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Evaluation of Material Properties of Welded Joint of Component for Nuclear
Power Stations of the type MIR 1200

Hodnoceni vlastnosti svarového spoje pro komponenty jadernych elektraren
typu MIR 1200

Ing. Ladislav Kander, Ph.D.; Ing. Petr Cizek, Ph.D.; Ing. Sarka Stejskalova

MATERIAL & METALLURGICAL RESEARCH Ltd., Pohrani¢ni 693/31, 703 00 Ostrava-Vitkovice, Czech
Republic

Material & Metallurgical Research Company Ltd. has been working on the project focused on the evaluation of
metallurgical and mechanical properties of both homogeneous and heterogeneous weld joints used in the recent
type of nuclear power stations MIR 1200. The main goal of the project is to verify welding technology, filler
materials and heat treatment from the point of view of mechanical properties, structure and also unconventional
materials (stress corrosion cracking, low-fatigue tests etc.). Numerical simulation of fracture behaviour and
modelling of the critical condition of crack growth is also included in the project. The paper summarizes results of
experimental work and numeric simulation carried out within the project TA04021746 ““Research, development and
verification of production technology of selected welded joints for pressure vessels of the primary circuit of nuclear
power plants of the type MIR 1200”. Effect of welding technology, both for homogeneous, as well as for
heterogeneous weld joints including simulation of heat treatment soaking time on mechanical, fatigue and fracture
properties, has been studied. Heterogeneous weld joint 08Ch18N10T — 10GN2MFA has been prepared for the
experimental program and this paper deals with the results obtained for this type of weld since the results obtained
for homogeneous welds were already published elsewhere. Conventional mechanical properties, as well as
unconventional mechanical properties (fracture mechanics in the terms of R-curves in the air and in a water
environment, low-cycle fatigue and stress corrosion cracking in water environment at elevated temperature), have
been studied. Effect of elevated working temperature on structure, material properties, and corrosion resistance has
been evaluated. Resistance against stress corrosion cracking in real water environment at working temperature has
been studied. Experimental data have been compared with a numerical simulation using FEM.

Key words: MIR 1200; heterogeneous weld joint; low cycle fatigue; fracture behaviour; stress corrosion cracking

Clanek shrnuje vysledky experimentalnich praci a numerickych simulaci provedenych p#i 7eSeni projektu
TA04021746 Vyzkum, vyvoj a overeni vyrobni technologie vybranych svarovych spoji pro tlakové nadoby
primarniho okruhu jadernych elektraren typu MIR 1200. Zabyva se studiem konvenchich a nekonvenchich vlastnosti
heterogenniho svarového spoje 08Ch18N10T — 10GN2MFA. Hlavnim cilem provedenych experimenti bylo
posouzeni vyrobni technologie téchto komplikovanych heterogennich svarii a ovéreni jejich uzitnych vlastnosti
vzhledem k predepsanym podminkam. Rovnéz bylo provedeno ovéreni nekonvencnich vlastnosti (lomova
houZevnatost, nizkocyklova Unava, nachylnost ke koroznimu praskani p7i pracovni teplote). Ziskané vysledky byly
porovnény s numerickou simulaci metodou konecnych prvkii.

Kli¢ova slova: MIR 1200, heterogenni svarovy spoj; lomové chovani; korozni praskani; nizkocyklova Gnava

In connection with the increasing consumption of approved itself at the power plant built in
electricity, the building of additional blocks of our Novovoronezh. The MIR 1200 design is a follow-up
nuclear power plants, especially in Temelin, is design of reactor of the type VVER 1000, but it
becoming more and more important to. Although the eliminates some technical deficiencies and includes new
topic of completion of nuclear power plants is a topic  technical solutions. The primary circuit has 4 loops
that raises the public debate and becomes a pre-election  and it includes a reactor, 4 horizontally positioned steam
issue for many politicians, it is indisputable that in the generators (type PVG-1000MKP), 4 main circulation
near future the realization of a central and stable source  pumps (type GCNA-1391) and a volume compensation
of electric power that will not burden the transmission  system. The safety systems comprise, for example, the
system with sudden peaks, as is the case of supplies passive system of emergency cooling of the active zone
from renewable sources, will be necessary. Theincrease  and the emergency gas discharge system. The pressure
in the output and efficiency of nuclear power plantsis in the primary circuit is 16.2 MPa and the flow rate is
currently realized by the MIR1200 design, which 86,000 m>h™. The inlet water temperature in the
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primary circuit is 298.2 °C and output 328.9 °C. The
secondary circuit consists of steam generators, turbine,
condensers, the system of low pressure and high
pressure reheating of condensate water, feed and
condensate pumps. The steam generator has an output
of 1,602 tons of steam per hour. The turbine consists of
one high-pressure and four low-pressure parts. The

Tab.1 Combination of evaluated welds
Tab.1 Kombinace hodnocenych svarovych spoji

steam escapes from the steam generator under a
pressure of 7 MPa, its dryness is less than 0.2%. Tab. 1
shows a comparison of the main technical parameters of
the existing VVER 1000 reactors after modernization
and MIR1200 [1]. The work is based on the
experiments already carried out on several model
homogeneous weld joints[2 - 4].

Parameter VVER-1000 MIR.1200 Change (%)
Heat output (MWH1) 3,000 3,200 +6.7
Electrical output (MWe) 1,070 1,200 +10.8
Average duration of shutdown (days) 40 25 -375
Annual production of electric power (TWh) 75 9 +20.0
Coefficient of utilization of the installed power 0.8 0.92 +15.0
Volume of spent nuclear power (t/ TWh) 55 35 -36.4
Project servicelife of nuclear power plant (years) 30 60 + 100

Experimental methods

The research working site (MATERIAL AND
METALLURGICAL RESEARCH Ltd.) received for
material analyses, two identical model heterogeneous
weld joints No. 5 (Fig. 1). Both pieces were welded at
the project co-researcher (VITKOVICE POWER
ENGINEERING, as.) and they were inspected visually
and subjected to other NDT (capillary tests and X-ray
inspection).

Fig.1 Weldedjoint No. 5
Obr.1 Svarovy spoj &. 5

Austenitic sockets were made from forgings made of
CrNi stabilized steel 08Ch18N10T with dimensions
2 450/g 300 x 160 mm. The forgings were for testing in
the state after solution annealing.

Sockets from the steel 10GN2MFA with dimensions
2 660/g 340 x 300 mm were in the state after hardening
and tempering. A 2-layer transient weld deposit was
welded after machining on both sockets by the method
ROS (SMAW) with the use of the electrodes EA 395/2
and EA 400/10T (positions 2, 3). Subsequently, a
2-layer anti corrosive weld deposit was welded on the
inner diameter by the method ROS (SMAW) with the
use of the electrodes CL-25/1 and EA 898/21B
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(positions 4, 5). After welding, the sockets with weld
deposits were heat treated by the mode a 650 °C/10h.
The detailed execution with positions is presented in
drawing 3-N-804-096.

Weld joints of the sockets were made by the APT
method using the wire SvO4Ch19N11M3 with the
welding flux OF-6.

The framework process for the production of both
model welds is the following:

Mechanical machining of the sockets, incl. flaw
detection of welding and weld deposit edges.

Overlaying of the transition layers 1 and 2 on the
socket 10GN2MFA by the ROS method with
application of the prescribed heat treatment mode,
incl. measurement.

Flaw detection and repair of the layers 1 and 2 of the
weld deposit.

Welding of the layers 1 and 2 of anti corrosive
welding on the socket 10GN2MFA dleeve by the
ROS method with application of the prescribed heat
treatment mode, incl. measurement.

Flaw detection and machining of layers 1 and 2 of
the weld deposit.

Heat treatment of the overlaid sockets 10GN2MFA
with the use of the mode 650°C/10h with controlled
heating and cooling, incl. measurement.

Welding of the sockets 0BCh18N10T with overlaid
sockets 10GN2MFA, weld root by MIG (GMAW),
method, weld joint filler by APT (SAW) method.

Flaw detection of the weld joint.

Within the frame of the experimental program, the
chemical composition of the heterogeneous weld joint
along its width was also verified in individua layers of
weld deposits (Fig. 2). The results of tests of mechanical
properties are summarized in Tab. 2.
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08CH18N10T SK 10GN2MFA

FL1

Layer 2 of the weld deposit

Layer 1 of the weld deposit

FL2

Fig.2 Welded joint - detail
Obr.2 Svarovy spoj - detail

Tab.2 Resultsof testing of mechanical properties of the welded joint and of weld deposit
Tab. 2 Vysledky zkouSek mechanickych vlastnosti svarového spoje anavaru

Measured values PNAEG-7-010-89 resp. RTD 2730.300.02-91
Weld joint Anti-cg;;cgssii\{e weld Weld joint Anti-cg;’)c:)s;i\{e weld
mate | witwedngfi OFs | FABSZIB | i OF | A 89928
Rm 597 - 612 649 — 670 min. 491 min. 539
. Rp0.2 406 — 471 449 — 479 min. 245 min. 343
207¢ A% 28.0-38.0 33.6-404 min. 25 min. 16
Z% 59.8 - 64.1 39.8-42.8 min. 35 min. 30
Rm 408 — 418 477 — 487 min. 343 min. 441
. Rp0.2 286 — 336 352 -379 min. 196 min. 245
H07C A% 18.8-25.2 16.8-20.8 min. 15 min. 10
Z% 65.7-75.2 28.6-35.6 min. 25 min. 20

Intercrystalline corrosion

The evaluation of the complex properties of the
heterogeneous weld joint comprised also the assessment
of its resistance to intercrystalline corrosion, which was
tested according to GOST 6032-2003 by AM method.

A tota of 4 corpuscles were always removed from the
weld joint surface and from the anticorrosive weld
deposit, which were then subjected to an initiation of the
intercrystalline corrosion according to the above-
mentioned norm in a defined acid solution, and which
were consequently bent on the mandrel and checked for

the presence of cracks. No cracks were detected. Fig.3  Samplesafter IGC test

All test corpuscles met the requirement for resistance to ~ Obr. 3 Vzorky po zkousce MKK
intercrystalline corrosion (Fig. 3).
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Low cycle fatigue

For evaluation of resistance to low cycle fatigue,
smooth test specimens with "button end" with
adiameter of the loaded section of 8 mm were
manufactured (Fig. 4). The test specimens were taken in
the transverse or in the tangential direction of the base
meaterials and across the weld joint.

?19

.

100

Fig.4 LCF specimen
Obr. 4 Zkusebni t&leso pro zkousky NCU

Test specimens for determination of the Manson-Coffin
cuve and of the strain hardening curve were
manufactured from the experimental material. The tests
of low cycle fatigue were conducted in accordance with
the standard ASTM E606 [5] at the laboratory
temperature and at the temperature of 350°C on the
MTS 100 kN servo-hydraulic testing device in the mode
of control of axial deformation by an alternate load
tension-compression. During these tests, the constant
amplitude of the total strain g, was maintained. Low
cycle fatigue tests were performed at a constant velocity
of the total stran &.=4.10°s". Longitudina
deformation of the test bodies was read by a sensor with
the 12mm base. For a complex assessment of the
material response to a plastic deformation, a cyclic
stress-strain curve characterizing plastic response of
materia for major part of the fatigue service life was
determined in the form

_ n
Ga_k'gapl,

Where k is the cyclic reinforcement factor and n is the
cyclic strain hardening exponent.

Stress amplitude (MPa)

Plastic deformation amplitude (%)

Fig.5 Effect of temperature on cyclic stress-strain curve
Obr.5 Vliv teploty na cyklickou kiivku napéti-deformace

In this way, it was possible to construct the Manson-
Coffin curve of service life and the cyclic curve of the
strain hardening from the saturated vaues (Fig.5),
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which characterize the deformation behaviour of the
material over the major part of its fatigue service life,
and which are therefore material characteristics.

Evaluation of fracture behaviour and
corrosion cracking

Evauation of fracture behaviour of the steel
10GN2MFA-A was made on the basis of fracture
toughness parameters at 290°C in accordance with the
ASTM E1820-09 [6]. For this purpose, test specimens
of type C (T) were taken with thickness B = 12.5 mm
and width W = 25 mm so that the fatigue crack would
propagate through the interface 10GN2MFA — weld
deposit layer 1. The test specimens were then loaded at
a constant speed of movement of the piston rod of the
servo-hydraulic testing machine of 0.5 mm-min™. The
heating was ensured by a three-zone furnace. The
specimen temperature was measured with a NiCr-Ni
thermocouple spot welded to the test specimen in the
area of the fatigue crack. During each test, it was
possible to detect a crack opening in the load axis using
aspecially developed jig.

For each test specimen, a record of the force-notch
opening in the load axis was thus obtained. The fracture
behaviour of the steel 10GN2MFA a 290°C is
characterized by a steady growth of a ductile crack. To
describe this behaviour, it is appropriate to use the
concept of the so-called R-curves interpreting the
dependence of the fracture toughness parameter
(J - integral, critical opening of the crack ) on a stable
increment of the crack Aa. After unloading, the test
specimens were fully broken in aliquid nitrogen and the
initial length of the fatigue crack ap and its stable
increment Aa were measured on the fracture areas using
amicroscope.

Figure6 shows the R-curve determined at the
calculation temperature, or a a temperature
corresponding to the operating state on the hot collector.
Remote points are caused by swerving of a crack, which
should have been located at the interface of the material
10GN2MFA and the first weld deposit layer. After
testing, all test specimens were subjected to
fractography analysis of fracture areas in order to
determine precisely the location, in which the crack
propagated.

Corrosion cracking is defined as the process of initiation
and subcritical growth of the macroscopic crack due to
the simultaneous action of tensile stress (from external
strain or stress) and corrosive environment. Learning of
the regularities of corrosion cracking and corrosion
fatigue consists therefore in understanding the complex
interaction between the properties of the material, the
properties of the environment and the manner of strain.
Corrosion cracking occurs only if the stress level,
properties of the corrosion environment and material
properties achieve simultaneously the limit values
necessary for its occurrence.
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Specia attention is during experiments devoted to the
stage of sub-critical growth of the macro-crack, mainly
because it is based on practical experiments performed
on materias of really manufactured components where
it is no longer possible to influence the manufacturing
process itself or the technology or operating conditions
that are dictated by the technical conditions of the
operation of the given nuclear power plant.

Due to the fact that the sub-critical growth of cracks
takes place with respect to the operating conditions
(temperature) and material parameters (tough steel) by
the mechanism of stable growth of the ductile crack, it
is necessary to quantify it by the relevant parameters of
the fracture mechanics. Stable growth of cracks can be
described on the basis of the parameters of linear
fracture mechanics, which is usually the stress intensity
factor K (MPam') or the elastoplastic fracture
parameter 6 (mm) - the opening of the crack face or
J-integral (N-mm™).

In principle, two methods are used for assessment of
corrosion cracking. The first one is based on slow tests
in the uniaxial tension of cylindrical test specimens
when the factor used for the assessment is the value of
contraction. The second method uses a slow loading of
test specimens with crack for evaluation of the fracture
behaviour when the effects of the environment and
temperature are reflected by a reduction of the initiation
value for stable growth of the crack, or by the
occurrence of an intercrystalline fracture on fracture
surfaces.

Evaluation of resistance of the materid of a
heterogeneous weld joint made of low-alloyed bainitic
steel 1I0GN2MFA and austenitic steel 08Ch18N10T to
corrosion cracking was made on the test specimens of
type C(T) with thickness B=125mm and width
W =25mm with initial fatigue crack. Test specimens
were loaded at a constant speed of movement of the
piston rod 1.8-10* mm-s™, while even in this case, the
evolution of the force- piston displacement was
recorded. After loading to the selected value of the
piston displacement, the test specimens were fully
broken in liquid nitrogen and the lengths of the initial
fatigue cracks and their stable increments were
measured with the use of the measuring microscope. For
the evaluation of the results, the concept of the fracture
mechanics was used and the opening of the crack face
J (mm) was chosen as its parameter.

Fig. 6 shows the effect of the aquatic environment with
elevated temperature and pressure on the change in
fracture behaviour in comparison with the ar. The
change, especidly in the area of the R-curve, which
illustrates an intense ductile growth of the crack, is well
noticeablein Fig. 6.

What is significant, however, is that the initiating values
for the readlisation of the ductile growth are relatively
close to each other. For the value of stable increment of
0.2 mm, the value of opening of the crack on air at
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290°C is equa to 6 =0.17mm. In the aguatic
environment, the crack opening is then reduced to the
value 6=0.15mm, which, expressed by the stress
intensity factor K, means a drop from the value of
171 MPa-m™ for air to the value of 158 MPa-m"? for
the aguatic environment.

8 (mm)

Aa (mm)

Fig. 6 Effect of water environment and working temperature on
fracture behaviour of heterogeneous welded joint

Obr. 6 Vliv vodniho prostiedi a pracovni teploty nalomové chovani
heterogenniho svarového spoje

The finding, that fractographic analysis of fracture
surfaces of the specimens exposed to corrosion in an
aquatic environment at elevated temperature and
pressure did not confirm an occurrence of
intercrystalline fracture, is also of great importance. It
can be therefore assumed that the technological and
material execution of the evaluated weld joint has a high
resistance to corrosion cracking in the environment of
boiler water.

Conclusions

This paper deals with the study of conventional and
unconventional properties of a heterogeneous weld joint
made from low alloyed bainitic steel 10GN2MFA and
from austenitic stainless steel 08Ch18N10T intended for
pressure vessels of the primary circuit of nuclear power
plants of the type MIR 1200. The paper summarizes the
results of the basic mechanical properties and compares
them with the requirements of the PN AEG directive.

It follows from the obtained values that both the yield
strength and the strength limit are significantly higher
than the requirements, while the plastic properties
(ductility and contraction) also met.

It follows from the performed chemica analyses of
individual layers of the heterogeneous weld joint, that
the requirements for chemical composition in the
individual layers of the weld joint are also met. What
concerns the unconventional properties, specia
attention was paid mainly to the assessment of the low
cycle fatigue at the project temperature, to which the
nuclear power plant components are dimensioned, as
well as to the assessment of the fracture behaviour at
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Zacina se nedostavat oceli

Die Welt 11.04.2017

Radost a Zalost lezi v ocelérském odveétvi asto blizko sebe. Jesté pred nekolika mdlo mésici se vyrobci oceli kvali
prilivu oceli z Ciny a padu cen vidéli krétce pied propasti. Nyni se situace naprosto otodila. Alespon némecké huté
pracuji svytizenim pies 90 % na hranici svych moznosti, navic EU svymi antidumpingovymi opatienimi dovozy
oceli z Dalného vychodu omezila, a tim se postarala 0 zvySeni cen. Zotaveni ocelétského pramyslu vhani ovsem
do probléma jiné odvétvi: zpracovatelské. ,,Vyvoj cen oceli Zene do likviditnich problémt prvni subdodavatele”,
varuje napiiklad praimyslovy svaz tvareni plechia (IBU). , Situace je dramatickd,” podtrhuje jednatel IBU Benhard
Jacobs v rozhovoru s novinami ,, Die Welt“. Ohrozuje to mimo jiné velké vyrobce automobilt. Dalsi problém vznika
u ploché oceli, piesngji feceno u Sirokych past, valcovanych zatepla, u niz v uplynulych nékolika mésicich stoupla
cena o témer 75 %. Na spotovém trhu stoji dnes za tepla vélcované plechy kolem 570 € za tunu ato je 0 240 € vic,
nez pied rokem. Ceny zde piikie stoupaji od listopadu 2016 na nejvySSi hodnotu za poslednich 6 let. Zatizeni pro
mnohé subdodavatele jde tak do milioni. Kupuje-li dnes podnik naptiklad 7000 tun za tepla valcovanych plechu,
lezi vicen&klady u 1,8 mil. €. Pro stfedostavovské podniky je to dramaticky mnoho. Cenové skoky zvy3uji
pozadavky na likviditu a pretézuji Gvérové limity. Vysledkem jsou insolvence. Postizeno je zatim kolem 500 firem,
které dodavaji tvarené dily zoceli predevSim vyrobcim automobili a systémovym dodavatelim, ae také
elektrotechnickému pramyslu, strojirenstvi a vyrobcim |ékarské techniky, pragek, ledni¢ek, zamka a kovani.

Schoeller Werk vyrabi p¥imé roury o delce 36 m

marketsteel.de 18.04.2017

Chladici systém je centralni soucasti elektrarny. Horkéa para, kterd je nutna pro vyrobu proudu, musi byt za turbinou
ochlazena a nasledné znovu piivedena do systému. Se stoupajicim vykonem elektraren se zvétSuje také sekundarni
okruh k chlazeni systému a tam pouzivané roury jsou delSi. Ty musi soucasné odolavat zvySenym pozadavkim,
protoZe jsou vystaveny silnym zétézim vysokych teplot a tlaku a kazdy defekt mize vést ke Skodédm na zdravi,
Zivotnimu prostiedi a vécnym skodam. ,, V&tSi efektivita a vétsi vykonnost pii maximani bezpecnosti. Tato deviza
plati v energetickém odvétvi jiz dlouho. My s naSimi cennymi feSenimi problémi trub podporujeme naSe zékazniky
pii optimaizaci funkéni bezpecnosti jejich elektraren”, fika Markus Zimmermann, $&f tymu u Schoeller Werk.
» Podle specifikace zakaznika maji naSe roury pramér od 15 do 25,4 mm a silu stény od 0,8 do 2,11 mm. Pro jgich
vyrobu se pouziva Siroka paeta austenitickych a feritickych oceli. Ty jsou ngjen obzvl&st korozivzdorné, ale také
odolné proti vysokym teplotam.”
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