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Based on standpoints of the surface physics, fracture mechanics and electro-
chemistry, a mathematical model of the physical and chemical processes near
the crack tip of a metal under mechanical loads in aqueous electrolyte solu-
tions is developed. Calculations of the energy and electrochemical character-
istics are performed for the steel 20 in the 3% solution of sodium chloride.
Parameters of the Tafel-type relationship between the anode current and the
difference of electrode potentials are analysed. Well-known Kaeshe expres-
sion for the current density on the juvenile surface of a crack bottom is gen-
eralized both by linear approximation of the dependence of corrosion current
density on surface energy of plastic deformation of the metal and with ac-
counting for increase of mechanical tensile stress up to yield limit.

Key words: metal, crack, juvenile surface, mechanical tension, electrochemi-
cal overpotential, surface energy, corrosive current.

3 mosuiliii GisuKM mMoBepXHi, MeXaHiKu pyHHYBaHHS Ta eJeKTpoxeMii cdhop-
MYJbOBAaHO MaTeMATHYHUUA MOJENb (PisMKO-XeMiUYHMX IIPOIIECiB y BepIInHIi
TPIIIUHY MeTaJly P HOro MexXxaHiYHOMY HaBaHTaYKEHHI y BOLZHOMY PO3UYMHi
enekTpoity. IIpoBeseHO PO3paXxyHKU €HEPTETHUHUX Ta eJeKTPOXeMiuHMX
xapaxTepucTuk aaa Kpuili 20 y 3% posuuHi xaopunay Harpito. IIpoamarizosa-
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HO mapaMeTpu piBHAHHS Tuiny TadeseBoro MisK aHOOZHUM CTPYMOM i piKHU-
1eI0 eJIEKTPOAHUX MOTEeHIANIB. ¥V JiHiliHOMY HaOJMMKeHHI 3B’SI3KYy I'YCTHUHU
KOPOBiAHOTO CTPYMY 3 IIOBEPXHEBOIO €HEPTi€I0 MJIACTHUUYHOTO Ae()OPMYyBaHHSA
MeTasly Ta 3 YpaxXyBaHHSM 3POCTAaHHS MeXaHiUYHUX PO3TATYBAJILHUX HAIIPY-
JKeHb I0 I'PAaHMUIll IIMHHOCTH y3arajbHeHo Bimome cmiBeigHomenns (Kaeshe)
IJIs TYCTHUHY CTPYMY Ha I0OBEHIiJIbHIN ITOBEePXHi fHA TPilTUHH.

KarouoBi croBa: meras, TpilmHa, I0BeHiIbHA TOBEPXHA, MeXaHiuHe HATIPYKeH-
Hs, eJIeKTPOXeMiuHe IIepeHaIPyKeHHs, IIOBePXHEeBa €eHepris, KOPO3iiHui CTPYM.

Ucxoma m3 mojsokeHUl (DUBUKU IIOBEPXHOCTHM, MEXaHUKMN Da3pyIIeHUus U
DJIEKTPOXUMUH CPOPMYJINPOBAHA MATEMATHUECKASI MOJE]Ib (PU3NKO-XUMHUUEC-
KMX IIPOIECCOB B BEPIINHE TPEINUHLI MeTaJLIa IPU ero MeXaHn4ecKoM Harpy-
JKeHMM B BOJHOM PacTBOpe dJeKTpoJiuTa. IIpoBeleHbl pacuéThbl SHepreTuue-
CKUX WU 3JIEKTPOXMMHUECKHX XapaxKTepucTuk s crtaau 20 B 3% pacTBope
xjopuna Hatpuda. [IpoaHaausmpoBaHbl ITapaMeTphbl ypaBHeHUs Tumna Tadensa
MEeXXAy aHOAHBIM TOKOM UM PasHUIIEH 5JeKTPONHBIX IIOTEHIIUAJIOB. B TnHEeTHOM
MPUOIMKEHNN CBA3U ILJIOTHOCTY KOPPO3HMOHHOI'O TOKA C IIOBEPXHOCTHOM dHep-
rueil ImJIACTHYECKOro Ae()OPMUPOBAHMA METAJIA W ¢ YUETOM YBEINUYEHUI Me-
XaHNUECKUX PACTATMBAIOIINX HAMIPAMKEHUIN N0 Mpeaesia TeKydecT 0000IeHo
usBectHOe coorHomrenue (Kaeshe) mia maoTHOCTH TOKA HA IOBEHUJIBLHOM II0-
BEePXHOCTHU JHA TPEIUHEI.

KaroueBbie ciioBa: MeTas, TPEIIWHA, I0BEHUJIbHAA IOBEPXHOCTh, MeXaHIUe-
CKOe HaIpsKeHUe, 9JeKTPOXMMHUUECKOe IIepeHaIlpsKeHUe, IOBEePXHOCTHAS
DHEepPTus, KOPPO3UOHHBIN TOK.

(Received November 10,2017)

1. INTRODUCTION

It has been established that physical and chemical description of corro-
sion process on surfaces of metal constructions as a stationary process
of oxidation with formation of passivating films on the metal surface
does not reflect adequately the whole complexity of degradation pro-
cesses in metals [1-3]. In particular, real technical system is normally
operated under conditions of aggressive environments and mechanical
fields (stress corrosion [4, 5]) followed by formation of cavities, corro-
sion pits and cracks, and their growth. Thus, corrosion processes in
such objects should be treated comprehensively with taking into ac-
count the mechanical factor and probable electrochemical processes. In
another words, the corrosion as by its essence is an electrochemical
process with formation of new surfaces and developed cracking.

The paper is concerned with an impact of external corrosive envi-
ronment and mechanical loading on variations in mechanical and elec-
trochemical parameters characterizing corrosion current in the crack
tip under mechanical loading within zero to yield limit o, of a metal.

This study aims to analyse macroscopic relationships of surface phys-
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ics, destruction mechanics, and electrochemistry to establish relation-
ships between energy variations and plastic deformation of the surface,
overpotential of anodic reaction for a 5-wide juvenile surface (JS) (of the
width 8), and electric current in the crack tip at the boundary of elas-
tically deformed metal and ambient corrosive environment.

2. 0BJECT OF STUDY AND MATHEMATICAL MODEL

The object of study is a loaded metal with a crack on its surface in
aqueous electrolyte solution.

Passive films presented on the surface are destroyed at the crack tip
under loading, and the 6 wide JS and plastic deformation zone appear
[3]- The said juvenile surface is the just formed surface of a metal, free
of oxides and other contaminations [3, 4]. In the first approximation,
we treat the geometric parameter 6 at the crack tip as its opening dis-
placement 3,.. The crack tip and the JS in particular extend into the
body volume. Near the crack tip, the cathode and anode reactions take
place. Corrosive dissolution corresponds to the metal anode reaction.
We address the crack tip as an anode (4), beyond it on the side surfaces
there is the cathode region (K) [4]. The ‘A—K”’ system forms an electro-
chemical couple.

To obtain quantitative assessment of impact of aggressive environ-
ment on energy characteristics of surface layers, we use analytical ex-
pressions, which connect cracking parameters and intensity of electro-
chemical reactions in the cracks vicinity.

The stress intensity coefficient (SIC) Kgoc [Pa-m'/?] relates to the
crack tip opening displacement J,; and overpotential £ of the metal dis-
solution reaction by relationships [3, 6, 7] (here, the overpotential
means deviation of the electrode potential from its equilibrium ther-
modynamic value during live electrode polarization [8, 9]):

Kisec = \/(WpL —2,FpdC/M)E/(1 -v?), Koo = EG 8¢, (1)

where z,—formal charge of solvated ions, F—the Faraday constant,
0—width of approaching micro crack front [m], M—molecular mass of
a metal [g/mole], K,scc—threshold value of the SIC (minimal value cor-
responding to onset of the corrosive crack propagation), W ;—specific
energy spent for plastic deformation of the subsurface level when new
(juvenile) surface is formed in it, E and v—elastic modulus and Pois-
son’s coefficient, respectively, c,—yield limit of metal.

Parameter W, can be found in well-known Griffith—Irwin—Orowan
relationship (the strength criterion)[10]:

G. = 4AEW,, /[nL, (1 V")), o. = JAEW,, /(nL,), 2)
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where L,—length of the crack.

Here in formulae (2), first formula is written for a plane defor-
mation, second one—for a plane stressed state, c.—critical stress,
W,.=J/2,J—the Rice’s integral having energetic meaning [11].

In paper [9], empirical relationship linking the SIC to the W, has
been established based upon the study of contact deformation of dif-
ferent steel brands:

Koo =0, (W,. —a,, a, =2.26-10° ,a, =6.98MPa -m'?. (3)

The Kaeshe relationship for the current density I,, at the crack tip
complements the model [4]:
I - AXAWY,,
* Sln(h+c+r]/d)’

(4)

where a—angle at the crack tip, y—electric conductivity of electro-
lyte, Ay, —ohmic variation of potential between anode and cathode
sections (anode—a tip, cathode—edges of a crack), c—crack depth,
h +c + r—total depth of defect (cavity and crack), ~—depth of cavity,
r—curvature radius at the crack tip.

Expression (4) was written for a crack in unloaded metal. However,
to operate elements of real constructions like pipelines, one needs to
take into account conditions of corrosion under loading (stress corro-
sion) [12]. Therefore, it is necessary to modify expression (4) by adding
mechanical parameters.

For this purpose, let us consider a model of cylindrical pipe of radius
R and wall thickness d, having aforementioned defects and being in
conditions of aggressive environment (Fig. 1).

Let us assume that the metal is in an electrolyte solution and has a
surface defect in form of the cavity with a crack at its tip. Figure 2

Corrosive environment Cavity

plinternal pressure)

Fig. 1. Element of pipe with cavity (#) and crack (c) under impact of internal
pressure p in corrosive environment.
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Fig. 2. A cavity (k) with a crack (¢) in a pipe with markings of cathode (K) and
anode (A) sections. Total depth of the defect A +c+r; a, §;c—angle and the
crack tip opening displacement, Ay, —difference of potentials between the
anode and cathode sections, I,—density of anode corrosive current.

shows projection of it on the xOy plane. External corrosive environ-
ment (in both the cavern and the crack) is an aqueous electrolyte solu-
tion. Under impact of mechanical load (uniaxial tension in the direction
of the Oy axis with corresponding stresses c,), destruction of passive
films at the crack tip occurs and the JS of width 6 and length L is formed
as well as the region of plastic deformations when 6, =6, (c;—material
yield limit). We model projection of the JS by a semicircle nr (Fig. 2).

The crack tip and the JS extend into the body volume in the direction
of the x-axis toward the pipe centre almost perpendicularly to the
boundary. Near the crack tip, the cathode and anode electrochemical
reactions take place characterizing corrosion process of the metal dis-
solution. We consider the crack tip as an anode (4), and beyond its lim-
its on the side surfaces, there is the cathode region (K). The ‘A—K’ sys-
tem forms an electrochemical couple (Fig. 2).

In the first approximation, we assume that the empirical relation-
ship between the crack opening displacement 8, and geometric param-
eter d characterizing the JS width holds true

61c = E.wsﬁ’

and corresponding value of the empirical constant £s=1.
In paper [9], relationship (4) is generalized by accounting for the

W . and internal pressure p,, acting upon the cylindrical pipe:

p.
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I =I,(+B,W,)= %(l By W), (5)

_ 2\2do, 1.5+ K,)(r, +¢)*
“  3K.D (r,+c) +0.5r2(r, +c)’ +1’

(6)

where

-1
Kk o|@-c2d-9)+3r ) d e I
: 2  d -c+r, K, 38|d -c+r)-1]) " d -¢’

K,=(2.021-1.301B-0.727B*-0.147p*)d(d; — c)—the notch sensitivi-
ty index, whose procedure of calculation is presented in [13], By—
empirical coefficient of proportionality, r—radius of curvature at the
crack tip, r,—critical value of » when plastic deformations occur at the
crack tip.

The critical pressure (6) corresponds to a condition of reaching lim-
iting, plastic, state according to the Huber—Mises—Hencky yield crite-
rion[12]:

G; +c° +0,0, = ca /8, 6, = pD/(2d), o, = pvD /(2d), "N

where c,—yield limit of the pipe metal, x, y, z—rectangular Cartesian
coordinates, p—internal pressure inside the pipe.

In the relationships (7), we took into account for the mechanical
stresses tensor 6, =c,, and for ¢, that the pipe thickness d is considera-
bly less than diameter D.

Relationships (1)—(7) compose a mathematical model for assessment of
changes in the effective surface energy during plastic deformation, elec-
trochemical overpotential and in the current density of the metal disso-
lution reaction at the crack tip on the metal surface during its loading in

aqueous electrolyte solution (i.e. under conditions of stress corrosion).

3. BEHAVIOUR OF ENERGY AND ELECTROCHEMICAL
PARAMETERS

3.1. Accounting for a Resistive Layer

The specific of cracking in electrolyte solution is emergence of a ‘resis-
tive layer’ (RL) of the H, thick and with practically dry its surface [14].
It is called a layer of complete hydration (solvation). Resistance of the
RLis larger than the resistance of the diluted solution by 2—3 orders of
magnitude [14]. Over time, when crack resides in the electrolyte, its
thickness increases.
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Let r(¢), &(t) be radius vectors of internal and external surfaces of
the RL, correspondingly; X(t) = 2rné3(t), o(t) = 2nr’(t)—areas of internal
and external surfaces of the RL, which we assume to be concentric
hemispheres.

In vector form, with accounting for spherical symmetry, relation-
ships for the H; will be

H, = r(t) - £(t). ®)

Motion of surfaces o(t), X(¢) with radii r(¢), £(t) is defined by the re-
lationship [14]:

or M 0 M
= Ia(G) ’ E‘, = Ig(Z) . (9)
ot pz F ot pz,F

si

Here, I,(c), I:(X) are densities of currents outflowing from these sur-
faces and depending on coordinates of the points, z,—valence, p—
density of material, M —molar mass.

The dissolution current of the crack bottom i,(c)=1i,(n, c., ¢,s) de-
pends on threshold concentrations of activated ions c,,, aqueous sol-
vent ¢, and polarization n of the metal.

Polarization n =n(c) of the metal is connected with anode potential
by relationship[14]:

n(o,r) = ¢, —A¢,(c,r) — Ag,(r), (10)

where A@,(c, r), Apy(r)—ohmic potential drops in the volume of the
RL. Losses in the electrolyte are relatively small.

In the first approximation, for the radius change, it is possible to
use formula following from considerations of spherical symmetry and
accounting for the Faraday law [14]:

3 v’
r(t)_(% sz] . (11)

3.2. Calculation of the Change in Effective Energy and Overpotential
at the Crack Tip

For the steel 20 (T =20°C and p =100 kPa), physical and mechanical
characteristics are as follow [15, 16]:

z2,=2,E=213 GPa, 6,=245 MPa, v=0.3, p= 7860 kg/m?. 12)

With using (1)—(3), (12) and numerical data of paper [3], we obtain



1662 V.M. YUZEVYCH, R. M. DZHALA, and B. P. KOMAN

5500 +
1 176
4500 +
+ 141
NE 3500
< =
=) + 106 E
a .
B 2500 +
1 71
1500 + | 56
—"
500 +—=F—+——+—+—+——+——+—+—T1—-+1
0.000 0.326 0590 0.75¢4 0.918
G/G

T

Fig. 3. Dependences of surface energy of plastic deformation W (c/c,) [J/m*] (1)
and overpotential {(c/c;) [mV] (2) within the range of mechanical tensile
stresses 6/6,=0-1 for the steel 20 in the 3% NaCl solution.

changes in effective energy during plastic deformation of the metal
subsurface layer W, = f,(c/c;) and overpotential of anodic dissolution
reaction £ =f,(c/07). Results corresponding to calculations of these de-
pendences are presented in Fig. 3.

One can see from the dependences of Fig. 3 that the effective surface
energy W, during plastic deformation grows by 9.5 times, and the
overpotential £ decreases by 40 times. These changes can be assessed
quantitatively by the difference of maximal and minimal values at-
tributed to their mean value:

w -w._ - .
w, = 2L M Pk _ 1 62y, = 9 Smax ~ Gmin _ 1.90. (13)
v‘/pL max+ mL min max + C.)min

3.3. Calculation of Electrochemical Parameters

To assess impact of tensile stresses on intensity of corrosion processes
in the steel 20 residing in the 3% NaCl solution, in particular, at the
crack tip at the moment of passive films’ destruction (when anode cur-
rent i, considerably grows), we will use experimental data [3] approxi-
mated by the Tafel-type expression [3]:

Ia = IO eXp(DE/a), DE = E() - Ea, (14)

where a—the Tafel parameter for anode process.
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Fig. 4. Dependences of the electrode potential difference DE(c/c;) [mV] (1)
and the Tafel coefficient a(c/c;) [mV] (2) of the relative tensile stress within
the range of 6/6,, =0—-1 for the steel 20 in the 3% NaCl solution.

By these data, we calculate values of the DE and a, presented in Fig. 4.
Minimal values of the DE(c/cy) and f,(c/c7) determined by the data of
Fig.4 are DE,;,,=156 mV when 6/c,~0.8 and a=38.6 mV when 6/c,=0.39,
correspondingly.
Because DE,,.,=177mV when o/6;=0 and a,,,=43.1 mV when
o/cr=1.0, then we obtain the relative variations of the parameters:
w, = 22 ma “ DB _ 196 4y — g% "% _ o110,  (15)
DE . +DE a +a

max min

By comparing expressions (13) and (15), it is evident that the rela-
tive variations of the effective energy and overpotential during in-
crease of mechanical stress are considerable larger than the relative
variations in the Tafel equation.

Comparison of data of Figs. 3 and 4 allows to state that there is no corre-
lation between the W ;, { on the one hand and the DE, a(c/cr) on the other.

At the same time, in Fig. 3, we can allocate three ranges of the ¢/o,
variation. In the first range (6/0;~0-0.16), DE and a are decreased.
In the second range (c/c;~0.16—0.84), parameters DE and a are
changed insignificantly. In the third one (6/6,;~0.84-1), they grow
considerably. Assessments of the said parameters can be indicative of
changes of the electrode reaction type on the JS.

3.4. Generalization of Relationship between Electric Voltage and
Current at the Crack Tip with Accounting for Mechanical Stress

Let us use experimental dependences [3] of current density i, for the
steel 20 in corrosive environment with different values of crack open-
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Fig. 5. Dependence of anodic dissolution current i, [A/m?] on the plastic de-
formation energy W, [J/m?] within the range of 6/6,=0.59-1 for the steel
20 in corrosive environment.

ing displacement J,; for stresses ¢/6;,=0-1. From dependences pre-
sented, i,=f(1gd,c) and i,=f(c/or), one can see that until 6/oc;=0.59
(81c=1.9 um), density of anode current practically does not change, but
after 6/0,=0.59, the i, grows nonlinearly. Results of calculations by
the LS-method has shown that dependence of the plastic deformation
energy W, on the i, (i,=f5;(W,.)) after /c,=0.59 is practically linear
(Fig. 5).
With considering the data of [3], for expression (5), we have:

I,,=19.86 A/m?, By, =0.0000843 m?/J (W,,=1400-5456 J/m?). (16)

With accounting for the approximation (6) with respect to E,, E, [3],
which contains the surface layer energetic characteristic, W, we gen-
eralize well-known relationship (Kaeshe) (4) for the current density at
the crack tip:

Ay
I, = IePP /(1 + B, W, ) = —X sk DB 4 B W, ). 17
= L By Wy) = S e W) a7

Expression (17) describes dependence of the anodic dissolution current
on electrochemical characteristics of the crack tip i, .., DE, a, the ge-
ometric a, 3, ¢, and the effective energy of plastic deformation W ;..

Let us consider an example of a pipe made of the pipe steel X-70. Ac-
cording to [3], the limiting value of the crack critical depth ¢.,,=3 mm
is the criterial one.

Let us set following parameters:

P=5MPa=50atm,h=4mm,d=10mm, d, =6 mm,
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Fig. 6. Dependence of the corrosion current i, on the crack length c.

TABLE 1. A pipeline resource.

Option Corrosive rate,| The time of achieving a crack of critical depth of
mm/year 0.7d over the years (17), years
1 0.3 8.9
2 1.0 2.6
3 1.5 1.8
D=2R=0.76 m, =372 MPa, p . =9.3MPa. (18)

With accounting for (12), (19) by means of (6), we obtain:
Cero=1.52mm. (19)

Here, c.,—initial value of the crack critical depth when condition of
plasticity holds true at the crack tip. Then, the crack expands from c,,
to ¢, due to corrosion (anodic dissolution).

Let initial condition for anodic current is:

mm

I =1 for ¢, = 0.3 mm. (20)

year

With taking into account data [3], information in Figs. 1-3, and re-
lationships (8)—(11), (17)—(20), we obtain the dependence I, =1,(c) (Fig.
6) and assessment for a pipeline resource (Table 1) for three options of
the corrosion initial speed.

4. CONCLUSIONS
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A mathematical model based on standpoints of the surface physics and
electrochemistry was expanded for assessment of the surface energy of
plastic deformation, overpotential and current density for the reaction of
metal dissolution at the tip of crack for loaded metal in aqueous electro-
lyte solution. Dissolution of metal on the juvenile surface has been treated
with accounting for the coefficient of stresses intensity. The Kaeshe rela-
tionship for current density at the crack tip for loaded metal under uniax-
ial tension has been generalized with accounting for the W,

Based on analysis of dependences among the surface energy of plastic
deformation, W, the anode energy overpotential, , and the load (with
stress 6/c7), it is found that, within the range of variation of tensile
stresses from zero to the yield limit for the steel 20 in the 3% NacCl so-
lution, the W, grows by 9.5 times, and the { decreases by 40 times.

Dependences of the electrode potential difference DE and coeffi-
cient a in the Tafel-type equation on the relative tensile stress
6/6;=0-1 for the steel 20 in 3% NaCl solution were calculated. Based
upon these dependences, we obtained information on changes in the
character of electrode reactions on the juvenile surface.

The proposed technic of study of the energetic and electrochemical
parameters of the stress-deformed state of metal pipe structures can be
used for assessment of a number of physical and mechanical parame-
ters of the corroding technical system (a pipeline), necessary to in-
crease its service life.
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