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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 problems of hydrogen interaction and stresses in metal structures are still
not sufficiently investigated. While hydrogenating the metal body, the linear dimensions of its elements and volume
change. At the same time, changing body volume, under certain conditions, causes internal stresses. Let us assume
that the interaction between hydrogen atoms is negligible. It is necessary to establish the stress-strain state of the
metal body due to the hydrogen concentration in it. Stresses in the body also occur due to external loads
Oik (i,k = 1,2,3). According to the classical theory of elasticity, stresses of such nature cause the corresponding
elongations and displacements. Therefore, stresses o, cause deformation. According to the superposition law,

the increase in total deformations is equal to the sum of deformations caused by the change in the hydrogen
concentration and deformations caused by stresses in the body.

Key words: stresses, deformation, hydrogen concentration, finite elements method, backward
Eulermethod, virtual work principle, cylindrical samples.
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Introduction. Hydrogen in metal structures affects their strength and durability. The
peculiarity of the hydrogen influence on these properties is its smooth permeability through the
lattice and crystalline grating of metal. Hydrogen atoms in metals also cause their crystal lattice
expansion [1]. Investigations of hydrogenetation and dehydration of metals indicate the
occurrence of hydrogen concentration inhomogeneities [2], which initiates in metals stresses
from hydrogen concentration changes. Therefore, taking into account the internal stresses of
hydrogen nature is relevant to the development of modern technologies in the structures
operating under conditions of interaction with hydrogen-containing environments. It should be
noted that such investigations usually undergo unilateral influences of mechanical stress on the
distribution of hydrogen concentration [3—6]. At the same time, the improvement of these
developments requires detailed investigations of the stress-strain state caused by the change in
hydrogen concentration in metals. In [7] the estimation of the stress field cause by diffused
hydrogen atoms in metallic continuous cylinder is given. The approach proposed in this paper
is generally suitable for estimating the stress field for infinite bodies. In this paper, the method
of assessment for the stress field of finite bodies is proposed.
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Initial equations and solution scheme for the problem. When the metal body is
hydrogeneted, the linear dimensions of its elements and volume change [2]. Also, changing
body volume under certain conditions causes internal stresses. We consider that the interaction
betweenhydrogen atomsis negligible. We will establish stress-strain state of the metal body
caused by the change in its hydrogen concentration in it.

The complete deformation of the material element when the hydrogen concentration
changes on cy, value is schematically presented in Fig. 1. It is evident from this figure that the
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Figure 1. The scheme of complete deformations taking into account hydrogen deformations

Length ds will have new length {1+ ac,, Ch ks . The parameter ac,, Is the coefficient of
concentration expansion [2]. For isotropic homogeneous body o, it does not depend on the
element ds direction. If we also assume that o is independent on the concentration, then it

will be constant. In this case, the initial infinite small rectangular parallelepiped remains
rectangular. That is, the elongation in all directions will have the same meaning. The hydrogen
concentration on value c during period of time At will result in the increase of further
hydrogen deformations.

Aell =ac, Cy=ac, [Clt+At)-C(t)] i, j=123; €] =0mpui= | 1)

According to the superposition law the growth of complete deformations is equal to the
sum of deformation growth caused by hydrogen concentrations and deformations caused by
external loads

Agj; = AsiFj) +Asi'}'. (2)

The distribution of hydrogen concentrations in the material we will calculate on the
basis of Fick equation solution which takes into account the influence of mechanical stress
gradient on hydrogen diffusion [4—6]:

oC DV
— =V(DVC)+V Hve, |.
= =v(ove)+ v 2, ®

where V =(6/0x,6/0y,d/dz) is Hamilton operator T'aminsTona; D is diffusion coefficient; R
is universal gas constant; T is absolute temperature; V4 is partial molar volume of hydrogen in

metal; on is hydrostatic component of the stress tensor in metal; t is time.
Equation (3) is solved under the following initial conditions
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Cxyzt),_o =Co, @)

On the surface part S, we define the value of hydrogen concentration C_, and on the

other part — the hydrogen flow ¢. In this case S, US, =S .

Algorithm for calculation the stresses caused by hydrogen concentration. It is
practically impossible to obtain the closed solution of equation (3) that is why for its solution
we use the finite element method. For this, we divide the investigated body into n finite
elements. Solution of equation (3) is found in the form of certain basic functions N, expansion:

Clxy.zt)=3 Nifx y.2)c, () =[N T c] ©)

where N;is form functions [8]; m is the number of element nodes; C,(t) is hydrogen
concentration value value in the i —th node of finite element. That is

IN] =[N, N,...N_ ] [c] =[c, C, ...C,. ] (6)

After recording hydrogen concentration in the form of (5) and simple mathematical
transformations we receive finite element equation for calculation of hydrogen concentration
in finite elements nodes:

M) % |+ Je)- ) @

where [M ] and [K, ] are relatively are the global matrices of concentration and diffusivity;
[F] is the vector of diffusion flow.
It should be noted that matrices [M |, [K, ] and vector [F] are calculated on the basis of

the same matrix for each element of the investigated body. They can be calculated according to
the ratios

me)- [Ty, ks J= e+ s [k )= offf e ey,
[Ks]-——m[sr 8]o, INJav, [Fe]_—§ s,

N

(8)

where V© is the element volume; S,(f) is the element surface through which the hydrogen flow

passes; [B] is differentiation matrix [8]; [, ] is vector containing the values of hydrostatic

stresses at the element nodes.
Let us present equation (7) in the following way

M) % | Il [F1-Talie) ©
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where matrices [K,] i [K,] are composed on the basis of corresponding matrices for elements
[k¢]and [x:]
Following paper [8], equation (9) is as follows

{M cc M ca :||:8Cc /at:| 4 { chc cha }{Cc } _ { Fc } _ { K2cc K2ca }{Cc } (10)
M ac M aa aCa/at Klac Klaa Ca I:a K2ac K2aa Ca

where index «c» is associated with known concentrations and (or temperatures) and index «a»
is unknown. If we assume that values C_, do not depend on time, then the unknown values of

hydrogen concentration C, (in further calculation index «a» is neglected) can be found from
the following equation.

L TS RGN CHETN AR of (1)

In order to solve equation (9) let us use backward Euler method [8]. In this case

[200] s aIot)_fehulel w2
ot At At
We also assume

[KZaC]t+At[CC]=[ 2ac [Cc]’ [ 2aa +At[c]=[K2ac]t[C]t' (13)

Taking into account (12) and (13), equation (11) is presented as follows

I:M + [Kaa]}[c ]|t+At = [Fa]+ (M N [KZaa]tj[C ]|t o ([Klac]+ [KZaC]t )[CC]' (14)

At At

Equation (14) makes it possible to calculate the value of hydrogen diffusion in the
investigated body. At the first step when t = At knowing the vectors [C.], [C}_y, [Koaak_g

and [K,,.]_,, we can easily calculate the vector . While calculating [K,,,]_, and [K,,.]_, we

assume that the hydrostatic stresses at the finite elements nodes are equal to zero. For
calculation hydrogen concentration at t =2At, 3At,...,It it is necessary to know the values of

hydrostatic stress at the nodes at t:At,ZAt,SAt,...,(I —1)t. The hydrostatic stresses will be

determined as follows. The principle of virtual work for quasi-static equilibrium equations in
the stepwise formulation for time moment ¢ + At is be represented as [9]

[8lleT )" [ackv = [au] f™ [aplar + [s(uT J*{p}ar - [5(eT ™ (o av. (15

\ r

where [Ac][Ap] are relatively the vectors of the growth of Cauchy stresses and surface effort
during period of time At; §([e])**" and &([u])*" virtual variables of complete deformation
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and displacement at the moment of timet+At; V and I" is body volume and surface,
respectively.

In order to solve this problem we use finite element method. Division of the investigated
area into finite elements is the same as for equation (14). In this case we divide the integration
area V into finite elements. Then the vectors of displacement fields can be presented through
the forms function N, and nods displacement vector [u] If we take into account (2), then the

stress growth can be calculated in the following way
[ac]=[DIB]au]- [D]ac" ] (16)

where [D] is elasticity matrix.

In further calculations we assume that vectors [p] and [Ap] are equal to zero. After
simple transformations and taking into account (16) we get finite element equation for
determination [Au] at the moment of time t + At

[KJAul, A =[F4 ]t+At +[Fs ]t’ 17)

where global stiffness matrix [K | and vectors [F, ], and [FS]t for the investigated area are
calculated on the basis of the same values for the elements

[keJ- [le] PIekv, [Fe], = [[B] [l Laav, [Fe] =[BT [chav. ()

Ve Ve

Having found from (17) [Au],, . from (16) it is easy to find [Ac]. Now for the moment
of time t+ At we can write

[0} s =lok +[ac] (19)

Using numerical solutions of finite — element equations (14) and (17), stresses caused
by the hydrogen concentration in the material at the moment of time t = At, 2At, 3At,...,It can

be found.

Testing the method. The use of the proposed method for the calculation of stresses
caused by hydrogen concentration change is illustrated by cylindrical samples. Since these
problems are axisymmetric, it is sufficient for their solution to solve the problem for the radial
cylinder cross section. The first sample is the continuous cylinder with radius b and length
2 h (Fig. 2). The cases where it is free from fixing and fixed at one of the endsare concidedred.
In case of free from fixing samples we consider only their upper half. Also while calculationing
we assume that hydrogen flow is zero. The boundary and initial conditions for the unfixed
cylinder are as follows

C(r,z,0)=Cy,mpu 0<r<b,0<z<h
C(r,z,t)=C,,mpu r=b,0<z<h,
C(r,z,t)=C,,mpu 0<r<b,z=h,
u,(r,z,t)=0,mpu z=0,0<r<b.

(20)
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For fixed cylinder they are the following

C(r,2,0)=Cy,mpu 0<r<b,0<|z|<h,
C(r,z,t)=C,,mpu r =b,0<|z|<h,

C(r,z,t)=C,,mpu 0<r<b,z=h,
u,(r,z,t)=u,(r,z,t)=0,mpu 0<r<b,z=-h,
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Figure 3. Comparison of the results of
numerical and analytical equation (14)
solution under long cylinder hydrogenation

Figure 4. Comparison of the results of
numerical and analytical equation (14)
solution under long cylinder dehydration

Figure 2. Radial
cross section of
solid cylinder

The calculations were carried out for two cases of boundary conditions: hydrogenation
(C,=0,C, =5mol/m®) and dehydration (C,=5mol/m*,C,=0) of the cylinder. Further
calculations are carried out with the following parameters: Young modulus E =2.1-10° MPa,

Poisson coefficient v=0.3, D=10""m?/s, ¢=0, R=8,31 J/(mol:K), Vy, =1,96-10"° m3mol,
7=295 K, a=5 mm, b=10 mm, h=40 mm.

While dividing the investigated area into finite element four nods linear finite elements
were used. To solve equations (14) and (17) the software package in FORTRAN algorithmic
language was created. It made it possible to find hydrogen concentration change and
corresponding stresses growth for arbitrary moment of time. To test the program the closed
solution [7] was used during the calculation of hydrogen concentration for long cylinder
hydrogenation and dehydration. It is obvious from Fig. 3 and 4, a remarkable convergence is
observed between the results obtained by means of program [7].

Equations (14) and (17) were solved with step At=1 minute. In this case the radial cross
section of unfixed cylinder was divided into 900 four nodes s elements (966 nodes).
Accordingly, for fixed cylinder 1800 elements (1911 nodes). The calculations were carried out
for both hydrogenation and dehydration. Analysis of the obtained results showed that during
hydrogenation and dehydration of solid fixed and unfixed cylinders the stresses are equal
according to their absolute value and differs only in sign. This is confirmed by the results
presented in Figure 3 and 4. Therefore while considering further the results obtained, we will
deal omly with the results for dehydration.
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Figure 5. The character of stress distribution o for Figure 6. The character of stress distribution o, for
different z of fixed and unfixed solid different z of fixed and unfixed solid
cylinders att=100 h cylinders at t=100 h

Figure 5 shows the character of stress distribution o for cross sections at different z
of both fixed and unfixed cylinders. Results presented in this figure indicate that the stress value
and behaviuor do not depend on z value and are the same for fixed and unfixed cylinders.
Analysis of the obtained digital results confirms the same behavior of the stresses ce. Although
in the case of o, stresses (Fig. 5) such coincidence is not observed.

Similar calculations were carried out for the cylinder with the groove located in the
middle of its cross section (Fig. 7). In this case, R =2.5mm. The boundary and initial
conditions for the cylinder with the groove are as follows

C(r,z,0)=Cy,mpu 0<r<a+R-+VR*-2°,0<z<R,

C(r,z,0)=Cy,mpu 0<r<b,R<z<h,

C(r,z,t)=C,,mpu r=a+R-vR?-2*,0<z<R,

C(r,z,t)=C,_,mpu a+R<r<b, z=R, (22)
C(r,z,t)=C,,mpu r=b,R<z<h,

C(r,z,t)=C,,mpu 0<r<h,z=h,

u,(r,z,t)=0,mpu z=0,0<r<h.

For the fixed cylinder at the end z=-h, the boundary and initial conditions for the
diffusion equation for the lower cylinder part are the same as for the upper one. Only in this
case the value Cc is not set at the lower end z=-h. For displacements, the boundary conditions
are similar to those of the fixed solid cylinder (21). The unfixed cylinder was divided into
1022 four-node elements (1098 nodes) and fixed one into 2058 elements (2186 nodes). Step in

time is At=1 minute.
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Figure 7. Radial Figure 8. Comparison of stress changes Figure 9. Comparison of stress changes ¢z,
cross section of the &, for different z of the fixed and unfixed for different z of the fixed and unfixed
cylinder with cylinder with the groove at t=100 h cylinder with the groove at t=100 h
groove in the
middle

Analyzing the graphical data presented in Fig. 8, we can conclude that as in the previous
case, the stresses distribution of o at |z| > R are almost the same for both fixed and unfixed

cylinders with grooves, herein they practically the same in value for all z in this range. On the
contrary, at |z| < R these stresses depend significantly on the fact if the cylinder is fixed or not.

For these z they differ from stresses for |z| > R. This is probably due to the fact that at this point

the radius of the cylinder is smaller than the radius for other z and dehydration here is faster.
Analysis of the obtained digital data shows that the behavior of the stresses o for both fixed
and unfixed cylinders with groove completely coincides with the behavior of the same stresses
for the cylinder without the groove. That is, for all z they are the same both fixed and unfixed
cylinders. The character of the stress distribution oz, (Fig. 9) at z > R is practically the same for
both both fixed and unfixed cylinders with grooves. For all other z, these stresses significantly
depend on the fact if the cylinder is fixed.

Similar calculations were carried out for the cylinder in which the groove was not
symmetrically located to its middle (Fig. 10). It was assumed that the lower end of the cylinder
was rigidly fixed at the lower end z=-hz. In this case h .= 9 mm. All other dimensions were the
same as for symmetric cylinder. The boundary and initial conditions are similar to the same
conditions for symmetrical fixed cylinder with the groove. The radial cross section of the
cylinder was divided into 1378 (1472 nodes) four nodes linear elements. Step in time is At=1
minute.

From the analysis of Fig. 11 lit can be concluded, that the change character in stress oy
for cross sections at all z of both symmetric and asymmetric fixed cylinders with grooves
are almost identical. If we analyse the obtained numerical data, then comparing the change
character of stresses o it will be also the same for all cross sections. Also there is equality of
stresses Gz; almost at all z for symmetric and asymmetric cases (Fig. 12). Exceptions are cross
sections neighboring the fixing.
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Figure 10. Radial Figure 11. Comparison of stress changes Figure 12. Comparison of stress changes

cross section of the G ppfor different z of the fixed symmetric oy, for different z of the fixed symmetric
asymmetric cylinder and asymmetric cylinder with the groove and asymmetric cylinder with the groove
with groove att=100 h att=100 h

Conclusions. The method of calculating the stresses in the body located in water
environment is developed. These stresses are caused by changes in the hydrogen concentration.
On the basis of the principle of virtual work for quasi-static equilibrium equations in predicting
formulation at time t + At the finite — elemental equation for determination the displacement
growth at each time step is obtained. Knowing this displacement growth, you can get the
stresses value. The resulting equation contains coefficients that depend on the deformation
caused by the increase in hydrogen concentration over time At. Increase in hydrogen
concentration over time At, and hence hydrogen deformations, are determined from Fick
equation. In order to solve this equation with different boundary and initial conditions finite —
elemental equation is given. The use of the proposed method is demonstrated for determination
of the stress state of the cylindrical samples during their dehydration or hydrogenation. These
calculations were carried out using own computer program. Thus, while considering fixed and
unfixed solid cylinders, it was found that the stress distribution o Ta o iS almost identical
and practically independent on z value. On the contrary, the stress distribution oz, does not
always coincide for fixed unfixed solid cylinders. The similar pattern is observed for stresses
orr and cee (except for the groove area) and for cases of fixed and unfixed cylinders with the
groove in the middle. The distribution of these stresses within the groove limits is substantially
different from the distribution outside the groove. Sresses oz,above the groove coincide for
both fixed and unfixed cylinders. Unlike the stresses or in the groove area, the stresses ;; and
Gy d0 Not coincide these cylinders. If we consider the stresses distribution in symmetrical and
asymmetrically fixed cylinders with the groove, then the stress distribution is almost the same.
Only forcz, it is different in the fixing area.
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Determination of hydrogen concentration influence on stresses in structures

VIIK 539.4

BU3HAYEHHS BILIMBY KOHIIEHTPAIIIL BOJJHIO HA
HAIIPYKEHHSA Y KOHCTPYKIIAX

Muxosa Cramyk'; Bacuib Boiiko'; Poman I'pom’sik?

L\ Disuxo-mexaniunuii incmumym imeni I'. B. Kapnenxa HAH Yxpainu,
JIveig, Yrpaina
2Teproninbcobkutl HayionanvHull mexniunutl yuieepcumem imeni leana Ilynios,
Tepnonins, Yrkpaina

Pe3tome. YV nepesadicuiii Oinbuiocmi excniyamayisi Memanesux KOHCMPYKYIU y poOouux ymosax
npu3800ums 00 Mo2o, Wo HA Yi KOHCMPYKYil abo Ha nesHi IX eleMeHmu ROCMIUHO OiloMb He TUUEe MEeXAHIYHL
Qaxmopu (HaBAHMANCEHHSA, 3ANUWKOB] HANPYICEHHA U m. N.), ane U HA8KOUWHE cepedosuwje. Enemenmu
mpy6onpogoois, Hecyyi OLIAHKU MeNnio- ma 2i0poereKmpoCmaHnyil, Memanei KOHCMPYKYIi MOCMie Npoms2om
VCbo2o mepminy excniyamayii nepe6yeaiome nid enaueom cepedosuuja, Axe ix 3anosmioc abo omouye. Taxe
cepeoosuje, 3ANEHCHO B6I0 BMICHY 8 HbOMY KUCTIOM Ma 1yeis, HUSKU B00EHbEMICHUX Cepedosuly, Modice
sucmynamu sk kopo3itine. Clio makodic 3ay8ajcumu, wo 6niu8 Kopo3ilHo2o cepedosuwa ma Ois MexauiyHux
gaxkmopie € 00HOUACHI U 83AEMONO0G'A3ani Midc cO00M0, WO Oydce UACMO NPU3BO00UMb 00 KPUXKO20 Hu
K6A3IKPUXK020 pyuHysanns memany. Tomy npobiema oyinio6aHHs OCHOGHUX IHIICEHEPHUX Napamempie (MiyHocmi,
HAOIUHOCMI U M. N.) MEMAIe8UX KOHCMPYKYIU, KL 3a3HAIOMb KOPO3IUHO20 6NIUBY NPU OOHOUACHIU Oif MeXAHIYHUX
cunosux ¢haxmopis, Ha OAHULL MOMEHM € AKMYAIbHOIO NPOOIEMOI0 NPOMUCL080T ekcnayamayii. Mano euguenumu
we 3anuuaiomscsa NUMAHHA 63AEMOBNIUGY BOOHIO MA HANPYXHCEHb Y MEMAIOKOHCMPYKYiAX. 3a HasooHenHa
Memaneso2o mina 3MIHIOIOMbCA HIUHI po3mipu tioco eemenmie ma 06’em. Boouwouac 3mina 06’emy mina 3a
NeBHUX YMO8 GUKIUKAE BHYMPIWHI HanpyiceHHs. TIpuimaemo, wo 63a€Mo0is Midic amomamu 600HIO HE3HAYHA.
Ilompibno ecmanogumu HaAnpysHceHo-0ehOpMOBaHUTT CMAH MEMANe8020 Mind 3YMOBJIEHUIl KOHYEeHMpAyicio
600HI0 Y Hbomy. Taxodic 3a Ol 308HIWHIX HABAHMANCEHD Y MINL BUHUKAIOMb HANPYJICEHHS iy (i, k= 1,2,3). 3ziono

3 KIACUYHOIO MEOPIEI0 NPYICHOCTNI HANPYICEHHS MAKO20 XApaKmepy 3yMO6I00Ms 8i0N0GIOHI BUO0BICEHHS Md
3cyeu. Tomy Hanpysxcens G, BUKIUKAIOMb Oepopmayii. 3a 3akonom cynepno3uyii npupicm nosuux oegopmayii

oopienioe cymi Oeghopmayii, SUKIUKAHUX 3MIHOWO KOHyeHmpayii 600HI0, ma Oegopmayii, 3YMOGIEHUX
HANPYICEHHAMU 6 MIJL.

Knrwuosi cnoea: nanpysicenns, oegopmayii, KOHyeHmpayisi 600HI0, MemoO CKIHYEHHUX eleMeHmis,
obepnenuti memoo Eiinepa, npunyun gipmyansnoi pobomu, yuriHOpudti 3pasxu.
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