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Abstract

It is important to predict the stress driven hydrogen induced cracking at the weld joint on the basis of computational
mechanics from the view point of engineering problem. In this study, On the basis of proposed numerical analysis,
behaviors of hydrogen diffusion and concentration during cooling process of y-grooved weld joint were analyzed and the
mechanism of hydrogen induced cracking was investigated. One of authors has been proposed o multiplication method
which magnifies the hydrogen driving term in the diffusion equation to realize correctly hydrogen concentration behaviors.
In this study, the behaviors of hydrogen diffusion and concentration for the model of y-grooved weld joint was analyzed
by combining oo multiplication method with the coupled analyses of heat transfer — thermal stress — hydrogen diffusion.
As a result, hydrogen was found to diffuse from weld metal to base metal through HAZ (Heat Affected Zone), and
concentrate at the position of blunt angle side of weld groove bottom. It was found that hydrogen concentrates at the
position of the local maximum value of hydrostatic stress gradient. This analytical result was found to well predict the
actual hydrogen induced cracking of the y-grooved weld joint. Using this method of analysis, prediction of hydrogen

induced cracking becomes possible. Copyright © 2018 VBRI Press.
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Introduction

In terms of the reliability of the structure, cold cracking
at the weld joint is a critical problem. Cold cracking
occurs after the weld part was cooled. And, cold cracking
is caused by hydrogen introduced into weld metal during
welding [1]. Therefore, it is necessary to be clarified
hydrogen diffusion and concentration behaviors at the
weld joint. However, it is very difficult to observe the
behavior of hydrogen diffusion experimentally. Hence,
from the view point of engineering, the prediction of
hydrogen diffusion and concentration behaviors based
on numerical analysis is necessary. Especially, in the
analysis of the welding part during the cooling process,
it is important to perform the analysis taken into account
for the time sequential change of physical properties
such as diffusion coefficient and yield stress due to the
temperature change.

In order to predict the hydrogen diffusion and
concentration behaviors in metals, analytical treatment
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on the equation of hydrogen diffusion has been
performed since 1970°s [2-7]. Sofronis et al. analyzed
the hydrogen diffusion behavior using the hydrogen
diffusion equation considering the stress driving term
under existence of diffusive and trapped hydrogen
conditions [8]. However, this analysis is conducted to
clarify the delayed fracture under an almost steady state
condition [8]. Therefore, for the case of remarkable time
sequential change of temperature and thermal stress such
as during the cooling of weld metal, time sequential
transition behaviors of hydrogen diffusion and
concentration should be noticed. On the other hand,
Yokobori et al. has proposed o multiplication method
which magnifies stress driven term in the diffusion
equation. This method enables us to realize the effect of
local stress driven term on hydrogen diffusion [9, 10].
Additionally, for the application of actual engineering
structure, the FEM (Finite Element Method)-FDM
(Finite Difference Method) analytical method was
proposed [9,11]. In this method, stress analysis is
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conducted by FEM and diffusion analysis is conducted
by FDM, respectively. Furthermore, by combining o
multiplication method with the FEM-FDM method [9],
not only hydrogen but also vacancy diffusion behavior
induced by local stress field has been analyzed [9,11-12].
In order to analyze the hydrogen diffusion and
concentration behaviors at the weld joint during cooling
process, it is necessary to combine the analysis of heat
transfer and thermal stress with hydrogen diffusion.
However, there are not so many researches which
performed the coupled analysis [13].

In this study, in order to clarify the behaviors of
hydrogen diffusion and concentration during cooling
process, coupled analyses of heat transfer — thermal
stress — hydrogen diffusion combining with o
multiplication method was conducted for the model of y-
grooved weld joint.

Nomenclature

lo Length of analytical model

C Hydrogen concentration

Co Hydrogen concentration in atmosphere
D Diffusion coefficient

(= Do exp(-Q/RT))

Do Diffusion constant independent of

temperature
T Absolute temperature
Tout Temperature in atmosphere
Q Activation energy of hydrogen diffusion
R Gas constant
Volume change due to accommodation of a
a hydrogen
op Hydrostatic stress
E Young's modulus
v Poisson’s ratio
Oys Yield stress
= Equivalent stress
Hp Work hardening coefficient
g Equivalent plastic strain
c1, a* m1  Constants
h Hydrogen transfer coefficient
te Time of hydrogen diffusion
th Time of heat transfer
P Density
c Specific heat
k Heat conductivity (= p-c -a)
a Thermal diffusion coefficient
H Surface coefficient of heat transfer
hr =H/k
Ta Thermal expansion coefficient

Coupled analysis of heat transfer — Thermal
stress — Hydrogen diffusion

In order to analyze the hydrogen diffusion and
concentration behaviors at the weld joint during cooling
process, coupled analysis of Heat transfer-Thermal
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stress-Hydrogen diffusion was developed. However, this
analytical method used for this analysis is the same as
the previous articles [13, 14], this is reshown as follows.
At first, analysis of heat transfer was conducted by FDM.
And, temperature at each grid obtained by heat transfer
analysis was interpolated to each node for thermal stress
analysis by FEM. Then, thermal stress was calculated for
each node point using the interpolated temperature. After
that, thermal stress obtained by this analysis was
interpolated to each grid point for analysis of hydrogen
diffusion by FDM. Using the interpolated thermal stress,
stress driven hydrogen diffusion analysis was performed.
By conducting sequentially these calculations mentioned
above, hydrogen diffusion and concentration behaviors
during cooling process were analyzed. The flowchart of
this analysis is shown in Fig. 1.

»| Heat transfer analysis ‘

Interpolating temperature to
each node for FEM analysis

|

Calculate the thermal stress using
Elastic - Plastic FEM analysis

Time increase l
A

Interpolating calculated stress
to each difference lattice grid

l

‘ Stress induced hydrogen diffusion analysis

Fig. 1. Flowchart of coupled analysis of Heat transfer-Thermal stress-
Hydrogen diffusion.

Detail of A

W BM (Base Metal)
W WM (Weld Metal)

B HAZ

Fig. 2. Analytical model.

Analytical model and boundary conditions

In this study, y-grooved weld joint composed of WM
(Weld Metal), HAZ (Heat Affected Zone) and BM (Base
Metal) was designed on the basis of Japan Industrial
Standards as shown in Fig. 2 [15]. This analysis was
performed as two-dimensional analysis. The number of
nodes and elements are 6144 and 11713, respectively.
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Table 1. Material properties for FEM analysis.

E Oys H, Ta
[GPa] v [MPa] [GPa] [U/K]

WM
HAZ | ref. [Fig. 3] 0.3 ref. [Fig. 4] | 0.01x E 1.2E-05
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Fig. 3. Temperature dependence of Young's modulus [16].

The material properties used are shown in Table 1.
Young’s modulus and yield stress were changed depend
on temperature as shown in Fig. 3 and Fig. 4 [16],
respectively. Considering the cooling from high
temperature, yield stress of martensitic structure shown
in Fig. 4 was used in this analysis [16]. For thermal
expansion coefficient, the physical property of iron was
used. And, this analysis was carried out under the
conditions of egn. (1) assuming that yield stress of WM
and BM is lower than that of HAZ [17].

FTyswmem) = 0-80(az) @

Young’s modulus, Poisson’s ratio and thermal
expansion coefficient are the same for all elements
regardless of difference of structure such as WM and
HAZ. Values of work hardening coefficient were
calculated by 0.01E as shown in Table 1. And, stress
analysis was conducted under plane strain condition.
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Fig. 4. Temperature dependence of yield stress[16].

Boundary conditions of heat transfer analysis and
hydrogen diffusion analysis are shown in Fig. 5. The
number of grid points for FDM is 1608.
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Fig. 5. Boundary conditions of heat transfer and hydrogen diffusion
analysis.

0 E

Heat transfer analysis

Heat transfer analysis was performed using egn. (2).

oT 0T o°T
Pa, Moty @
h

Egn. (2) was discretized and solved by SOR
(Successive-Over-Relaxation) method. This detailed
method is mentioned in Method of Numerical Analysis.

Initial temperature at WM was 1500°C, and at HAZ
and BM were R.T.(20°C). Boundary conditions for heat
transfer analysis are shown in Fig. 5. Material properties
used for heat transfer analysis are shown in Table 2 [18].
Only cooling process from 1500°C to R.T was
considered for this analysis. And convection was not
considered.

Table 2. Material properties used for heat transfer analysis[18].

k 0.054 | J/(°C-mm-sec)

a 12.0 mm?/sec
p°C | 453x10° | J/(C°C-mm’)

H | 2.09x10° |J/(°C*mm?*sec)

Stress analysis

The routine of thermal stress analysis was added to the
two-dimensional elastic-plastic FEM program EPIC-I
[13-14,19]. The elastic plastic stress-strain law
corresponding to the temperature change accompanied
by heat transfer was also added to this program software.
Therefore, the yielding and the plastic deformation
characteristics were adjusted to the temperature change.
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The elastic deformation is approximated by Hooke's law.
And, the characteristic of work-hardening for plastic
deformation H, is approximated by egn. (3).

do — \m-
=2 —mg(a*re, )" 3)

d Ep

In this analysis, linear work hardening lawas m; =1

was used.

H

p

Hydrogen diffusion analysis

The basic equation of hydrogen diffusion [3] is written
as

£=V(DVC—DCﬂVJpJ (4)
ot RT

The first and second terms are those of hydrogen
diffusion due to the concentration gradient and due to the
stress gradient, respectively. Value of the stress gradient
term is usually lower order than that of the concentration
gradient term. For such case, the effect of concentration
gradient term on hydrogen diffusion appears alone and
the effect of stress gradient term on hydrogen diffusion
does not operate [9, 10]. Under this situation, it has been
reported that the effect of local stress driven effect on
hydrogen concentration given by the second term of egn.
(4) was found to appear by adding the weight coefficient
to this term in eqgn. (4) in order to take the same effect as
that of the first term of egn. (4) [9,10]. This method is
proposed as the o multiplication method [9, 10]. By
adding the weight coefficient to each term eqn. (4), egn.
(5) was obtained.

€ _ a,DV°C —a, %VCVGF,
ot RT

) DAV ®)

-, —CVzap .

RT

In this study, in order to make the effect of
concentration gradient and stress gradient are the same
order, the weight coefficients ou-3  take
or:op:a3=1:1000:5. And, as an initial condition, initial
hydrogen concentration was assumed to be C/Co=3.0 in
the weld metal. In the other region, initial hydrogen
concentration was C/Co = 1.0. The material properties
used for hydrogen diffusion analysis are shown in
Table 3 [6,20].

Where the physical meaning of o is considered to be
the ratio of the diffusion entropy differences due to the
different driven potentials in the diffusion process by
concentration gradient and stress gradient [21].
Therefore, a is the coefficient taken into account for the
effect of difference of entropy on diffusion coefficient.

Table 3. Material properties used for Hydrogen diffusion analysis
[6,20].

Do | 5.54x 10° | misec
Q |26.81x 10| J/mol
R 8.314 JIK mol
AV | 2.0x 10° | m¥mol

Copyright © 2018 VBRI Press

2018, 9(10), 677-683

Advanced Materials Letters

Method of numerical analysis

In this analysis, the heat transfer and the diffusion
equation shown in egn. (2) and egn. (5) were discretized
using the Crank-Nicolson implicit method. And the
simultaneous equations were solved by the SOR method
for egn. (2) and by SUR (Successive-Under-Relaxation)
method for eqn. (5) [10]. The detailed method is as
follows.

In order to eliminate the physical property on the
basic equation and make general analysis, eqn. (2) and
eqn. (5) were normalized using egns. (6a) - (6d) and egns.
(7a) - (7e).

L X
=T (6a)
0 1
LY
Y=y (6)
0 y
, at
="z (6¢)
0 1
k
a= (6d)
;X
=1 (7a)
0 1
y
y = m (7b)
O 1
C
Ct=— 7
C, , (7c)
D
D" =— 7
D, (7d)
. t.D
tC = Clz ° (79)
0
As a result, eqn. (8) and eqgn. (9) were obtained.
ar T oT
o | ox? +W (®)
oc* .[o*ct o*ct
—=a;1D 7 T 2
ote oxt oyt
+ oD™ oC™ +6D* oc”
ox" ox* oy’ oyt
AV C'(eD* 6o, oD* 0o,
TR T Lo o oy oy
oy" oy ©)
D" (éoc” do,  oC* do,
T | ox™ ox™  oy" oy*
_D'c*(oT" do, LaT oo,
T2 [ ox" ox* oyt oyt
DC* 620'p 620p
+O.’3 T aX+2 + ay+2 )
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In hydrogen diffusion equation, VD, VC and Vo,
are included as shown in eqgn. (9). Therefore, hydrogen
diffusion and concentration behaviors depend on the
gradient of diffusion coefficient, hydrogen concentration
and stress. Then, egn. (8) and eqn. (9) were discretized
using Crank-Nicolson implicit method. And, by
coordinating the left hand side as unknown term (time
step n+1) and the right hand side as known term (time
step n), eqn. (10) and egn. (12) were obtained,
respectively.

r, r,
(1+ r+ ry )Ti,j,n+l - EXTH,J',M _7Ti,j—1,n+l

2
r r
— EXTH]_,j,nJrl - EyTi,jJrl,nJrl
) (10)
=@-r - 0 i ina EXTH,,-,M + EyTi,J—lml
r r
+ ExTi+1,j,n+1 + ?yTi‘j+1,n+1 ’
where
AL (11a)
rx - (A 2
x)
. At,
Ty -
(=r.D" +7,A)Cnn
+(2+(2r, +2r,)D" ~AB)C, ;s
+ (_r.xDJr — T Al)ci+1,j,n+1 + (_rYD+ + UyAz)Ci‘j—l,ml
+ (—r D* -n )Ci j+1,n+
/P yP)Cijiana (12)
=(r,D" =mA)Ci 4,
+(2-(er,+2r,)D" + AB)C,
+(r,D" + ﬂxAl)CiA,j,n + (ryD+ - UYAQ)C”’L”
+ (I’yD+ +17,A)C; a0 s
where
[ = icz (13a)
(Ax)
At
"y -
At,
7, = Ay (13c)
At,
1= (13d)

oD*  K,D* 9o,
= — 13
A=a ox* T oxt (13¢)

oD* K,D' 9o,

A2 = al ay+ - T ay+ (13f)

Copyright © 2018 VBRI Press

2018, 9(10), 677-683

Advanced Materials Letters

AV
K =a,—
17 R (139)
AV
Kz =05 ? (13h)

B :—i Kl aD” aap + an” ao_p
| L ox ax oy oy

_K,D'(aT do, ot 0o,
T ox" ox* oy oy*

. 620p Bzap
+K,D ot .
OX oy

Eqgn. (10) and eqgn. (12) were determined according
to the boundary conditions. Then, in order to solve the
difference equation, SOR and SUR method was used for
egn. (10) and egn. (12) respectively. The general
equations of SOR and SUR method were given by eqn.
(14) and egn. (15) [9,10].

(13i)

K, X;t=1f (14)

X (M) _ xi(m) +IB{_ Xi(m)

A Sy S ym (15)
+ Kijl(fi —leKijxﬁ VoYK, X )J}

j=i+l

where, Kj is coefficient matrix, xi is unknown term, f; is
known term, £ is relaxation coefficient and m is step of
convergence calculation. Usually, for SOR method, £ is
taken as 1<p<2. However, since the basic equation
includes the first derivative term of hydrogen
concentration such as eqn. (5) which leads to unstable
convergence, we adopted the method of SUR
(Successive-Under-Relaxation) (0<p<1) for eqn. (15)
[10, 22]. To ensure not only mathematical stability but
also a physically correct numerical solution, even the
Crank-Nicolson method sometimes has limitations on
the time and distance increment, At" and Ar* [9,10]. In
order to perform accurate numerical analysis, it is
necessary to satisfy the condition as shown in eqn. (16)
[9,10].

2= )04
(Ar+)2 -’ ' (16)

The hydrogen diffusion and concentration analysis
was conducted by FDM. However, various stress
components obtained by stress analysis were calculated
as the node values. Therefore, these values are necessary
to be interpolated from value at each node point for FEM
analysis to that at each grid point for FDM analysis.
Detailed descriptions of interpolation method were
written in previous studies which carried out similar
analytical method [9, 11].
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Analytical results
Heat transfer analysis

Results of heat transfer analysis are shown in Fig. 6. In
Fig. 6, temperature obtained by this analysis was found
to transfer uniformly from WM. This analytical results
are considered to be reasonable.

(@)

[kl
(b)

(K]

(©

293.24 360.15  [K]

Fig. 6. Time sequential change of 2D temperature distributions.
(a) Ostep, (b) 10step (0.8sec), (c) 200step (15.6sec)

Hydrogen diffusion and concentration behaviors

Two-dimensional hydrogen concentration distributions
are shown in Fig. 7. In Fig. 7, it was found that hydrogen
diffuse from WM to BM through HAZ, and concentrate
at the position of blunt angle side of weld groove bottom.
The result of y-grooved weld cracking test is shown in
Fig. 8 [23]. Weld cracking also occurred from the
position of blunt angle side of weld groove bottom.
Therefore, the analytical result obtained by this study
well predicted the experimental result. Time sequential
change of hydrogen concentration at (x, y) = (62,6) is
shown in Fig. 9. Where (X, y) = (62,6) corresponds to the
position of blunt angle side of weld groove bottom. In
Fig. 9, however hydrogen concentration initially
decreased, after that hydrogen concentration increased
with increase in time.
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(a)

(b)

Fig. 7. Time sequential change of 2D hydrogen concentration
distributions.

(a) 2,000step (156sec), (b) 10,000step (780sec), (c) 18,000step
(1403sec)

Imm
£

Fig. 8. Experimental result of y-grooved weld cracking test [23].
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Fig. 9. Time sequential change of hydrogen concentration at
(x,y)=(62,6).
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Stress analysis

Two-dimensional hydrostatic stress distribution and time
sequential change of hydrostatic stress at (x, y) = (62,6)
are shown in Fig. 10 and Fig. 11, respectively. From
these results, hydrostatic stress increased with increase
in time. And, in Fig. 11, hydrostatic stress was found to
take the local maximum value at the position of blunt
angle side of weld groove bottom. This site was found to
well correspond with that of hydrogen local
concentration. That is, it was shown that hydrogen
concentrate at the position of the local maximum value
of hydrostatic stress. These results showed that
prediction of hydrogen induced cracking caused by
hydrogen concentration during cooling process of
welding becomes possible using this method of analysis.

(@)

.___h
e
N———

-53.53 39.48  [MPa]

(b)

[ —]
-20.29 333.22  [MmPa]

Fig. 10. 2D hydrostatic stress distributions.
(2)1 step (0.08sec), (b) 18,000step (1403sec)
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Fig. 11. Time sequential change of hydrostatic stress distribution
at (a) y=6, (b) x=62.

Conclusion

By conducting the coupled analysis of heat transfer —
thermal stress — hydrogen diffusion for the model of
y-grooved weld joint, following results were obtained.
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1) Hydrogen was found to diffuse from WM to BM
through HAZ, and concentrate at the position of
blunt angle side of weld groove bottom.

2) Hydrostatic stress showed the local maximum value
at the position of blunt angle side of weld groove
bottom. This site was found to well correspond with
that of hydrogen local concentration. That is, it was
shown that hydrogen concentrates at the position of
the local maximum value of hydrostatic stress
gradient.

3) These results showed that prediction of hydrogen
induced cracking caused by hydrogen concentration
during cooling process of welding becomes possible
using this method of analysis.
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