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Introduction
The experimental foundations of the theoretical

models
o Uniaxial tensions of the steels
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14 15 7. 1B Concentration of diffusion-mobile hydrogen
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The probe of St3 broken £ 04
under longitudinal stretch 02
and the scheme of cutting 0
of the probes for testing.
The upper part isthe Distribution along the probe length

destruction zone, and the
lover part isthe zone of
fixation of the probeinthe
breaking machine.
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Concentration of diluted hydrogen Distribution of

concentration of diffusion-
mobile (550) and tightly
bound (900) hydrogen
along the probe length.
The upper level of columns
%’ e [ ] = 900 shows the total
. B 550 concentration f hydrogen
£t ] ] in the probe. Left, the
breaking point; right, the
part turned from not

deformed probe.

25

05

Di stribution along the pr obe length

Relative values of maximum stretching tensions and concentrations of diffusion mobile hydrogen

rove. Ratio of maximum Ratio of concentrations of | Relative spread of relative
mechanical tensions to diffusion-mobile hydrogen values for single probe
those in probe #6 to those in probe #6 (%)
3 8,6 7,8 10,0
4 5,6 6,2 10,0
5 49 49 0,0
7 4,7 4,8 1,7
6 1,0 1,0 0,0
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The sample of 35G2 steel fractured under axial
tension showing the schematic of test sample

cutting.
Upper part (zone A) - zone of fracture, lower part
(zone C) - sample grip zone in the test bed

2,5 41

Hydrogen concentration [ppm]
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Model of the two component's continuum

— O NSO AN JV\/—/\/\/—O—’\/\/—’V\/—’\/\/—O—/\/\/—’VV
F() a ‘

mo

?\ne dimensional model of One dimensiona model of the two
omogeneous continuum component's continuum with hydrogen
- __ EE,
X = +
nE, +n E,
ng:& n*:NH n,+n" =1
N, Ny

Ny  -Total atoms number

-The number of atoms with non hydrogen links

N/ -Thenumber of bind hydrogen atoms
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One-dimensional dynamic equation

@) @)
s =T . v + lev(l) + R12
fix it J v jetforce
r@ =@ 4p & | |
H R, -interna force determines reaction of
r@s>srl interaction between the first and second

components of the considered continuum

The equation determining dynamics of the mobile hydrogen particles

(2)
Vv
_Tp_ r @ |l +IV? +R,

X 1t N~ -The number of the mobile
r @ =r |(4_) =m, xN° hydrogen particles

The state eguation determining the dependence between pressure and density

pP- Po @ ' >C; =m, N" >C]
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The mass-balance equations

The mass-balance equations for bound hydrogen
NG, TINGV®) - 3,
fit x m,

The mass-balance equations for diffusaely hydrogen

N, TNVE) _ Ja
1t X m,,
The liner mode of diffusely hydrogen flow

__R = km @ o D(e) -diameter of the diffusion channel
R12 21 D(e) V VvV
k - linear coefficient

Let the source linear depend on concentration

J,=-J,,=aN" - bN/,
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The equation of the hydrogen concentration relaxation

N;I A
dN [ _ - R « |
. =—aN " - bNH OL‘|‘[3
dN - .
——=-aN~  +bN/
dt
N (0)=Y; N’ (0)=0
Solutions N 4 t
- - 1 -(a+b)t
N~ = aY(l-e )
a+b
N;:Ygl- ! a(l- e'("“b)‘)g B
e a+b u a_|_B """""""""""""""""""""""""""""""""

Y
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The total equation system for model
of the two component's continuum

(1) (1)
Bo=ro v g,
X t
EEw N, NG

1) = (0) (+) (+) = + 1 =
r =r® +rJ”, ro’=myN;,, s = " , Ny = — Ny n
nE, +n"E, N, + N, N, + N,

(2)
- % =r® —ﬂ\% +J,v? + R,
X t

r@=rC =m xN,

(0) (0)y, @
qr +ﬂ(r % ):O,

P- Po @) >Ci =m, N xC,

It X
NG, TNAVY) _ 3y

ft ix m,
IN" L TNV®) _ Jy

ft ix m,

N m ; N
R12:'R21:kTe;(V(2)-V(1)), J12:-J21:8.N - bNH.

+

n

e
Strain-stress equation s W =E,al- -
& NE,/E,+n

e

ooy
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The dynamics of the diffusely mobile component

e=e, +&(xt), V¥ =0+7®, v@ =0+7®

- N -
N/ (x,e, +€,1) = N (Xey,t)+ N, e (x,t)
€ e=eq
- e n* u e n* U
s +S Al - '
gl n,E, /E, +nll§p Ogl nOEH/E0+n+lff

The equation of the stress dependence

fls®fe Ts®en; Te ni0_ oW
o T S L
In the first approximation:

ﬂso‘ﬂeazo s r(l)ﬂ(“

+JQL9\ND+Rde%

e 9ix 1x Tt
Ryl,.,, =k i Ty®
D(e)
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The equation for the second component

P My pepy = p=m, N

x D(e)

After changing of variables

_ N . N
nH + ! nH = - +
N~ +N;

N+ N,
New form of the equation for the second component
C/

vi? =—ZH D(e
kn, ﬂx
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The particles balance equation

1‘|’2n+ ﬂn+ C2 1‘|‘2n+ ﬂ
i +@+b - —2.D(e
02 ( ) i (e st)eb ﬂtﬂ

Initial conditions

2U_

n;(0,x)=0, n,(0,x) = %§+ cos?% 8. (0,x) =a %§i+ cos??z

/A — parameter of the inside structure

Take the solution in the form

N \' %0) 40
N’ (t, %) = q(t)7§i+ cosli;

The eguation for q(t)

§+¢g@ +b +G(e,)) +qbG(e,) =0
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The solution of the particles balance equation
and the strain-concentration equation

a _ fG(hy) ¢ i aG(hst)t
q(t) = Y(')(e a+Gles) _ g a+Gles) ),
a+G(ey)
ae?p 02

G(eg)-;j D(e.)§

The strain-concentration equation

Ty _ Ci 'ITD(est)c’ﬁ?pQZ a_ o

e 3k fe, g g a +G(e,)

The mechanical model of the hydrogen diffusion channel

g,>0 D(g)l £,>0

D(S)T
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Model of the hydrogen embrittiement
k

@ —
S, = Ejeq X 3

a +D(e,)

&) 5 s ) 1 2 0 _ ] ] ]
1S, =0 b elze*(}]_-w/aYk kl—zDolzf Y():1061 k:107:108

C, B

YO +k For steels

SN PO
=

£1E >
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Model of the stress-strain relaxation in finite
elements calculations

S , MPa
300 |----
1

————————————————

100 | /21 : t=T
1 | |

0 e, e e

The stress-strain curve for sted

S max, MPa
300

100

Therelaxation of theyield stress in steel with timein the
presence of hydrogen
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Design the steel butt joint with hydrogen
redistribution and accumulation inside the
material

VOLUMES ANFTS 10.0
TYPE NUM JUN 27 2006
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Relaxation of the stress with reinforcing plate

The distribution of the
von Mises stress

NODAL SOLUTTON
STEP=1
SUB =1
TIME=1
SEQV

1.404

ANSYS 10.0
APR 25 2007

62.416

123.427

|
184.439 245,451
153,633 214.945

The distribution of the strain
after hydrogen saturation

NODAL SOLUTION ANSYS 10.0

STEP-1 APR 25 2007
SUB =1
TIME=1
EPPLEQV  (AVG
DMX =.0307
SMX =. 33

|
0 . 084082 . 168164 252246 .336327
042041 126123 210205 . 294287
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Relaxation of the stress without reinforcing

The distribution of the
von Mises stress

NODAL SOLUTION

STEP=1
SUB =1
TIME=1

3.477

plate

The distribution of the strain
after hydrogen saturation

SEQV (AVG)
DMX =.480E-03
SMN =3.477
SM% =240, 04

NODAL SOLUTION ANSYS 10.0

STEP-1 APR 25 2007
SUB =1
TIME=1
EPPLEQV (A
DMK =.00
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CONCLUSIONS

A model is suggested which allows one to describe the
kinetics of hydrogen in metals. The model is also appropriate
for estimating the hydrogen transition from the mobile state to
the bonded state depending upon the stresses and describing
the localization of the bounded hydrogen. The result is
destruction of the material at the localization places.

The constructed models enables describing very different
effects of the hydrogen embrittlement such as the hydrogen
concentration, diffusion rate, material temperature and the
stress character in the framework of the same approach. This
result allows one to predict the lifetime of the material in the
hydrogen-containing environment.

The calculation of the stress field of the pipeline flange has
clearly demonstrated that the two-component model can be
successfully applied for engineering estimations of metal
structures..
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