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Abstract

Welding is accompanied by the presence of weld residual stresses, which in case of dissimilar metal welds even with post weld
heat treatment cannot be removed completely therefore they should be considered when assessing possible welding defects.
The measurement of residual stress in metal weld is a very complex procedure and also in the investigated case could not be
carried out as it is the part of a working plant. However, by modelling these processes, the residual stresses and deformation of
the components caused by this manufacturing method can be determined. It is important to calculate these values as accurately as
possible to determine the maximum load capacity of the structure. The structure under examination was the dissimilar metal weld
of a VVER-440 steam generator. 2D simulations were performed, where temperature and phase-dependent material properties were
implemented. Different loading scenarios were considered in the numerical analysis. The results can be useful to determine the real

loading conditions of a given component and can be used to predict stress corrosion crack initiation locations, as well as to evaluate

the lifetime and failure mode prediction of welded joints.
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1 Introduction

In several nuclear power plants, the dissimilar metal
welds have proved to be a sensitive part of the structure.
Numerous dissimilar metal weld (DM W) joints show a ten-
dency of cracking. One of the causes was determined to be
the stress corrosion cracking mechanism, where the dom-
inating source of the driving force is the residual stresses
in the DMWs. Up until 2018 there were 46 major service
cases in operating pressurized water reactor (PWR) and
boiling water reactor (BWR) caused by stress corrosion
cracking (SCC) centered on DMWs [1-4]. An example of
SCC in pressurized water reactors is the circumferential
cracking of the Wolf Creek pressurizer nozzles which was
discovered in October of 2006 [5]. As in case of DMWs
the impact of thermal sensitization, residual stress and
galvanic effects are combined therefore they are more sen-
sitive to SCC, also heat affected zones (HAZs) along the
fusion lines of the DM Ws are more susceptible to SCC [6].

In order to evaluate the crack propagation rate and path
the stress distribution needs to be calculated in this article the
determination of the stresses is investigated. This includes not
only the operating stresses but also the weld residual stresses.
A considerable number of experimental tools are available to
investigate the magnitude and distribution of welding resid-
ual stresses; however, many tests are required for the verifi-
cation and, in the case of multi-pass DMWs in nuclear power
plants, the analysis can be very difficult and time-consuming.
Therefore, the usage of the finite element method to investi-
gate the welding processes has become widely spread [7, 8].
However, it should be mentioned that the residual stresses are
sensitive to the material and welding parameters for example.
bead placement, multi-pass welding, cooling time, therefore
their precise consideration is necessary.

An example is the DMW in the steam generator (SG) of
the VVER-440 power plants which creates a connection
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between the SG and the primary collector. Here an aus-
tenitic and ferritic steel is joined together, therefore but-
tering layers were applied to create a more stable weld.
The heterogeneous welding process consists of the follow-
ing steps. First, the buttering layers are implemented at
the surface of the ferritic material, then a post weld heat
treatment (PWHT) is carried out to minimize the residual
stresses, finally the process is finished with the filler weld.

2 Background of the analysis

In the following simulations the previously listed processes
are presented, whereas in the final step the operational
loads were also considered. Four types of simulations are
compared. In the first case, the welding simulation was
omitted and only the operational loads were applied, in
the second case the welding of the joint was considered in
addition to the design conditions (in the results shown as
weld without buttering layer), hereafter the complete weld-
ing process was simulated with the buttering layers (in the
results shown as weld with buttering layer). Finally, in the
fourth type, the PWHT of the buttering layer was consid-
ered in addition to the welding process (in the results illus-
trated as welding with creep). The results of these simula-
tions are presented in this paper.

The examined DMW is located at the connection of
the SG and the primary collector of the VVER-440 units.
At this connection, a so-called "pocket" can be found
where due to the lack of effective drainage a medium with
a higher corrosion potential is located. Therefore, the pres-
ence of the corrosive medium and the stresses resulting
from the difference between the thermal properties of aus-
tenitic and ferritic steel, as well as the operational loads,
can lead to stress corrosion cracking. During the repair of
the given DMW in one of the VVER-440 unit, the cracking
shown in Fig. 1 was found. The cracking appeared at the
boundary of the ferritic steel and the first buttering layer.
The chemical compositions of the first and second butter-
ing layers were examined by electron diffraction method,
which revealed the dilution of the alloying elements [9].
These results show that the analysis of the DMWs is very
important and necessary to determine the residual stresses
due to the manufacturing processes.

3 Finite element simulation

The finite element simulation was carried out with the usage
of MSC.Marc. As mentioned above, four types of simulation
were created using the finite element method. The geometry
was simplified, and an axisymmetric finite element model
was created as shown in Fig. 2 with dimensions indicated.
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Fig. 2 Finite element model

In the model the steam generator was not built as it could
not be simulated in 2D so the shortest distance of the con-
necting pipe was drawn, the primary collector was included
thus the mechanical and thermal loading described in the
following sections could be taken into account.

3.1 Material properties

Several material properties are required to simulate dis-
similar metal weld, considering not only the welding and
PWHT, but also the working loads.

The structure altogether contains five materials, the
base metals are the 22K ferritic steel and the 08HISN10T
austenitic steel. The differences in material properties
required the implementation of three buttering layers.

Two of them were from high alloyed EA-395/9 and one
from EA-400/10T.

The joining weld was created with Sv-07Ch25N13 filler
metal, for this in the simulation the 08H18N10T material
properties were used. Their place in the geometry is pre-
sented in Fig. 3. The chemical compositions of the materi-
als are listed in Table 1.

The material properties from the chemical composi-
tions of the base metals were created using JMatPro soft-
ware. For the ferritic steel and the buttering layers the
temperature-dependent elastic-plastic isotropic harden-
ing, and for the filler weld the phase-dependent material
model was applied.
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Fig. 3 Placement of the materials and weld passes

Table 1 Chemical compositions of the materials

Material C(%) Si(%) Mn(%) S(%) P (%)
20K 029 040 1.0 025 025
EA-395/9 0.08 035 12 - -
EA-400/10T 007 0.5 15 - -

O8HISNIOT  0.08 0.08 1.5 0.02 0.035

Material Cr(%) Ni(%) Cu(%) Co(%) Mo (%) Ti(%)
2K 030 030 030  0.02 - -
EA-395/9 135 23 - 008 45 -
EA-400/10T 17 9.5 - - 2 -
0SHISNIOT 17 9 - - - 0.4

For the O8HI8NIOT stainless steel, the strain hard-
ening is considered with the usage of Chaboche's com-
bined hardening law. It combines isotropic hardening, to
describe the cyclic hardening or softening, and nonlinear
kinematic hardening to capture proper characteristics of
cyclic plasticity.

In MSC.Marc the von Mises yield criteria is defined by
Eq. (1):
f=0—-(R+k), )
where o is the stress tensor. The main parameters of the

isotropic hardening/softening are R and k. In the case
of cyclic hardening, the initial conditions are k = o, and

0
and R = R, where o, is the initial yield stress. The evolu-

R =0, while for the softening these are given as k= o,~R

tion equation for the variable is defined by Eq. (2):
R=b(R,-R)A, @

where b and R are material constants and / is the equiva-
lent plastic strain rate. R equals to the maximum change

in the size of the yield surface and b gives the rate at which
the size of the yield surface changes as plastic strain devel-
ops. The nonlinear kinematic hardening can be deter-
mined from the linear-Ziegler rule by Eq. (3):

. C .
X =[R—+k(0'—X)—yX}/l, 3)

where C and y are material constants. The applied parame-
ters for steel 08H18N10T are shown in Table 2.

Further material properties are listed in Table 3, where
o, is the yield stress, c is the specific heat capacity, a is the
thermal expansion coefficient and 4 is the thermal conduc-
tivity. For the 22K steel phase dependent material proper-
ties were given, in the table the properties of the ferritic
phase are shown.

The applied methodology of the modelling of dissimilar
metal welds was validated in a previous research [8] where
the welding of a DN 500 nozzles mock-up was simulated.

3.2 Welding process

Based on the welding procedure specification (WPS) the
simulation contains 43 filler weld passes and 81 buttering
weld passes. The layout of these weld beads are shown on
Fig. 3. At first the welding of the three buttering layers was
carried out and was followed with the joining weld. Between
welding of the layers ~5 m in cooling time was considered.
All of them were simulated with Goldak's double ellipsoid
heat source shape (Fig. 4). The power density distribution
for the front quadrant can be written down with Eq. (4) [10]:

6\/§fo —%—%—3&“/(1—1))2/11?
q x’ y’ Z’ t = - e b ¢ .
/ ( ) ba, enm

In case of the rear quadrant a similar equation (Eq. (5))

Q)

can be used for the calculation of the power density
distribution:

N3LO st [
— —¢€ .

ba, cnlm

q,(x,y,z,1)= Q)

Table 2 Plasticity properties of 08HI8N10T at room temperature
k(MPa) R _(MPa) b C (MPa) bi
08H18N10T 270 300 50 1800 1.9

Table 3 Thermo-mechanical properties at 20 °C (*ferritic phase)

E o, c o A
(GPa)  (MPa) (J/kg°C) (107%/°C) (W/m°C)
22K* 208 251 447 1.28 44.34
08H18N10T 196 270 450 1.898 14.12
EA-395/9 212 365 434 1.623 11.95
EA-400/10T 203 420 443 1.831 13.46




Fig. 4 Goldak's double ellipsoid heat source shape [10]

Where:

. f/ is the fraction of the heat deposited in the front
quadrant,

* f. is the fraction of the heat deposited in the rare
quadrant,

+ 7 lag factor for defining the position of the source at
time =0,

* vis the welding speed (m/s),

a,a, b, c are the parameters of the ellipsoidal heat

source,

* Q is the energy input rate (W), and calculated by
Eq. (6):
0 =nUL ©)

Here 7 is the efficiency of the given welding process,
n=0.8 in case of Shielded Metal Arc Welding (SMAW/111),
U is the voltage and [/ is the current.

Also, it should be mentioned that ff +f =2, and the
power density distribution inside the rear quadrant is
lower than that in the front quadrant, therefore, the factor
/. is smaller than f/

From these equations it can be seen that for the simula-
tion of welding the front length (af), the rear length (a,),
the width (b) and the depth (c) of the heat source has to be
known. The depth and the width can be identified from a
micrograph, the other values can be estimated with the fol-
lowing rules (Eq. (7) and Eq. (8)):

a, =0.6b @)
a =2.0...2.5b. )

If the micrograph of the welding is not known, then the
so-called design throat can be used for the estimation of
the other geometrical parameters. In this case the depth
and the width of the heat source are given with Eq. (9)
and Eq. (10):
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d=a+2.0...50 mm ©)

b=a+1...2 mm. (10)

The heat source shape parameters were estimated based
on the WPS, which are shown in Table 4 and Table 5.
The value of the welding speed is approximately 4 mm/s.

Fig. 3 also shows the order of the welding, which is
marked with blue arrows and is carried out in the follow-
ing order:

» Welding of the buttering 1 (Fig. 3 1 weld path, from

up to down)

» Welding of the buttering 2 (Fig. 3 2 weld path, from

right to left)

» Welding of the filler weld (Fig. 3 from 3 to last weld

path, from right to left and from down to up).

During the welding simulation, the surface heat losses
were considered with the help of thermal edge films. For the
radiation heat loss an emissivity coefficient of 0.8, and for the
convective heat loss a heat transfer coefficient of 20 W/mK
were given. Also in case of the inner side of the ferritic end
of the component an equivalent boundary condition was
applied according to the unmodelled ferritic region.

3.3 Modelling of the post weld heat treatment

There are several models to study the heat treatment pro-
cess. Based on a large number of researches [3, 11-13] the
creep model has the largest effect on the stress relief pro-
cess. The time-dependent creep behavior can be divided
into three parts: primary creep, secondary creep and

Table 4 Welding type and placement of the welds

Welding run Material Welding process

1-15 EA-395/9 111

Buttering 1
16-45 EA-400/10T 111
1-11 EA-395/9 111

Buttering 2
12-36 EA-400/10T 111
. 1 O8HIZNI10T 141

Joining weld

2-43 O8HIZNI10T 111

Table 5 Welding parameters of the buttering and the joint weld

Current Voltage Type of Current  Heat Input
(A) V) and Polarity (kJ/mm)

125-135 24-25 DCEP ~0.61
Buttering 1

140-150 25-26 DCEP ~0.69

125-135 24-25 DCEP ~0.61
Buttering 2

140-150 25-26 DCEP ~0.69

70-80 24-25 DCEN ~0.61

Joint weld

140-150 25-26 DCEP ~0.69
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tertiary creep. The early rapid elongation occurs during
primary creep thereafter the creep strain rate decreases
and is propagated to secondary creep. In this phase, the
creep strain rate becomes constant and finally, reaches the
tertiary creep when the creep strain rate accelerates, and
fracture occurs at the end of this phase.

In the case of post weld heat treatment, the material
remains at an elevated temperature where creep can only
occur for a short time, therefore the consideration of the
third stage is not required.

There are numerous researches where the simulation of
PWHT has been considered using a creep model, for exam-
ple, Venkata et al. [13] and Dong et al. [3] use the Norton's
steady-state creep model which for constant stress and
temperature has the following formula (Eq. (11)):

£ = Ao, (1)

where ¢ is the creep strain rate (s™), 4 and n are tempera-
ture-dependent material constants, and the stress is in MPa.

Another version of this model is calculated from the
Norton-Bailey Law, where time dependence is taken into
account (Eq. (12)):

g, =mAc"t"", (12)

where m is also a temperature-dependent material con-
stant. This is called the strain hardening formulation for
power-law creep. Since the time dependence of the model
is necessary to account for PWHT process, therefore the
second version of the Norton-Bailey Law presented in
Eq. (12) was applied.

For the present simulation, creep data were not avail-
able for the materials E395/9 and EA400/10T used for the
buttering layers, however, the properties of these materi-
als are very similar to the joining metal, and therefore the
required parameters for the Norton-Bailey creep model
were calculated from creep diagrams found in the litera-
ture [14] for 08HI8NI1OT steel using time-based bivariate
regression analysis.

Equation (13) was used to determination m [15]:

kzk: Int, lng Zk: Int, Zk: lns
i=1 i=1 i=1

m=—t , (13)

kz (Inz,)’ (Zlnt]

where k gives the number of points included in the regres-

sion analysis. Similarly, n was defined by Eq. (14):

k

ki Ino, lng i Ino, Z 1ng
i=1

n=— il il : (14)
kZ Ino,) (Zlncj

To determine the creep-strain coefficient, 4, the previ-

ously determined constants m and » are used, and 4 can be
calculated by Eq. (15):

i(ln & )72(5”1"’ );

A=e k (13)

Since the post weld heat treatment was carried out at
600 °C therefore the diagram shown in Fig. 5 from the [14]
literature was used to determine the parameters. The cal-
culated values are listed in Table 6.

For the heat up of the structure 500 minutes was used
afterward the structure was kept at 600 °C for 960 minutes
and finally the cooldown was carried out.

3.4 Operational loads and boundary conditions

After the welding simulation and PWHT, the bound-
ary conditions for the operational loads were considered,
where the pressure and temperature values were taken
from the design conditions. These can be divided into two
groups, thermal and mechanical loads.

Thermal loads were applied first. During the opera-
tion of the structure, the water in the primary circuit heats
up the inner surface of the primary collector, at the same
time the pocket is heated by the water in the secondary
circuit. Finally, the temperature of the environment was
also included on the outer surface of the steam generator.

20 X6CrNiTi18-10
17=600°C =const.,  0=210.7 MPa (0.7, ,)
15
S
1.0
8
n
0,5
0 =150.5 MPa (0.50,,)
0

0 200 400 600 800 1000 1200 1400
Time (min)

Fig. 5 Creep behavior of 08HI8NI10T at 600 °C [14]

Table 6 Parameters of the Norton-Bailey creep law at 600 °C

m[-] n [ A

O8HI8N10T 0.3395 4.5122 5.60583 x 107




The applied temperatures and heat transfer coefficients
are listed in Table 7 and their placement is shown in Fig. 6.
The mechanical boundary conditions are shown in
Fig. 7. From the beginning of the simulation the free side
of the ferritic material was fixed. In case of the design con-
ditions four additional loads were placed on the model:

* The pressure of the primary circuit acting on the
inner side of the primary collector.

* The pressure of the secondary circuit, which is
placed on the pocket.

» Compensated pressure at the end of the primary col-
lector, to consider the effect of the pressure of the
primary circuit on the axial tension.

» Compensated pressure at the end of the steam gen-
erator nozzle, to consider the effect of the pressure
of the primary circuit and secondary circuit on the
axial tension.

The values of the mechanical loads are listed in Table 8.

Table 7 Thermal loads
Location Temperature  Heat transfer coefficient
[°C] [kW/m?°C]
The inner surface of the 35 42
primary collector
Temperature of pocket 270 5.7
Temperature of 20 0.02

environment

Temperature of Temperature

of Pocket

Temperature of
Primary Circuit

Fig. 6 Temperature boundary conditions on the inner surface of the

collector, the pocket and the environment

Pressure of

. Primary
Secondary Circuit

Collector End

SG nozzle

S .
S Pressure of
M‘H‘H‘H’M@ Primary Circuit

Fig. 7 Pressure loads inside the primary collector and inside the SG and

pressure loads at section ends to simulate axial stresses due to pressures

Table 8 Pressure loads of the design conditions

Location Pressure [MPa]
Primary circuit 14
Secondary circuit 6

End of the steam generator nozzle -31.5

End of the primary collector -10.1
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4 Modelling results

The purpose of this research was to estimate the effect of
the operational loads and welding on the stresses, therefore
the stress distribution is presented in more detail below.
As it was already mentioned the DMWs in the steam gen-
erator of VVER-440 have a tendency of cracking at the
interface of ferritic and austenitic material therefore the
inspection of this part of the DMW was completed. In the
presented diagrams (Fig. 8 and Fig. 9) the results along
path 1 are included, the placement of pass 1 is shown in
Fig. 3 with white color. The results are illustrated in cylin-
drical coordinate system, where the x axis represents the
axial, the y axis the radial and the z axis the hoop orienta-
tion (Fig. 3). In the case of stress corrosion cracking, the
most dangerous loads are tensile stresses. Fig. 9 shows the
distribution of the axial stresses along path 1 where the
0 point of the x-axis represents the root side of the weld.
As the diagram shows in case of the simulation without
weld the stresses remain on low values also at the inner

400 | T ‘ T : -
—— Without welding

Weld without buttering layer
Weld with buttering layer
Welding with creep ,

300

)

=1

S
T

=
S

Stress [MPa]

-100

-200

300 . L . L L L
0 10 20 30 40 50 60

Distance [mm)]

Fig. 8 Through thickness variation of simulated axial stresses at the
boundary of the ferritic base material and the buttering layer

800 T T T T T 1
——— Without welding
Weld without buttering layer

Weld with buttering layer
Welding with creep

600 7

700

500 7

400

300

Stress [MPa]

200

100

0

-100

200 . L . L L L
0 10 20 30 40 50 60

Distance [mm]

Fig. 9 Through thickness variation of simulated hoop stress at the
boundary of the ferritic base material and the buttering layer
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side of the weld the stresses are in the negative range,
whereas in case of the simulations with the inclusion of
the welds at the root side large tensile stresses occur. In the
second simulation, the welding under operating load was
considered without simulation of the buttering layers.

As shown in the results, the axial stress on the root
side of the weld reaches 170 MPa, and after about 4 mm
it rapidly changes to compressive stress and remains there
almost all the rest of the path 1. In case of the second, the
third and the fourth simulation similar values occur for the
axial stresses. The difference between the peak values of
the third and fourth simulation is 58 MPa (365 MPa with-
out creep, 307 MPa with creep), while in case of the sec-
ond and fourth simulation it is 137 MPa. Therefore, it can
be concluded that at the root side of the welding the anal-
ysis without the buttering layer underestimates the axial
stress compared to the analysis with the inclusion of the
post weld treatment (fourth case).

A larger difference can be seen for the hoop stresses
along path 1 between the second and the third simula-
tion, as shown in Fig. 9. However, the results of the second
and the fourth analysis are analogous. Fig. 10 shows the
changes in residual stresses before and after the post weld
heat treatment, where the upper pictures show the axial
and the lower pictures show the hoop stress distribution.

After the PWHT process, the values of axial and hoop
tensile residual stresses are decreased due to the creep
stress relaxation of the materials.

Fig. 11 presents the stress distribution of the axial
stresses after the post weld heat treatment. The stress
relief was carried out well, however, at the inner side of the
weld the remaining tensile stress is still around 100 MPa.
It has to be stated that the used Norton-Bailey creep
model can achieve higher stress relaxation than the real
one, as the model does not distinguish between primary

[MPa]

Axial stress

99
[MPa] Before PWHT After PWHT

Hoop stress

Before PWHT

After PWHT

Fig. 10 Axial and hoop stress distribution before and after PWHT

Axial stress
S
(=)

Fig. 11 Axial stress distribution after PWHT around the boundary of
the ferritic metal and the buttering layer

and secondary creep, therefore relaxations obtained could
be overestimated, resulting in even higher tensile stress in
the pocket.

Fig. 12 displays the distribution of the axial stresses
before and after the operational loads. It can be concluded
that the simulation without welding does not reproduce the
real residual stress distributions, much lower values were
calculated. The result after welding shows that the stress
distribution with and without the buttering layer proce-
dure are similar, however at the root side of the boundary
of the ferritic and austenitic steel some differences can be
noticed, which impacts the final stress distribution, there-
fore it is necessary to include the simulation of PWHT.

An additional function of the model is the ability to
predict the volume fraction of the different phases. At the
beginning of the simulation the phase composition of
the base materials before welding was 100% ferrite for
the 22K steel and 100% austenite for the 08HISNIOT
steel. Fig. 13 shows the volume fraction of bainite due
to phase transformations during the buttering weld pro-
cess. Fig. 14 shows the volume fraction of ferrite where 1
means the steel is fully ferritic and 0 means has no ferritic
phase fraction.

After the welding of the buttering layers on the ferritic
side further phase changes will not occur, as the HAZ of
the joining welding does not even reach the buttering layer
closest to the ferritic steel.

In case of the joining welding only austenitic materials
are welded therefore phase transformation will not occur.

The results emphasizes the necessity to incorporate
the effects of phase transformation during the welding
of buttering layers and the need to consider the effect of
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m 560

= 476

i 392

308

Without welding Weld without buttering layer

Weld with buttering layer Welding with creep
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Fig. 12 Axial stress distribution a) after welding b) after operational loads

Fig. 13 Volume fraction of bainite

Fig. 14 Volume fraction of ferrite

stress relaxation during the post weld heat treatment in
the mechanical analysis to predict the residual stresses
accurately.

5 Conclusion

The numerical simulation of dissimilar weld in the steam
generator of VVER-440 was performed in this research
work. In the analysis, the effect of the buttering welds, the
post weld heat treatment, the joint welds, and the opera-
tional loads were considered. From the results, the effect
of the residual stresses on the final operating structure
was determined. The following conclusions can be drawn
from them:

1. The consideration of the buttering layer welding pro-
cess can not be omitted from the simulation process
and the PWHT process also has to be included to
achieve more realistic results.

2. In the case of axial stresses, PWHT has a lower
effect than for hoop stresses.

3. On the inner side of the weld, a large tensile axial
residual stress appears at the boundary of the ferritic
and austenitic material, which can lead to a high sen-
sitivity to stress corrosion cracking.
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