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Summary. In most cases the metal structures service under operating conditions results in the fact that these
structures or their certain elements are constantly affected not only by mechanical factors (load, residual stresses, etc.),
but also by the environment. Elements of pipelines, load-bearing sections of thermal and hydroelectric power stations,
metal structures of bridges are all influenced by the environment that fills or surrounds them. Such environment
depending on the content of acids and alkalis, a number of hydrogen-containing media can be corrosive. It should be
also noted that the influence of such corrosive environment and mechanical factors influence are simultaneous and
interrelated resulting very often in brittle or quasi-brittle metal fracture. Therefore, the problem of estimating the basic
metal structures engineering parameters (strength, reliability, etc.) that are corroded by the simultaneous action of
mechanical force factors, is currently an important problem of industrial operation. The paper presents problems based
on the theory of elasticity, electrodynamics, theoretical electrochemistry and equations of mathematical physics.
According to the established analytical ratios for the calculations of effective electric potentials and the corresponding
numerical experiments, the estimation of electric potentials on the surfaces of interaction of deformable metal bodies
with hydrogen-containing medium is carried out.
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Introduction. Experimental studies of the behavior of deformed metal bodies, in particular
with a functional — gradient structure [1], in interaction with hydrogen-containing media, require
the development of new theoretical foundations for studying a number of aspects of the
corresponding interaction. In [2-4] the approach to analytical definition of electrode potential,
which arises on surfaces of interaction of a metal body with the aggressive hydrogen-containing
environment is developed. Here we obtain the ratio for the quantitative estimation of the electrode
potential in the plane of separation of the body and the medium and in the vicinity of the circular
hole, depending on the applied force load.

1. Initial ratios. The problem of interaction of a metal body with the medium at a
rectilinear contact boundary. Loaded non-ferromagnetic metal body in an electrically
conductive medium is considered. At the moment of contact between the metal and medium,
ion exchange takes place, which causes the appearance of a double electric layer, and,
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consequently, the potential difference, i.e. the electrode potential [5]. To establish the nature
of the electrode change potential |1 Ap = ¢,,, — ¢, Which is required in calculations of a
number of technological processes, the priority is the assessment of values ¢,,, ¢.— metal
electric potential and hydrogen-containing solution in the area of static loads. This is
schematically shown in Fig. 1.
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METAL ENVIRO- Figure 1. Calculation scheme of electric
potential at interaction of a rectilinear
NMENT surface with the hydrogen-containing
........ media
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Electric potential in metal. We use the model of impurity-free electrically conductive
solid body, which takes into account the deformation and electric charge redistribution
(electrical conductivity), and for the macroscopic description of these processes — the
hypothesis of equilibrium within a physically small element of the body.

The equation of distribution of electric potential in a loaded metal body is written in the
form [6]:

Vo@m = Xt®m + BKes/€0 (X = PmCim/€0), (1)

where &, — dielectric constant,  — electrostriction coefficient, K — bulk modulus.
2 (1+v)
c 3K+ P
charge density.
Electric potential in medium. To evaluate the interaction between charged particles
(ions) in a liquid medium, the Debye—Hiickel electrolyte model is used [7, 8]. Provided the
forces of interaction between ions are electrostatic, and Boltzmann's principle is applied to ion

distribution, — the equation for establishing the potential distribution ¢, can be written in the
form of:

€ — volume dilatation, C,, — specific electric intensity of metal, p,, —

Vi, = 1i0, (32 :eZsznf/(kTsao)), (2)

where ¢ — relative dielectric constant of the medium.
ez; — charge of i-th group ions, n — number of charges, k — The Boltzmann constant,
T — absolute temperature.

Electrode potential and double electric layer. Potential distribution ¢,,. in a double
electric layer is defined by the Poisson-Boltzmann equation [9-12]:
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VZ(pmc :Xic(Pmc (Xﬁwc :2F2|/(8mcRT))’ ©)

where F — the Faraday constant, I — ionic strength of the solution, calculated by the Debay-
Hiickel theory of solutions, &, — relative dielectric constant of double electric layer

RszA

N, — Avogadro's number, k — velocity constant of elementary reaction

Boundary conditions. From the equations of electrodynamics it follows that on the line
of contact of electrically conductive phases continuous normal components of currents and
continuous electric potentials in these phases [9-12]. That is, the conditions must be met at the
metal — double electric layer boundary.

Om0QPm /0N = G 0Qmc /0N, P = Qe (4)

and the following conditions should be met at double electric layer-medium boundary

Omc0Pc /0N = 0.0Q:/0N, Qe = @c, (%)

where d/dn —normal derivative to the boundary, o,,, o, 0. — electric conductivity, of a double
electric layer and medium correspondingly.

Ratio (1)—(3) with conditions (4), (5) is a complete set of equations of the boundary
value problem to determine electric potentials in metal, double electric layer and medium.

It should be noted that electric potentials in metals and medium should met regularity
and boundedness conditions, and therefore tend to standard values, i.e. to the values of the
electric potential in medium and metal regardless their interaction.

The equations are similar for a larger number of elastic bodies surrounded by medium.

> » The problem of interaction of two
! fayerl | Layer2 - metal bodies, the space between which,
is filled with hydrogen-containing
-:- f medium. Keeping the conditions and

— ymnveea b R | — notations of the previous problem
----------------- NN unchanged, let us consider two metal
bodies (fig. 2), placed at distance d; + d,

e one from another, the space between
e D which, is filled with hydrogen-containing
medium. Thus we suggest introducing

independent parameters d; d, Wwhich

# i

a1 d2 allows to obtain boundary cases.
Figure 2. Interaction of two metal bodies, the space This way, for instance, taking
between which is filled with medium. d, = oo, 0or d, = oo we can obtain results
is filled with hydrogen-containing medium of the previous problem.

Values related to the metal and the layer to the left of the y-axis will be denoted by
index 1, respectively, those on the right, — by index 2. By analogy with equations (1)—(3),
we will write initial equations for both metals, layers and medium liked
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2
%: 2 +M dz(sz .2 +BZK2862
dx? m ¥ my g dx2 = XAm2Pm2 e, ’
Aoy _ d?
Z Pmsy _ %
dXZ - chﬂ)mcl, 7252 = Z%Cz¢mcza (6)
dx
d 2(P 2
dxzs = /},/C (DC !
where ¢ = 2 [L+vy) by £, _2 (@avy) , dilatation of the first and second metal
3K, (1+4v,) 3K,(1+4v,)
respectively caused by stresses p;, p,.
The boundary conditions for this for this problem will be expressed like:
de do
O-Trllwm1 |x=—d1 = Oms1 dr;m |x=—d1' Pm1 |x=—d1 = Omc1 |x=—d11 (7)
d(pmcl | _ d(pc | | _ | 8
mcl™ ;= lx=—dyyp1 — Yc 5 'x=-di+hl» mcl !x=—d1+h1 — ¥c 'x=-d1+h1»
7 dx 7 dx ¢ ¢ ®)
do, s dopc, , ¢C|x 4o, = Pmeo , )
c mc2 =uz2=M2 =d,—
dX X=d2—h2 dX X:dz_hz X_dz h2
d(pmcz | _ d‘/’mz | | _ (10)
Oms2 ? x=d, — O-mzw x=dy Pm2 lx=d, = q)mczlx:dz'

1. The structure of analytical solutions of mentioned problems. The problem of
interaction of a metal body with a hydrogen-containing medium at a rectilinear contact
boundary. Using the fundamentals of the theory of mathematical physics [9], let us write the
structure of equation solutions (1)—(3).

_ Ke
¢, = A, e +B e —B—z", (11)
Am €o
O = A, 5" + B, e " (12)
05 =A™ +Be ", (13)

Meeting the conditions of regularity, we have B,, = A; = 0.
Meeting equations (11)—(13) with boundary conditions (4)—(5), we obtain a system of
four equations for determining unknown constants. Having solved the corresponding system,

we find that A4,,,, A, Bme, Be-

PKe, O mcAme [(

2¥mch
5 OmcXmec T OcXc )e "o X — Gmc)(mc]’
Xm €o @

A:

m
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PKeg o
Amec :ﬁ Zm [O-c)(c_o-mc)(mc]v
& o
_ ﬂK o m 2xmch
Bmc__l . ’ a) [O-ch_o-chmc]e e
m®o
BC = —2% %CTM [ehQ(mc+Xc)].
méo

Substituting the values of the constants in formulas (11)—(13), we obtain the final form
of the electric potential.

2¥meh
_ gamczmc 'ﬂ(l"'v) |:e i (O-ch +O_mclmc)+o-c)(c ~OmcAme pXmX _1] (14)

"3 4le, (+4v) ®
@ :E Om .:B(l"'v) P OcXc ~ OmcAme _gAmeX _ (O-ch "'Umcﬂfmc)ezwmC e~ AmeX |, (15)
meo3 ImEo (L+4V) o o
h mc C
o :_ﬂ Om ‘ﬂ(l+v) O mcXmce Wme +2 )e—;(cx , (16)
¢ 3 Xmé€o (1+ 4v) W
where

2 2 2% mch 2xmch
= Gmczmc(e me —1)+ e (G e X meTeXe + TmAmOTcXe + OmAmCmeXme )+

T OmeXmeCcXe ~OmAmOcXe T OmAmOmeXme:

The problem of interaction of two metal bodies, the space between which is filled with
hydrogen-containing medium. We write the structure of solutions for equations (6).

K,e
AmX —XmpX Bl Klgcl _ AmoX ~AmoX _ M
Pmy = Amle v+ Bmle ' - (sz - AmZe + BmZe 2 ! (17)
Am1 €o Am2 €o
Oms1 = Amere¥merX + By e AmaX, Omsz = Amepe¥mezX + By, Xme2X, (18)
Qs = A.eXX + B e XX, (19)

Meeting the conditions of regularity at infinity for electric potentials in metals we have
B1 = Ay = 0. Substituting (17)—(19) into boundary conditions (7)—(10), we obtain the
appropriate system of equations and by solving it, we can determine unknown constants
Aml' Bmz' Amcl: Bmcl: Ach: Bch: Ac» Bc-

Solving this system is a time-consuming process, and analytical recording of solutions
takes up a lot of space. All these inconveniences can be avoided by using one of the math PC
programs that work with analytical expressions. In this case, using the MAPLE program this
system was solved and analytical formulas for electric potentials were established.

3. Analysis of the results obtained. To establish qualitative and quantitative
patterns of changes in electrical potentials, calculations were performed for copper and steel

with the following initial parameters. Copper: 3 =—1.31-10* \% v=0,35, c=10°% kg% :
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£ =910 EF p=8,94-103%. Steel: ,8:10_4\%,\/:0,28,p:7,7-103:1—g,

C =10° (&5 . Medium: z, =10% L.

The ratio of electrical conductivity of metal and medium is equal o,,/0. = 1000.
Parameters for layer are determined by formulas ym,. =a, + (1—a)x.,
Ome = a0, + (1 —a)o,, where a = 1/2. This choice of parameters is due to the lack of
appropriate experimental values and is justified by the application of the known rule of
mixtures, which, in most cases, leads to plausible results. The thickness of the layer is the
inverted value to y.and equal to h = 10~1%mn. The following figures show the distribution of
electric potentials in the metal, layer and medium, calculated by formulas (14)—(16) for copper
(Fig. 3 a) and steel (Fig. 3 b) body with a rectilinear contact limit, loaded by effort

correspondingly p =2,35-108 ng — copper, and p =-6,86-10° ng — steel.
m m

¢ ¢
ooosy | laver 0 layer
0005-\ -0.0051
o00a. N : 001- metal enviro-
- enviro-
metal P nment
nment -0.015+4
0.002-
0.021
4 2 4 0 1 2 3 g0 4 3 2 4 10 2 o™
a b

Figure 3. Distribution of potentials in metals and medium during their interaction

Analyzing formulas (14)—(16) and the last curves, we see that electric conductivity
ratios o,,, /o, and stresses have a significant impact on the distribution of electric potentials. Let
us construct the distribution of electric potentials for copper and steel, first (Figs. 4 a, 4 b) with
the same load conditions, but the ratio o,,/0,. will be taken alternately equal to 10, 100, 1000.

4 LAYER 9‘; LAYER
o = 0.005 f
0.008 001 /f
0.0 f Enviro-
0.006 Enviro- 0.5 METAL
METAL \ o nment
0.004 nment -l
\ -0.025
0.002
003
0 ¥ -10 > _-10
200 15 -0 5 0 5 %10 20 15 A0 5 0 R
a b

Figure 4. The influence of the ratio of electrical conductivity on the distribution of electric potentials
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The tendency to change the electrical conductivity for copper and steel is maintained
almost in a mirror equidistant form. As we can see (Fig. 4) the change in the ratio of electrical
conductivity is quite noticeable regardless of the sign «+» or «-» applied load, and with
increasing ratio, the difference becomes less noticeable. We can also note that the effect of such
a change in electric potentials in the metal is limited to a region of thickness 20h, and 5h in the
medium respectively. Let us consider (fig. 5 a, 5 b) with consant correlation a,,/d, = 1000,
and with different loads.

A
(;fl.l\ @
layer 0 layer
0.005 002
0.004 .0.04
METAL Enviro- 006 1| enviro-
0.003 nment nment
-0.08
0.002\\ 04 METAL
0.001 012
.0.14
O H - }
50 oo 30 200 -0 0 10 g0 -50 Yo o 30 20 -10 0 10 g0
a b

Figure 5. The Influence of voltage on the distribution of electric potentials

First curves in Fig. 5 are constructed for this load, and after its value was increased in
two and then four times. Influence of stresses on electric potentials change is more vivid (fig. 5).
If in the medium it can be limited by thickness h, it is not possible to do the same in the metal
as potential grows when the load increases, and this doubts the application of results obtained
with help of simulation in limitless regions to evaluate the behavior of small bodies at
considerable loads.

Let us now consider the case of the interaction of two metals with the medium. Assume
"92 , metal 2 — steel, p=—6,86 108 k—gz

m
h, = h, =0,d; = d, = 10h and using problem solving (12)—(16), build the distribution of
electric potentials (fig. 6).

D_
ooo0s]| layer1 7 ™ layer 2
-0.01 1

-0.0151 .
metal 1 enviro- |2
o002 meta

nment

that metal 1 is copper, p =2,35-10% . We will accept

-0.0254

-0.031

-0.035
-20 20 -0 i] 1 20 30 40 80 x107'°

Figure 6. Distribution of electric potentials during the interaction
of the medium with two metal bodies
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Following the described scheme regarding the choice of constants, let us build graphs
that show the influence of stress changes (Fig. 7) and changes in the ratio of metal and medium
conductivities (Fig. 8) on the distribution of electric potentials in the interaction of two metal
bodies filled with hydrogen.
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Figure 7. Influence of the electrical conductivity on the distribution of electric potentials
in case of interaction of the two metal bodies

LAYER 1

LAYER 2

-0,005 1
-0,010-
-0,0151
-0,020-
-0,025-

-0,030+

-0,0354

METAL 1

ENVIRO-
NMENT

.

METAL 2

40

30

10 20 30

a0 x10710

Figure 8. Influence of voltage on the distribution of electric potentials

in the case of interaction of two metal bodies

As can be seen, figures 7 and 8 confirm the influence of stress and conductivity ratio on the
distribution of electric potentials in the metal and the medium during their interaction.
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Based on the estimates made above, for the problem of interaction of a metal body with a
corrosive medium along the rectilinear contact boundary, and for the problem of interaction of two
metal bodies, the distance between which is filled with medium, we can say that the ratio of metal
conductivity and stress the distribution of electric potentials in the metal and the environment during
their interaction, and the influence of stresses is decisive. In the future, the above estimates can be
used to solve other, more complex problems, such as problems when the body contains stress
concentrators [13]. This is also significant for porous materials [14] given the internal stresses in
the metal initiated by hydrogen saturation [15-16]. To some extent, the experimental results
concerning the above material are in [17-18]. The peculiarities of hydrogen degradation of nickel
heat-resistant alloy and the influence of hydrogen gas on its strength and ductility are highlighted
in this work.

Conclusions. It has been shown that the electric potential on the surface of one of the
charged metal bodies does not depend on the charge on the second body and on the ratio of the
electrical conductivity of the medium to the electrical conductivity of the second body.

It has been established that the change of electric potential caused by charges grows (in
absolute value) together with the increase in the ratio of electrical conductivity of the medium to
the electrical conductivity of the body.

The obtained results can be used for expert assessment of durability, condition and
reliability of building and industrial metal structures, loaded elements of machines and devices
operating in aggressive hydrogen-containing environment, for non-destructive testing, as well as in
designing primary converters of measuring information systems and automated control systems of
technological processes to assess their metrological reliability.
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Calculation of electric potentials on the surfaces of interaction of deformable metal bodies with hydrogen-
containing environment

UDC 539.4

PO3PAXYHOK EJIEKTPUYHUX ITOTEHLIAJIIB HA ITOBEPXHAX
B3AEMO/III JE®@OPMOBHUX METAJIEBUX TL1 3
BOJAHEBOBMICHUM CEPE/IOBUIIIEM

MukoJa Cramyk'?; Ilerpo Iykau?; €sren Ip3a®; Poman Ipom’sik;
Haszap Cramyk®

L2Dizuxo-mexaniunuti incmumym imeni I'. B. Kapnenka HAH Yxpainu,
JIvsis, Ykpaina
2Hayionanvuuti ynisepcumem «JIveiscoka nonimexuixay, Jlvsie, Yrpaina
3Iucmumym npuxkiaduux npobiem mexauixu i Mamemamuxu
imeni A. C. Iliocmpueaua HAH Yxpainu, Jlvsis, Ykpaina
4 Tepnoninvcvrutl nayionanbHull mexuiunuti yuisepcumem imeni leana Ilynios,
Tepnoninw, Yrpaina

STexniunuii Ko1eoxuc HayionanbHo2o yuieepcumemy «/v6iscoka nonimexuixay,

JIveis, Yrpaina

Pe3tome. 'Y nepesadicnivi Oinbuwiocmi  eKcniyamayisis Memanesux KOHCMPYKYIU 6 pobouux ymosax
npu3800umb 00 Mo2o, Wo HA Yi KOHCMPYKYIi abo Ha nesHi IX eleMeHmu ROCMIUHO OiloMb He TUEe MEeXAHIUHL
Gaxkmopu (HagaHmMadNCenH s, 3ANUWKOB] HANPYXICEHHs | m. N.), ale U HABKOIUWHE cepedosuuje. Enemenmu
mpyoonpogoois, necyui OiIAHKU Meno- ma 2iopoeiekmpocmanyil, Memanesi KOHCIMPYKYii MOCMie npomseom
YCb020 mepMiHy eKkcniayamayii nepebygaroms nio 6naugom cepedosuwya, Axe ix 3anosnioe abo omouye. Taxe
OMOYEHHs, 3ANIe)HCHO 8I0 GMICMY 6 HbOMY KUCIOM MA JY2i8, a MAKO’C 800HEBO08MICHUX CepedO8ULY MOdce
sucmynamu sk kopositine. Cio maxooic 3ay8axcumu, wo 6nue 00HE808MICHO20 cepedosuya ma Oist MEXAHIYHUX
@axkmopie € 00HOHACHI U 63AEMON0B'A3aHI Midc c00010, WO OyHce YACMO NPU3600UMb 00 KDPUXKO20 YU
K8A3IKPUXKO20 pYUHY8anusa memany. Tomy npodiema oyinio8aHH OCHOBHUX IHHCEHEPHUX napamempis (MiyHocmi,
HaOTHOCMI U M. N.) Memanesux KOHCMPYKYill, K 3a3HAI0Mb KOPOIIUHO20 6NIUGY NPU OOHOUACHIU Oif MEXAHIUHUX
CUNOBUX (haKmopie, Ha Oanuil MOMEHM € AKMYaibHOI NpPoONeMOI0 NPoMuciogol excniyamayii. B pobomi
BUKOHAHO NOCMAHOBKY 3a0ay HA OCHO8I MOPIi NPYIHCHOCMI, eNeKMPOOUHAMIKU, MEOPEeMUUHOT eNeKMPOoXimii ma
pisHANb mamemamuuHoi Qizuxku. 3a 6CMAHOBNEHUMU AHANIMUYHUMU CRIBBIOHOWEHHAMU OAs PO3PAXYHKIE
eeKmusHUX eneKmpOnoOmenyianie i GIONOGIOHUMU YUCIOBUMU EKCHePUMEHMAaMU NpPOBeOeHO OYIHIOBAHHS
CEKMPUYHUX NOMEHYIANIE HA NOGEPXHAX 83A€MOOI 0eOPMIGHUX Memanesux mil (3 600HEBOGMICHUM
cepedosuuyem.

Kniwouosi cnosa: oepopmisne memanese mino, eieKmpuyHuti nomenyian, OieneKmpuina cmaida,
NOOGIUHULL eIeKMPUYHULL Wap, eleKmpoCmpuKyiunull Koegiyicum, iOHOCHe 00 e€MHe DPO3WUPEHHS, NUMOMA
eeKMPOEMHICMb Memay, eyCmuHa po3noodiny 3apady, 600He808MicHe cepedosuuye.
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