas medium.

High correlations between phase energy W, and CPD Ady (0.98)
and between W, and relative interphase electric charge @, /@
(0.85) were found.

For correct description of the metal interface and evaluation of
electrical component W,, and interphase charge @, by utilize of
‘condenser’ approach, the internal CPD A¢y should be used.
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