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The basic relations of the model of electroconductive nonferromagnetic solids taking into account
the effects of local gradientality are presented. The size effect of elastic moduli, namely Young’s
modulus and Poison’s coefficient, is studied on the example of the stretched layer. It is shown that
there are two specific sizes of the layer. The first is related to a nearsurface nonhomogeneity of
interaction energy (chemical potential disturbance) and the second one — to Coulomb’s interac-
tion of the charged particles. The estimation of these parameters indicates that the first is far
greater that the second one. With the layer thickness increase the elastic moduli tend to a constant
value. Such investigations are important for constructing bases of mechanics of electroconductive
nonferromagnetic nanomaterials.
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Introduction. Considerable attention has been recently paid in scientific literature to
studying, describing and modelling of the properties of solids, distinguished by various
size effects. Such interest is caused, first of all, by the wide use in engineering practice
of nanomaterials which are characterized by a commensurability of volume and surface
factors in internal energy. Local gradient approach in thermomechanics [1, 2] is one of
the effective approaches allowing to describe the near-surface non-homogeneity. In
paper [3] within the framework of this approach on an example of the modelling prob-
lem for an electroconductive nonferromagnetic layer it is shown that two characteristic
sizes are peculiar to the near-surface non-homogeneity. One of them is connected with
solid particles interaction energy whereas the second one is connected with Coulomb’s
interaction of the charged particles. It must be noted that in the paper [3] the size effect
of the ultimate stress limit (size effect of strength) of an electroconductive nonferro-
magnetic thin film has been studied and attention has been paid to its two scales. Note
that in the literature the study of size effects of the elastic moduli is a subject of many
works. Among them [4-6].

In this paper the basic relations of local gradient approach in thermomechanics
are used for studying the size effect of the elastic modulus of electroconductive
nonferromagnetic thin films. Such research is important, in particular, for construction
of the bases of continual theory of mechanics of nanomaterials. The general approach
to construction of such a theory is presented in [7].
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1. Basic relations of local gradient mechanics
of electroconductive nonferromagnetic solids

Let us suppose that the total energy F is expressed as a sum of internal U, kinetic K,
and electromagnetic field U, energies

E=U+K+U,, e

where the latter depends on the intensities of electric £ and magnetic H fields
1= 772
U, =5 (2B +uofT°). @)

and satisfies the equation of electromagnetic field balance
We - LG (ExB)+(J, +op)-E.
ot W

Here t is time, B = uOI:I ,J » 1s the vector of electric charge flux, ® is the electric charge
density, v is the barycentric velocity and €, 1, are electric and magnetic constants.

The balance equation for the total energy under geometric linear approach is
written in the form

OF - (. . .= - - 1 - =
—=V-(G-V—TJS—HJM—(DJ(D+—E><BJ. 3)
Ko

Here 6 is Cauchy stress tensor, 7 is temperature, H is chemical and @ is thermodyna-
mic electric potentials, J, and J,, are the vectors of entropy and mass fluxes.

According to the local gradient approach in thermomechanics for thermodyna-
mic fluxes it is assumed
- - on, - = on
Jszjsv sz__w+]o)v sz_ m’ (4)
ot ot

where j,j, are irreversible components of fluxes J,,J,, and 7,7, are vectors of

reversible displacements of charge and mass, respectively.
Accepting a balance equation for momentum, entropy, mass and charge as follows

% _G.5+F, B-9.5 40

ot ot ‘ ‘

0 - 0 = -

a(p—v-nm)zo, a(m—v-nw)z—v-]m 5)
and expression for kinetic energy change

6_K=\7.6kv , (6)

ot ot

113



Taras Nahirnyj, Kostiantyn Tchervinka
To description of size effect of elastic moduli in electroconductive nonferromagnetic thin films

relation (3) can be written as

U _ 798, gP 2, 5.9, 1. +(§(D—E')-6ﬂ—‘”—
ot ot ot ot ot ot ot
T, ~VT-j,—(V®-E')- j,. (7)

Here k, is linear mechanical motion momentum, F, = (J o T OV ) x B+ oE is pondero-

motive force, o, is entropy production, p is density of mass, E'=E+VxB.

Note also that the third and the fourth equation of (5) become the classical equa-
tions of mass and charge balance when displacements are absent.

Formula (7) is a basis for formulation of the constitutive relations of the model.
Taking into account that the dissipation energy T'c, is irreversibility measure and is

characterised by thermodynamic fluxes on the base of Eq. (7) such a generalized Gibbs
equation can be written

dU =TdS + Hdp+®dw+VH -d%,, + (VO - E')-d#,, +&: dé

as well as the expression for entropy production

[
csz—FVT-]S—?(Vd)—E)-]m.
Introducing with Legandre transform
F=U-TS-Hp-®o-VH &, -(VO-E')-&,

energy F, state equations are written as

__oF __OoF __OF
- orT U eHS o ad’
L OF L oF 5_OF
" o(va) o o(Vo-E) T ee

The specific expressions of the state equations will be derived with concretiza-
tion of energy F as a function of the state parameters 7,H,®,VH ,(ﬁ(l) ~-E '),é .

The key equation set of the electroconductive nonferromagnetic solid model
written for solving functions &,m,® is

V.6=0,

V x {(3% - 2au)6— [akc+ 2a, (a,m+ anJ(D)]f} xV =0,

Kmmv2n + Km(DVZ(D -a,n—a,P-a,c=0,

80V2(13 +a,, ,N+a,,P+a,,0=0, (8)
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where n = H — H, is chemical potential disturbance from the constant value H. corres-
ponding to the initial state (uniform infinite media of the material identical to those of
the body); oc=6: I; 1 is identity tensor; a,,a,.a

a, . .x, K .ad ,d. ,d.,d

em? " e®’ Tmm’ Tm> 'm0 e T mm

ayp» s, are constants.

[QIOR]

2. State of a stretched electroconductive non-ferromagnetic thin film

Let us consider an isotropic electroconductive nonferromagnetic layer occupying region
| x|<! in Cartesian coordinates {x, y, z}. Assume that the values of chemical n, and
thermodynamic electric @, potentials are given at the free of mechanical load surfaces
x ==/. The layer is stretched at infinity y — *oo with intensity o,. For such condi-

tions one-dimensional situation is realized in the body.
Set (8) can be written in the form

dcw deyy 6izczz d2

L RS F(G_chn_f’wq)):o’

d*n d’®

dx_z_Brmn_Bno-G_Bn(p(D:Oa dxz _B(Dnn_B(DO'G_B(p(p(D:O‘ (9)

Here B, (i, j= n,c,(p) are constants, expressed in terms of those given in (8):

Bcn = 4auaem/(a7L + 2au) > BGCP = 4auae‘”/(a7‘ + 2a“) ’ B(pn - —amm/So ’

Boo =—ow/E0>  Bop==00u/80s Pnn= Ko (@ + Koo %0 )

Bro = K (do + Kinolan/€0) s Buo =Ko (G0 + Kinalan /0)

Accept the boundary conditions at surfaces in the form

i-6=0, n=n,, =9, (10)
and add integral conditions of mechanical force load of the body

! ! ! !
[o,dx=2c,, [o.dx=0, [xc,dx=0, [xo_dx=0, (11)
-1 ) -1 -1
that correspond to uniaxial stretching (o, >0) mechanical load.
Problems (9)-(11) solution can be written in the form

n-n, = 4, ch&lx_1 A, cha‘,zx_1 ’
chg,/ ché&,/

2 2 2 2
O, =9 4| hEx ), Gamd”  fehGx
b? chg/ »? chg,l
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:i[ﬁ B &i—azJAk[chikx_thili
on ) ’

=l b ch&l &l

G, —C,=0 2%(6—60), 6, =0. (12)

»y a zz

Here a® =B, +BonBros b =Bro +BooBno € =Bon + BonBoos 4° =B + BooBoo
D" [ BunNa +Bo@s *+BroCa -l
A 1 mpz & Xe(3-k) +(<§§—k /d? —1) Ld@3-k) |~

B¢nna+Bw® BooO [ i + (81 /2 _I)ka}} k=1,2;
Az[xal il/a -1 Xb&{xcz iz/d _1) Xdz} -
R C ARG R

Xlkzl_D[(l_thak J! tza:bacad; k:1329
&l

Ak:
a

BooPos

>

D, =—512, Dbz—B"‘PE”", Dcz—B"”E“’", D, =

a b c d

2 2
&,,&, are the positive roots of equation (F, )(F, -d ) bc”.
The above relations describe the state of a thin electroconductive nonferromag-

netic film with account of nearsurface nonhomogeneity effects. An analysis of the rela-
tions elicits existence of two specific sizes of nearsurface nonhomogeneity region. The

first one, namely &' , is related to the nearsurface nonhomogeneity of interaction
energy (chemical potential disturbance) and the second (F,gl) — to Coulomb’s interac-

tion of the charged particles. The performed estimation of these parameters indicates
that &' >>¢&;".

The stresses distribution in the considered body is analogous to that in the elastic
layer [3]. For the considered external force load o, >0 the greatest stresses in the film
are surface stresses

2.4 i -a the,/
ny(i]):o'a+;7k[B(m+BG(p ékaa J(l_ gfj{ J

These relations may be used for investigation of the strength parameters of the consi-
dered film. The investigation technique is presented in [8-10] and illustrated on the
examples of elastic, thermoelastic thin films, fibres and solid solutions.
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Fig. 1. Electric potential and charge distribution in the layer

Using state equations on the base of solution (12) the relations describing distri-
butions of coupled state parameters can be written: densities of mass and charge as well
as strain components. In Fig. 1 the electric potential and charge distribution in the
layer, neglecting the stress influence on chemical and electric potentials, is presented.

3. Size effects of elastic moduli in the film

For investigation of the size effect of the elastic moduli, namely Young’s modulus and
Poisson’s coefficient, we use their definition, that for a considered case can be written

in the form
0
c e
— a — XX
E= - V= —% ,
€y €y

(13)

where ¢” , € are film strain compounds initiated by load &, only

e

0

-1
Obtaining from the state relation
6=2a,e+ (ake +a,,n+ aewd))l ,

strain components

c a, o N AN+ a,, D | »

2a, B 2a, (3(1;L + 2au) 3a; +2a,

e=

on the base of solution (12) and applying definition (13) we write
E=Efg (ill,ézl) . V=V, (allaizl) )

where
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-1
EOZM’ Voza—k)afE(éﬂaézl):[l“'Lzau)\PJ ,

a, +a, Z(ak +a, 4(ak +a,

[, @ +2aH ak+2aH
o)

yol <—2A+ g(—l)l{_1 {|:Xak + Aok (&12{/612 _1)} [1+(<‘,§_k/d2 _1)_1}_

A

—|:Xck + A ak (i/% Jd* - 1)_1} /e’ }> '

The Young’s modulus E/E, dependence on the layer thickness &,/ for parameters
aa, =1;€, /€, =0,2;D, =0,03;D, =0,05;D; =0,05,D, =0,01;¢,/a = 0,75, /d = 0,21
(top curve), D,=0,12, D,=0,14, D;=0,14, D,=0,06, & /a=0,50, & /d=0,25
(bottom curve) is illustrated in Fig. 2.

In scientific literature next to the moduli £, v the Lamé parameters A, 1, shear G and
bulk K moduli are used. For Lame constants A, 1, shear G and bulk K moduli using formulas

vE E E
A= u=G= , K=—" |
v)(i-2v)” "7 T 21y 3(1-2v)
we write
n=G=aq,,

+2 3(a, +2
A=a, TP TRV 1+M\p ’
2a,, 4a,
2 3 +2
K: a}\‘+& 1+M\P i
3 4au

E/E,
0,82

0,80
0,78
0,76

0,74
0,72
0,70

2 4 6 8 &l
Fig. 2. Related Young’s modulus change with the layer size increase
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Conclusions. For the local gradient approach the basic model relations and key equa-
tion set for an electroconductive nonferromagnetic solid are presented and used to
investigate the state of the uniaxial streched layer, that models a thin film. On this basis
the size effect of the elastic moduli, namely Young’s modulus and Poisson’s coefficient,
is studied. It is shown that there are two specific sizes of the film. The first one is rela-
ted to the nearsurface nonhomogeneity of interaction energy and the second is related
to Coulomb’s interaction of the charged particles. The estimation of these parameters
indicates that the first parameter is far greater that the second one. With the layer thick-
ness increase the elastic moduli tend to a constant value. The expressions for other
elasticity moduli, namely Lame constants, shear and bulk moduli, dependences on a cha-
racteristic sizes of the thin film are presented.
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Ho onucy po3mipHoro ecdpeKkTy moayniB NPYXHOCTi
y eNneKkTponpoBiAHUX He(hepoMarHiTHUX TOHKUX NsliBKax

Tapac HaripHuin, KoctaHTnH YepsiHka

Tlooano ocHosHI chiBIOHOWEHHS MOOET eleKMPONPOBIOHO20 He(EPOMACHIMHO20 MBEPO020 Mind
3 ypaxysanHam egexmie n10KanvHoi epadienmuocmi. Ha npuxnadi posmsenymoeo wapy oocnui-
0oiceno po3mipuull eghexm mooynie npyscnocni, a came, mooyisa FOnea ma xoegiyiecnma Ilyac-
cona. Brazano na 0sa xapaxmepnux posmipu wiapy, nepuiuii i3 AKUx nog s3anull iz npuno8epxHegoro
HEOOHOPIOHICMIO enepaii 63aEmMO0ii (30ypeHHs XIMIYH020 nomenyiany), a opyeutl — i3 KyJIOHIBCb-
K010 83a€MO00icio 3apaooicenux yacmunok. Oyinka yux napamempis 6Kazye, wjo nepuiull € 3HaUHO
Oinvuull 810 Opyeoeo. 13 3pocmanHaM MOSWUHU APy MOOYVILE NPYICHOCII NPAMYIOMb 00 ycmaie-
Ho20 3HaueHHs. 1Ipogedeni 00cniodicen s € 8ancausi nio wac noOyO08uU OCHO8 MEXAHIKU eleKmpo-
NPOGIOHUX HepepOMACHIMHUX HAHOMAMEDIANIE.

K onucaHuio pasmepHoro achcpekta Mmoaynem ynpyroctu
B 3/1eKTPONPOBOAHbLIX HeheppPOMarHUTHbIX TOHKUX MIIeHKax

Tapac HarunpHbiin, KoHcTaHTUH YepBuHka

TIpedcmasnenvt OCHOBHbIE COOMHOUIEHUS MOOETU SNIEKMPONPOBOOHO20 HEDEPPOMASHUMHO20 MEep-
0020 mena ¢ yuemom 3¢pgexmos nokanbHol epaduenmuocmu. Ha npumepe pacmsHymoeo cios
uccnedosan pasmeprulii a¢hghexm modyneil ynpyeocmu, a umerHo, mooyns FOunea u kosgpguyuenma
Ilyaccona. Yxazano Ha 06a XapakmepHvlx pasmepa CJlosl, Nepsblil U3 KOMOPbIX CEA3AH C Npu-
NOBEPXHOCMHOU HEOOHOPOOHOCbIO SHEP2UU 63AUMOOCTICMBUSL (BO03MYUEHUS XUMULECKO20 NOMEH-
yuana), a 6mopou — ¢ KYJIOHOBCKUM 63aUMOOelicmeuem 3apsadicennvix yacmuy. Oyenka dmux
napamempos ykazvigaem, 4mo nepewlii AGNAEmcs 3HaUUmenvHo boavuum om emopozo. C pocmom
MONUUHBL CNIOSE MOOYIU YIPY2OCIU CIMPEMAMCS K NOCMOSHHOU genuuune. TIposedentvie ucciedo-
6AHUS AGISIOMCSL BANCHLIMU NPU NOCIPOEHUU OCHO8 MEXAHUKU dNEKMPONPOBOOHbIX Hepeppomae-
HUNHBIX HAHOMAMEPUATO8.
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