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ABSTRACT
When assessing the extension of the service life of WWER-1000 NPP power units, the welded joint of the collector to the 
DN1200 nozzle of the PGV-1000 steam generator is an object of increased attention due to its tendency to the formation of 
discontinuity defects. In order to obtain more detailed information regarding the loading of this welded joint, mathematical 
modeling of the kinetics of formation of residual stresses and plastic strains, as a result of local postweld heat treatment in the 
high-temperature tempering mode, was carried out using the finite element method. The complex geometry of the joint and the 
local arrangement of the heaters cause significant nonuniformity of heating during heat treatment, which can lead to negative 
consequences, namely, formation of high residual tensile stresses in the dangerous zones of the welded joint. It is proven that 
the axisymmetric 2D finite element model of the joint with the shortest length of the DN1200 nozzle provides sufficient con-
servatism of the results compared to the general 3D model.

KEYWORDS: PGV-1000 steam generator, welded joint No. 111, local heat treatment, residual stresses, plastic strains, math-
ematical modeling, creep

INTRODUCTION
Over the past twenty years, during the operation of 
WWER-1000 power units at the Ukrainian NPP, ma-
terial discontinuity defects have been repeatedly de-
tected in the welded joint between the collector and 
the DN1200 nozzle of the PGV-1000 steam genera-
tors welded joint No.111, which is part of the first and 
second reactor cooling circuits [1, 2]. To substantiate 
the possibility of operating steam generators with 
such defects in the area of welded joint No. 111, at 
least until the next scheduled preventive maintenance, 
modern approaches to the mechanics of fracture of 
structural materials with crack-like defects can be ap-
plied to predict their behaviour under different load-
ing conditions [2‒6]. To perform such calculations, 
it is very important to have information on the load 
of the collector to the DN-1200 nozzle welded joint 
[7‒10], including residual stresses associated with the 
manufacturing or repair technology [11‒13].

Experimental determination of residual stresses in 
thick-walled structures of existing equipment is pos-
sible either on the outer surfaces using a standardized 
method of tensometry [14] or laser speckle interfer-
ometry (ESPI‒HD method) [15] when drilling a hole, 
or requires more in-depth studies of a model specimen 
in the laboratory, for example, by neutron diffraction 
[16]. It is also advisable to perform finite element 
modeling of the distribution of residual stresses in the 
volume of the welded joint [13, 17], which should be 

consistent with the results of experimental measure-
ments.

Given the urgency of the problem of damage to 
welded joint No. 111 for the Ukrainian NPP, it is nec-
essary to determine the reliable distribution of resid-
ual technological stresses in the specified joint for the 
purpose of further calculated justification of its oper-
ability with the discontinuity defects identified during 
operation.

DESIGN, MATERIALS 
AND MANUFACTURING TECHNOLOGY 
OF WELDED JOINT No. 111
Figure 1 shows a layout of the collector welded joint 
to the DN1200 nozzle of the PGV-1000 steam gener-
ators. The DN1200 nozzle of the steam generator and 
collector are made of 10GN2MFA pearlite steel. The 
welded joint is made by manual or automatic welding. 
The root of the weld is made manually by argon arc 
welding using filler wire Sv08G2S. The height of the 
root pass is 6‒8 mm. The main part of the weld is 
filled by manual welding using TsU-7 or UONI-13/55 
electrodes with a diameter of 4 or 5 mm, and in auto-
matic welding Sv08GSMT and Sv10GN1MA wires 
with a diameter of 2 mm and FTs-16 or AN-17 flux 
are used.

To relieve residual stresses associated with either 
welding during manufacture or repair of individual 
defects in welded joint No. 111 (Figure  1) detected 
during operation, a local heat treatment procedure is 
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performed using a high tempering mode (Tmax = 650 
°C) with ring heaters.

THE AIM
of this paper is to analyse the effect on the residual 
stress state of local heating of a rather complex ge-
ometry of the welded joint between the collector and 
the steam generator nozzle, which contains an inner 
pocket between the collector and the nozzle and is not 
axisymmetric, i.e., has different lengths of the nozzle 
along the circumferential coordinate. Local postweld 
heat treatment of such a joint may lead to the forma-
tion of new high residual stresses after partial reliev-
ing of the residual welding stresses. Therefore, in or-
der to conduct an in-depth analysis of the problem, 
this paper considers the formation of residual stresses 
only after local heat treatment, without taking into 
account the stresses forming after multipass welding. 
By the method of mathematical modeling in a gener-
al three-dimensional formulation, taking into account 

the non-axisymmetry of welded joint No. 111, as well 
as in a two-dimensional axisymmetric formulation, 
the distribution of residual stresses as a result of local 
heat treatment alone was calculated.

Two options of postweld local heat treatment are 
considered, namely, during the manufacturing pro-
cess and during in-service repair. These options dif-
fer in the number of local heating zones. During the 
manufacture of the steam generator in the factory 
conditions, welded joint No. 111 has access to heat-
ing from the inside of the collector (Figure 2, a). 
During the repair of welded joint No. 111 at NPP, 
when the steam generator collector is connected to 
the DN850 pipeline of the first circuit, there is no 
possibility of heating from the inside of the collec-
tor (Figure 2, b), which can significantly affect the 
temperature distribution during postweld local heat 
treatment.

In the area where the heating elements are lo-
cated (Figure  2), the surface temperature changes 
over time (from the start of the heat treatment oper-
ation) in accordance with the diagram in Figure 3. 
The rest of the heated surface of the joint is subject 
to convection heat exchange with the environment 
with appropriate heat transfer coefficients for the 
outer surface of the joint, which is specially cov-
ered with heat-insulating materials, as well as for 
the inner surface of the pocket, where convection 
heat exchange is limited.

Figure 1. Layout of welded joint No. 111: 1 — steam generator 
case; 2 — collector; 3 — DN1200 nozzle; 4 — DN850 pipeline; 
5 — pocket; A — discontinuity defect

Figure 2. Layout of heaters and heat-insulating materials on welded joint No. 111 during local postweld heat treatment: a — during the 
manufacture of the steam generator in the factory conditions; b — during the repair of the welded joint at NPP

Figure 3. Diagram of varying heat treatment temperature in the 
high tempering mode
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EXISTING DATA ON THE DISTRIBUTION 
OF RESIDUAL STRESSES
The results of numerical modeling of residual stresses 
in welded joint No. 111 are shown in Figure 4 [11]. It 
is seen that at the specified heating areas and modes 
of factory heat treatment, as well as the physical and 
mechanical properties of the material (10GN2MFA 
steel), local heating of the joint causes local tempera-
ture expansion of the heated area and the development 
of plastic compression strains in the axial and tangen-
tial directions on the inner surface of the pocket on 
the side of the nozzle. In the areas of inelastic com-
pression, residual tensile stresses occur during further 
cooling. The distribution of the axial stress compo-
nent on the surface of the pocket on the nozzle side 
has a characteristic maximum in the area of the fil-
let transition at a distance of about 17 mm from the 
bottom of the pocket (Figure 4, a). In addition to the 
axial component, high circumferential residual tensile 

stresses are formed over the thickness of the nozzle 
closer to the inner surface (Figure 4, b). The increased 
stresses formed as a result of heat treatment, taking 
into account their concentration in the area of defects, 
may cause crack initiation.

DEVELOPMENT OF A MATHEMATICAL 
MODEL FOR DETERMINING RESIDUAL 
STRESSES AFTER LOCAL HEAT 
TREATMENT OF WELDED JOINT No. 111
To calculate the residual stresses, a general 3D fi-
nite element model of the welded joint of the col-
lector to the DN1200 nozzle was developed, taking 
into account the variable length of the nozzle along 
the circumferential coordinate (H ≈ 240‒920 mm) 
(Figure  5), as well as a simplified axisymmetric 
2D model (Figure 6) with the length of the nozzle 
equal to the minimum value in the actual structure.

Figure 4. Distribution of axial σz (1), circumferential σβ (2) and equivalent σ1–σ3 (3) residual stresses on the surface of the pocket on 
the side of the nozzle (a) and over the thickness of its wall (b), starting from the point with the maximum stress (based on the results 
of two-dimensional calculations [11])

Figure 5. Finite element 3D model of welded joint No. 111 of the PGV-1000 steam generator: a — general appearance; b — cross 
section
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The ring heating sources (heaters), which provide 
local heat treatment of the welded joint, were simulat-
ed by the corresponding heat flow through the heat-
ing surface according to the specified programme, 
as indicated for the high tempering mode (Figure 3). 
Schemes of 3D and 2D models of the welded joint 
and a finite element mesh are shown in Figures  5 
and 6, respectively. The temperature dependences 
of the thermophysical and mechanical properties of 
10GN2MFA steel are given in Table 1.

The kinetics of temperature distributions during 
local heat treatment was determined by solving the 
nonstationary heat conduction equation:

	
,

T T Tc
t x x y y

T
z z

 ∂ ∂ ∂ ∂ ∂ r = l + l +  ∂ ∂ ∂ ∂ ∂   
∂ ∂ + l ∂ ∂ 

	
(1)

where T is the temperature, °C; c is the specific heat 
capacity, J/kg·°C; ρ is the density, kg/m3; λ is the ther-
mal conductivity, W/(m∙°C).

The peculiarity of the model of the heating source 
for local heat treatment is the heat dissipation (heat 
flux) through the contact surfaces of the heaters. In the 
absence of data on the heat output of the heaters, the 
time-varying heat flux on the contact surface of the 
heaters into the material of the joint was set through 
the boundary conditions of contact heat exchange 
with the heater at a temperature TH(t), as specified for 
the high tempering mode (Figure 3):

	
( ) ( ( ) )H H H

Tq t h T t T
n

∂
= l = − −

∂
,	 (2)

where hH is the heat transfer coefficient to the 
joint material from the heaters, the value of hH = 
= 150 W/(m2˖°C) was chosen from the condition of ensur-
ing the heating rate of the welded joint metal of 45‒100 °C/h 
in accordance with the high tempering mode.

Boundary conditions on the surfaces of the mod-
els of the joint, taking into account convection heat 
exchange with the environment, were set in the form:

	
0( )Tq h T T

n
∂

= l = − −
∂

,	 (3)

where q is the heat flux on the surface of the joint 
elements; T0 is the ambient temperature; h is the heat 
transfer coefficient from the surface during convec-
tion heat exchange with the environment. Typically, 
T0 = 20 °C, h = 15 W/(m2∙°C) from the surface un-
der conditions of natural convection in the air; when 
installing heat-insulating materials, h = 2 W/(m2∙°C) 
can be accepted.

The model of thermoviscoplastic deformation of 
the welded joint material assumes that the total strain 
tensor is the sum of elastic, plastic and creep strains:

Figure 6. Finite element axisymmetric 2D model of welded joint 
No. 111

Table 1. Mechanical and thermophysical properties of 10GN2MFA steel depending on temperature [5]

Temperature 
T, °C

Young’s modulus 
E·10‒5, MPa

Yield strength 
σy(T), MPa

Thermal conduc-
tivity λ, 

J/(cm3·°C)

Volumetric heat 
capacity cγ, 
J/(cm3·°C)

Poisson’s ratio 
μ

Сoefficient of 
linear expansion 

α, 1/°C

100 2.01 488 0.375 3.88 0.25 1.14
200 1.96 466 0.370 3.98 0.25 1.18
300 1.90 443 0.360 4.21 0.25 1.22
350 1.87 415 0.355 4.44 0.25 1.25
400 1.85 380 0.350 4.76 0.25 1.30
500 1.78 355 0.337 5.10 0.25 1.34
600 1.70 300 0.320 5.80 0.25 1.39
700 1.60 200 0.305 7.35 0.25 1.42
800 1.50 60 0.285 8.10 0.25 1.47
900 1.35 40 0.280 5.60 0.25 1.52
1000 1.15 20 0.275 5.00 0.25 1.65
1100 1.00 20 0.270 4.90 0.25 1.70
1200 1.00 20 0.267 4.90 0.25 1.62
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The components of the stress and elastic strain ten-
sors are related by Hooke’s law:
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2
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where δij is a unit tensor (δij = 0 if i ≠ j, δij = 1 if i = j); 
1 ( )
3 xx yy zzσ = σ + σ + σ ;

2(1 )
EG =
+ ν

 is the shear 

modulus; 
1 2K

E
− ν

=  is the volume compressibility; 

E is the Young’s modulus; v is the Poisson’s ratio; φ 
is the function of free relative elongations caused by 
temperature changes:

	 0( ),T Tϕ = a − 	 (6)

α is the coefficient of relative temperature elongation 
of the material.

Plastic strains are related to the stress state by the 
equation of the theory of plastic non-isothermal flow 
and the associated Mises flow condition:

	
( ), , , , ,p

ij ij ijd d i j x y zε = l σ − δ σ = 	 (7)

where p
ijdε  is the increment of the tensor p

ijε , which 
at a set time t is determined by the history of defor-
mation, stresses σij and temperature T; dλ is the scalar 
function determined by the flow conditions:

dλ = 0, if 2 2 ( ) 0i Tf T= σ − σ <  or f = 0 at df < 0; 
dλ > 0, if f = 0 і df > 0; 

the state f > 0 is unacceptable,

σi is the stress intensity; σT(T) is the yield strength of 
the material at temperature T.

For the creep strains c
ijdε  the coupling equation in 

the form of [5] is used:

	
c
ijdε = Ω(σi,T)(σij − δijσ)dt,	 (8)

where Ω(σi,Τ) is the scalar creep function of the ma-
terial at temperature T and stress level determined by 
the stress intensity σi.

For this problem, when during heat treatment it is 
most important to take into account the creep strains 

c
ijdε  since the process of stress relieving significantly 

depends on them, it is rational to choose the function 
Ω(σi, T) on the basis of experiments on deformation at 
elevated temperatures of specimens of this material.

Accordingly, the creep function in general form 
as a function of material temperature, starting from a 

temperature of 550 °C and above, can be approximat-
ed by the typical dependence:

	 Ω(σi,T) = exp
273

n
i

GA
T

 ⋅ σ ⋅  + 
,	 (9)

where A, G are constants related to material proper-
ties.

The presented model of creep at elevated tempera-
tures is quite general and allows tracing deformation 
processes during heat treatment not only during hold-
ing, but also during heating and cooling at tempera-
tures, for example, 550 °C and above. This model can 
be effective in simulating residual stress relaxation 
processes during local heat treatment of welded struc-
tures or in the case of furnace heat treatment with a 
short holding time, when uniform heating to a set 
holding temperature is not ensured over the volume 
of the welded structure or joint.

The coefficients of the creep function for the base 
material of the welded joint (10GN2MFA steel) were 
determined in [5] based on the processing of existing 
experimental data [18] in accordance with the degree 
of relaxation of residual tensile stresses σxx during the 
holding period t = 2 h of heat treatment after weld-
ing plates made of 10GN2MFA steel, depending on 
the tempering temperature T = 550‒700 °C. Table 2 
shows the results of calculating the constants of the 
creep function (8) using experimental data.

In the mathematical modeling of the stress-strain 
state in the considered joint, even in the absence of re-
sidual stresses before local heat treatment, it is advis-
able to take into account creep processes, since during 
local heat treatment, temporary temperature stresses 
are formed, under the influence of which, during long-
term exposure at elevated temperatures, significant 
plastic strains can be formed by the creep mechanism.

The peculiarities of the mathematical model of 
non-isothermal deformation of the material during 
local thermal tempering of welded joint No. 111 at a 
maximum temperature of up to 650 °C are boundary 
conditions corresponding to the free fixation of the 
model; absence of structural phase changes and cor-
responding volume effects; stress relieving due to the 
processes of instantaneous ductility and temperature 
creep of the material, which is taken into account by 
the creep function Ω(σi,T). Since the residual weld-
ing stresses are not taken into account, the formation 
and development of new residual stresses during lo-

Table 2. Parameters of creep function Ω(σi, T) for 10GN2MFA 
steel in the temperature range 550 < T < 700 °C [5]

n A, MPa-(n+1)·h‒1 G, °C

5 8.46·1017 –66394
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cal heat treatment occurs due to a significant heating 
nonuniformity over the volume of the welded joint. 
During long-term holding (9 h), thermal stresses are 
partially relieved due to material creep and plastic 
strains are formed, which can also affect the level of 
residual stresses.

RESULTS OF THE SIMULATION
Figure 7 shows the distributions of maximum tem-
peratures at holding during local postweld heat treat-
ment in the high tempering mode at T = 650 °C, ob-
tained for 2D and 3D models of welded joint No. 111. 
Due to the complex geometry of the joint, heating 
using locally arranged heaters does not ensure uni-
form temperature distribution in the welded joint zone 
during heat treatment (Figure 7).

From the point of view of ensuring the integrity 
of welded joint No. 111 under the stress corrosion 
failure mechanism, the distributions of circumferen-
tial and axial residual stresses on the inner surface of 

the joint is of particular importance. As a result, sig-
nificantly nonuniform heating causes the formation 
of high residual stresses (Figure 8). On the inner sur-
face, the circumferential stresses σββ reach the level of 
350 MPa, and on the outer surface — up to 300 MPa 
(Figure 8, a). The axial tensile stresses σzz on the inner 
surface reach 400 MPa, and the compressive stresses 
on the outer surface reach up to 300 MPa (Figure 8, b). 
The radial stresses in the zone of deposited metal are 
negligible, but a zone of rather high tensile stresses of 
up to 100 MPa is formed on the inner surface in the 
zone of radial transition of the pocket (Figure 8, c).

Figure 9 shows the calculated distributions of 
residual stresses over the thickness of welded joint 
No.  111 after local heat treatment (factory mode) 
without simulation of welding process (T = 650 °C, 
holding time t = 8 h), obtained using 2D and 3D mod-
els in comparison with existing data [11]. The results 
for the axial component σzz are quite similar in nature 
of distribution (Figure 9, a). Thus, according to the 

Figure 7. Distributions of maximum temperatures at holding during local heat treatment in the high tempering mode at T = 650 °C: 
a — 3D model, repair heat treatment mode; b — 2D model, factory heat treatment mode

Figure 8. 2D model. Residual stresses in welded joint No. 111 after local heat treatment (factory heat treatment mode) without welding 
simulation (T = 650 °C, holding time t = 8 h), MPa: a — circumferential σββ; b — axial σzz; c — radial σrr
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obtained data, on the outer surface of the joint, the 
axial residual stresses are compressive, and on the in-
ner surface they are tensile, but differ significantly in 
absolute value. According to the existing data, tensile 
stresses reach 230 MPa, according to the results of 
the 2D model — almost 400 MPa, and the 3D model 
gives different values depending on the angular coor-
dinates φ, namely, from 220 MPa in the area with a 
high nozzle height (φ = 180°) to 480 MPa in the area 
with a low nozzle height (φ = 0°).

As for the circumferential component σββ (Fig-
ure 9, b), according to the existing data, the residual 
stresses on the inner surface of the joint are tensile 
of up to 250 MPa, and then drop sharply to almost 
zero values. The residual stresses obtained using 2D 
and 3D models are tensile over the entire thickness 
of the joint, but on the inner surface, according to the 
2D model, they are up to 370 MPa, and according to 
the 3D model, they are from 270 MPa (φ = 180°) to 
380 MPa (φ = 0°).

Figure 9. Distribution of residual stresses over the thickness of welded joint No. 111 after local heat treatment (factory mode) 
(T = 650 °C, holding time t = 8 h): a — axial component σzz; b — circumferential component σββ (for the 3D model, the angular coor-
dinate is calculated from the smallest nozzle length φ = 0°, respectively, the largest nozzle length corresponds to φ = 180°)

Figure 10. Distribution of residual stresses over the thickness of 
welded joint No. 111 after local factory or repair heat treatment 
(T = 650 °C, holding time t = 8 h): a — axial component σzz; b — 
circumferential component σββ

Figure 11. Distribution of plastic strains over the thickness of 
welded joint No. 111 after local factory or repair heat treatment 
(T = 650 °C, holding time t = 8 h): a — axial component p

zzε ; 
b — circumferential component p

ββε
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The presented results showed that, firstly, accord-
ing to existing data [11], the residual tensile stresses 
on the inner surface of welded joint No. 111 after lo-
cal heat treatment are significantly lower than those 
obtained in this study using 2D and 3D models. Sec-
ondly, the use of an axisymmetric 2D model with a 
short nozzle length provides rather conservative re-
sults compared to the 3D model.

Another problem investigated in this work is the 
difference in residual stresses after local heat treat-
ment in the factory mode, when there is access to the 
inner surface of the collector, where an additional 
heater can be placed (Figure 2, a), and in the repair 
mode, when the heaters are located only on the out-
side of the joint (Figure 2, b).

Figures 10 and 11 show the calculated results ob-
tained using the 2D model for the distributions of re-
sidual stresses and plastic strains over the thickness 
of welded joint No. 111 after local heat treatment ac-
cording to the factory and repair heat treatment modes 
without simulation of welding process (T = 650 °C, 
holding time t = 8 h). It can be clearly seen that the 
repair local heat treatment is associated with a higher 
level of residual stresses on the inner surface of the 
joint, by about 10–15 %.

Assuming that the residual welding stresses reliev-
ing to a large extent at holding during heat treatment, 
new residual stresses are formed during cooling. This 
is especially true in the metal close to the inner sur-
face, where rather high (up to 350‒450 MPa) circum-
ferential and axial residual tensile stresses are formed.

The presented results on the study of the effective-
ness of the technology of local heat treatment of weld-
ed joint No. 111 showed that an unsuccessful choice 
or limited possibilities for the arrangement of heat-
ers during local heat treatment can lead to negative 
consequences, namely, the formation of new residual 
tensile stresses in dangerous areas of the welded joint.

The obtained prediction results apply to all joints 
No. 111 of both hot and cold collectors, since individ-
ual deviations related to the size of the development, 
the number of passes, the parameters of the welding 
and heat treatment mode within the considered tech-
nological process do not significantly affect the final 
results. The low efficiency of the considered technol-
ogy of postweld heat treatment and, possibly, even 
its negative impact on the integrity of welded joint 
No. 111 indicate the need in optimizing the technolo-
gy of local heat treatment using mathematical model-
ing methods.

Conclusions
The results of mathematical modeling of the residu-
al stresses of the welded joint of the collector to the 

DN1200 nozzle of the PGV-1000 steam generators 
(welded joint No. 111) as a result of local heat treat-
ment under the high tempering mode without tak-
ing into account the residual stresses after welding 
showed that:

1. The inner surface of the joint in the area of weld-
ed joint No. 111 has rather high residual tensile stress-
es (up to 350‒450 MPa) both in the circumferential 
and axial directions due to significant nonuniform 
heating over the thickness and creep processes during 
high temperature holding.

2. The axisymmetric 2D finite element model of 
the joint with a small nozzle DN1200 provides suf-
ficient conservatism of the results compared to the 
3D model, significantly reduces the requirements for 
computational resources and can be used to calculate 
residual stresses after multipass welding and subse-
quent local heat treatment.

3. Local heat treatment during the repair of welded 
joint No. 111 at NPP is associated with a higher level 
of residual tensile stresses on the inner surface of the 
joint (by about 10‒15 %) than during the manufacture 
of the steam generator in the factory conditions, when 
it is possible to access the inner surface of the collec-
tor, where an additional heater can be placed.

4. An inappropriate choice or limited possibilities 
for the arrangement of heaters during local heat treat-
ment of welded joint No. 111 can lead to negative con-
sequences, namely the formation of new high residual 
tensile stresses in dangerous areas of the welded joint.
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