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Using mathematical

modeling based on existing parametric regression equations the prediction of

microstructure-phase transformations in heat affected zone( HAZ) metal of base material (steel 15Kh2NMFA) of
WWER-1000 reactor vessel in arc cladding of protective anti-corrosion layer was carried out as well as performed
comparative analysis of modeling results with obtained experimental data of dilatometric and metallographic
analysis. The comparison of results ensures formation of bainite-martensite structure in HAZ metal of WWER-1000
reactor vessel, however a value of content of martensite in calculation and experimental determination is different
on ~40...50%. To clarify the calculated results, a thermokinetic diagram of the decomposition of supercooled
austenite was constructed for characteristic cooling rates (3; 4, and 5 °C/s) during the welding/surfacing thermal
cycle. As a result, adequate parameters of the microstructure-phase composition in the HAZ of steel 15Kh2NMFA

at corrosion-resistant cladding were obtained.

INTRODUCTION

Nuclear power occupies a leading position in the
production of electricity in Ukraine. Most nuclear power
plants are of the type WWER-1000, reactor pressure
vessels (RPV) of which is made of thick-wall forged
shells of low-alloy high-strength steels of pearlite class
of 15Kh2NMFA grade, welded by girth welds. To
protect the RPV from corrosion, austenitic material was
deposited on the inner surface. Currently, most reactors
of this type have already reached an assigned resource
for safe operation. Therefore, an important scientific and
technical task is to assess the possibility of extending
the resource of their safe operation. To justify the
extension of the RPV service life, it is necessary to take
into account the residual stresses resulting from welding
or cladding heating, and their redistribution in the
further process of heat treatment.

Technological parameters of process of anti-
corrosion cladding can have significant effect on
microstructure-phase composition in melting zone (M2)
and heat-affected zone (HAZ) of 15Kh2NMFA pearlitic
steel, as well as on distribution of residual stresses in
WWER-1000 RPV. For a reliable calculated prediction
of the residual stresses in the cladding zone of RPV, it is
necessary to take into account the structural-phase
composition formed in the HAZ.

Analysis of open access references shows [1-7] that
there are not exact data on microstructure-phase
composition of the RPV steel after arc cladding as well
as there is no it’s complete CCT diagram of overcooled
austenite decomposition.

Existing metallurgical CCT diagrams of RPV steels
[8, 9], obtained for typical at heat treatment procedure
long-term holdings at maximum temperature and low
cooling rates, do not allow to determine a final
microstructure-phase composition of metal in HAZ due
to peculiarities of welding/cladding thermal cycle.

There are data [10] that there is formation of bainite-
martensite microstructure in HAZ metal at cooling rate
3.3...28°C/s in 800...500 °C temperature range for
steel 15Kh2NMFA and critical cooling rate, above
which completely martensite structure is formed in HAZ
metal, makes 30 °C/s. The results, obtained in work
[11], vice versa, show that typical welding thermal cycle
with cooling rate 3...6 °C/s can produce the formation
of mainly martensite microstructure. In the atlases and
collections of CCT diagrams [12-14] also there are no
data for steel 15Kh2NMFA at heat treatment and
welding/cladding.

New data [15-17] on transformations in RPV steels
15Kh2MFA-A and 15Kh2NMFA under conditions of
different thermal cycles of cooling have been presented
recently, analysis of which showed presence of specific
differences of temperatures of start and end of phase
transformations, critical cooling rates and fractions of
structural constituents. These differences, apparently,
are related, on the one hand, with little various chemical
composition of researched reactor vessel steels, and on
the other hand, with difference of methods (devices),
used for determination of temperature phase
transformations, including dimensions of samples and
duration of holding in austenite temperature range [15-
17].

In recent times, the mathematical models got a large
development for prediction of phase composition of
structural steels at thermal effect [18-21]. The
objectives of the current work are determination of
possibility of application of mathematical modeling of
kinetics of microstructure transformations in HAZ metal
of WWER-1000 RPV during arc cladding taking into
account different technological parameters and
conducting of experimental validation of the calculation
results using physical modeling of thermal-deformation
state at welding/cladding by Gleeble 3800.
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TECHNOLOGY, MATERIAL
AND RESEARCH METHODS

In accordance with the requirements of normative
documentation [22], corrosion-resistant coatings of the
RPV should be performed using automatic arc cladding
with submerged arc welding strip (Fig. 1), or manual arc
cladding with coated electrodes or argon-arc cladding.

Tatmacon

Fig. 1. Submerged arc welding using a strip electrode

In accordance to reference document [23] automatic
submerged-arc cladding with strip electrodes was used
for cylinder part of RPV and manual arc cladding with
coated electrodes was used for surface of nozzle zone
(inner surface of Du850 nozzle and their fillets) whereas
other difficult-to-weld places of vessel — by manual arc
surfacing with coated electrodes.

The technological parameters for automatic
submerged-arc cladding by strips were the following
[24-27], namely: current 1,=650 A, voltage U,=32V,
width of strip electrode 60 mm, temperature of
preheating and concurrent heating T,=250 °C, cladding
rate v;=10 m/h. Technological parameters for manual
arc cladding with coated electrodes: current
1,=130...150 A, voltage U,=26...30V, electrode
diameter 4-5mm, temperature of preliminary and
concurrent heating T,=250 °C, cladding rate vs=3 m/h.
Composition of base material of steel 15Kh2NMFA is
presented in [28].

Chemical composition of 15Kh2NMFA steel
samples (Table 1) was determined on atomic emission
spectrometer with inductively-coupled plasma ICAP
6500 DUO (TERMO FISHER SCIENTIFIC, USA).
Content of carbon was determined by coulombometric
method. Thermal-physical properties of base metal and

RPV cladding consumables depending on temperature
are given in works [29, 30].

To verify the results of mathematical modeling of
the microstructural composition of the HAZ metal
15Kh2NMFA steel after arc cladding physical modeling
was carried out on a Gleeble 3800. CCT thermokinetic
diagrams of austenite decomposition were plotted at
different cooling rates of 1; 3; 5; 7 °C/s. Microstructure
of samples were studied by optical metallographic
microscope Neophot-32 (Japan), scanning JSM 840
(JEOL, Japan) and transmission JEOL 200CX (JEOL,
Japan) electron microscope. Vickers hardness
measurement was performed on hardness gauge M-400
of LECO Company at 100 g and 1 kg loading.

MATHEMATICAL MODEL

Mathematical modeling was carried out on a finite-
element model of nozzle zone of WWER-1000 RPV,
cladding of which was performed on both mentioned
above technologies. Two types of cladding heating
source were used: strip source for cylindrical vessel
shell and spot source, simulating manual cladding with
coated electrodes, for inner surface of nozzle.

A temperature problem was solved in 2D
formulation at assumption of fast moving heat source
and axial symmetry of cladding of protective layers with
respect of axis of cylindrical RPV shell or axis of nozzle
at boundary condition of convective heat exchange with
environment. Distribution of heat power of strip source
W, and spot source W, with 2D formulation in a
cylindrical coordinate system can be described by
dependencies (1) and (2), respectively:
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where D,=z-z;; D,=r-rg; r, z — coordinates (radial and
axial) of considered point of the nozzle zone; ro, zg —
coordinates of a center of moving heat source; K,; K, —
coefficients of concentration of specific heat flow; t, —
heating time; Q — effective power of heating source
(Q=ul Jy); u — efficiency coefficient; v — cladding rate;
b — strip electrode width.

Table 1
Composition of examined steel 15Kh2NMFA
Chemical composition steel, wt.%
C Si Mn Cr Ni Mo Cu \Y S P
Sample 0.17 0.28 041 | 204 | 1.37 | 0.63 | 0.03 0.12 0.01 0.01
Standard
0.13...|0.17... | 0.3... | 1.8... [ 1.0... | 0.5... 0.10...
-765- <0.3 <0.02 | <0.02
Tu 10[287]65 | 018 | 037 | 06 | 23 | 15 | 07 | = 012 | = =

Note. Base — iron. Content of elements shall not exceed, wt.%: Co < 0.03; As < 0.04. For steel 15Kh2NMFA-A
content of elements shall not exceed, wt.%: Sn < 0.005; Sb <0.005; Cu<0.10; S<0.012; P <0.010; As <0.010.



Distribution of residual stresses in vessel material
depends on microstructure composition and, respectively,
on mechanical properties in MZ and HAZ. In accordance
with calculation approach [18, 19], based on application
of parametric regression equations, the results of
calculation of maximum fraction weight of each
microstructure phase (V™ — martensite; /™ — bainite;

Vfg‘ax — ferrite-pearlite) in a final structure after cooling

depend on chemical composition of steel and typical time
Atgs(s) of cooling from 800 to 500 °C and can be defined
by formulas (3) — (5):
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where Atr?]O is the time (s) of cooling from 800 to 500 °C

temperature, at which in microstructure after cooling
there is formation of 50 % of martensite (V ™ =0.,5);

At?,?is the time (s) of cooling from 800 to 500 °C

temperature, at which in microstructure after cooling
there is formation of 50% of ferrite-pearlite (V Tﬁ*); S,
P

Sip are the parameters of model of austenite decay.
Values of parameters At>C, At?;), Sm, S for low-alloy

steels are determined according to data of work [18].
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Fig. 2. The results of the calculated prediction of the
kinetics of the decomposition of austenite in HAZ during
arc surfacing: a — manual arc surfacing with coated
electrodes; b — automatic submerged-arc welding with

tape b =60 mm

Results of calculation for two technologies of arc
cladding showed (Fig. 2) that automatic submerged arc
cladding with width of strip electrode b=60 mm provokes
formation of bainite-martensite structure in HAZ,
martensite fraction reaches up to 12%. At manual arc
cladding with coated electrodes (width of cladded pass
b=15 mm) fraction of martensite in HAZ reaches 48%
due to higher cooling rate.

PHYSICAL MODELING

To verify the obtained calculated results experiments
on physical modeling on Gleeble 3800 of thermal cycles
of cladding for samples from 15Kh2NMFA steel were
conducted and a study of their microstructure was carried
out. In the process of modeling on the Gleeble 3800
several modes of thermal cycles were simulated: at
constant cooling rates with and without exposure at the
maximum temperature of the thermal cycle, with cooling
according to the real thermal cycle of cladding at different
maximum temperatures without prolonged exposure.

In physical modeling of a thermal cycle with a long
exposure during heating samples were heated to 1000°C
per 10 min, hold at 1000 °C temperature for 170 min, that
made the total time of heating 180 min, and next cooling
at constant rate 1; 3; 5; 7 °C/s. Dilatometric data recorded
during process of thermal effect were wused for
construction of the CCT diagram of overcooled austenite
decomposition (Fig. 3).
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Fig. 3. Comparison of the constructed (® ) and
existing [15] CCT diagram of austenite decomposition of
steel 15Kh2NMFA-4

A comparative analysis of the constructed and existing
[15] CCT diagrams of 15Kh2NMFA steel showed that
they are slightly different. The differences lie in the
presence of a high-temperature region of bainitic
transformation within all studied cooling rates. The
temperatures of the onset of bainitic transformation in the
existing CCT reach 500-510 °C for low cooling rates,
while in the constructed diagram the temperature of the
onset of bainitic transformation reaches 607 °C for a
cooling rate of 1 °C/s.

The results of metallographic studies of samples at
cooling rates of 1; 3; 5; 7 ° C/s are presented in Fig. 4.
Obtained results showed (Table 2) that as the cooling rate
increases, the proportion of martensite in the sample
structure increases from 8% to 80 % (by structural
analysis) or from 26 to 66 % (by Gleeble). and the



hardness of HVI1
4700...4820 MPa.

increases from 3530...3780 to

Fig. 4. Microstructure of 15Kh2NMFA steel samples at
cooling speed: a—1°Cls; b —3 °Cls; ¢ — 5 °Cls;
d—7°C/s. x500

Table 2
Results of metallographic analysis
Cooling Vickers
rate Wgjs, hardness A B
°Cl/s HV1, MPa

1 3530...3780 92/8 74/26

3 4070...4670 37/63 44/55

5 4390...4760 32/68 41/59

7 4700...4820 20/80 34/66

Note: A — fraction of bainite/martensite on results of
structure analysis (%); B — fraction of bainite/martensite
on results of Gleeble analysis (%).

Also a physical simulation of the thermal cycle was
carried out without prolonged heating exposure. The
proposed thermal regime included heating to 1000 °C,
holding at this temperature for a duration of 1s and
subsequent cooling at a constant speed of 5 °C/s.

The analysis showed a sufficiently good
correspondence of the obtained and existing data [15] on
the transformation temperatures in steel 15Kh2NMFA

during the thermal cycle without a long holding time with
a constant cooling rate of 5 °C/s. Thus, the temperatures
of the onset of the martensitic transformation of 452 °C
and the end of the martensitic transformation of 320 °C
correspond well to the similar temperatures at the CCT
presented in [15], which at a given cooling rate are 445
and 300 °C, respectively. The results of quantitative
microstructure analysis confirmed the formation of
~ 100 % martensitic structure (Fig. 5).

In a real cladding process metal cooling does not
occur linearly, therefore, physical modeling of
characteristic thermal welding/cladding cycles
(preheating temperature T,=250 °C) was carried out for
15Kh2NMFA steel samples with different cooling rates in
the temperature range 800...500°C (3; 4; 5°C/s) and at
two different maximum heating temperatures (1000 and
1350 °C). Table 3 shows the maximum fractions of the
microstructural phases and transformation temperatures
under the conditions of a real thermal cycle of
welding/cladding for steel 15Kh2NMFA.

i

Fig. 5. Microstructure of 15H2NMFA steel sample at
5 °C/s without long exposure, x500

Metallographic studies of samples after modelling on
the Gleeble 3800 real thermal cycles of cladding at a
cooling rate of 5°C/s (in the temperature range
800...500 °C), differing in the maximum heating
temperature, are presented in Fig. 6.

The structure of the sample obtained by the real
thermal cycle of welding with a maximum heating
temperature of 1000 °C is characterized by a banded
inhomogeneous structure consisting of alternating strips
of dispersed fine-needle martensite (80 %) and coarse-
needle structure of lower bainite (20 %) (see Fig. 6,a).

Table 3

Transformation temperatures of 15Kh2NMFA steel under real thermal
cycle conditions at cooling rates of 3; 4; 5 °C/s

Cooling rate, Critical points, The transformation temperature

°C/s_maximum °C in the cooling stage,’C Beinite/Martensite,
heating %

temperature,’C A Ac Bs M M
3_1000 751 885 479 - 306 100/0
4 1000 711 881 475 334 273 70/30
51000 731 870 457 - 308 20/80
31350 735 876 491 - 324 95/5
41350 714 862 481 352 288 90/10
5 1350 714 872 480 - 288 0/100




Fig. 6. Microstructure of the sample at 5 °C/5, obtained
by a real cladding thermal cycle at maximum heating
temperatures of 1000 °C (a) and 1350 °C (b), x500

The sample’s structure obtained by the real thermal
cycle with a maximum heating temperature of 1350 °C
is characterized by a homogeneous martensitic structure
(see Fig. 6,b). The size of large martensitic packets is 50
... 60 microns, and small — 20...30 um. Vickers hardness

HV1 of this structure varies from 4130 to 4530 MPa.

A comparison of the microstructures of the studied
samples shows that a change in the maximum heating
temperature has almost no effect on the kinetics of the
formation of the martensitic phase, does
significantly affect the temperature of the beginning and
end of phase formation, but affects the maximum
proportion of phases in the final microstructure up to

20%.

not

DISCUSSION OF RESEARCH RESULTS

A comparison of the obtained experimental data and
the results of mathematical modeling of microstructural
transformations during a real cladding cooling cycle
shows that the martensite content in the HAZ of
15Kh2NMFA steel is significantly different (the
difference is up to 50 %). Therefore, to adequately
simulate the kinetics of microstructural transformations
in the HAZ metal during corrosion-resistant cladding of
the VVER-1000 RPV, it is necessary to
experimental CCT  diagram  constructed
characteristic welding/cladding thermal cycles.

To carry out mathematical modeling
microstructural  transformations in the HAZ
15Kh2NMFA steel, an averaged CCT diagram
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austenite  decomposition was constructed for the
characteristic thermal welding/cladding cycles (Fig. 7).

Comparison of the constructed CCT diagram with the
existing diagrams shows an insignificant difference in the
temperatures of the beginning and end of transformations
(~ 50 °C), and the main difference is related to the range of
martensitic-bainitic transformation and its critical cooling
rates.

Point A corresponds to the beginning of the martensitic-
bainitic transformation (100 % martensite, according to the
existing data cooling rate 5 °C/s), point B — to the end
(100 % bainite, cooling rate 0.6 °C/s). These are the so-
called “critical” cooling rates in the range of martensitic
and bainitic transformations.

According to the obtained results the point Al
corresponds to the critical cooling rate of the martensitic
transformation at 5 °C/s and B1 — to the critical cooling
rates of the bainitic transformation at 3 °C/s, and this points
do not coincide with the literary data (points A and B).
Therefore, according to experimental data obtained for real
cladding thermal cycles the range of critical transformation
rates during welding/cladding is more narrow than that
given in existing metallurgical CCT diagrams [8, 9, 15-17].

CONCLUSIONS

1. A comparative analysis of the calculated and
experimental results of the study of phase transformations
during anticorrosive cladding of the WWER-1000 reactor
pressure vessel showed a significant effect of the
technological parameters of the arc cladding process on the
kinetics of microstructural transformations and the final
phase composition of the HAZ metal of steel
15Kh2NMFA.

2. Using of the calculation method, based on parametric
regression equations, allows to predict the phase
composition of the HAZ metal for manual arc cladding
with coated electrodes (cooling rate 8...9 °C/s) with a
maximum martensite content of ~50%, and for automatic
submerged arc welding with strip electrodes (4...5 °C/s) —
the maximum content of martensite is 15%.
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Fig. 7. TCD of austenite decomposition of steel 15X2NMFA for typical welding cooling cycles

3. It was experimentally defined that in the studied
of 1..7°C/s, the final
microstructure of the HAZ metal of 15Kh2NMFA steel
after prolonged exposure at a temperature of 1000 °C in

range of cooling rates

the austenitic range consists of a bainite-martensitic
mixture, and after a short exposure time of ~ 1 s —consists
entirely of martensite.



4. The influence of the maximum heating
temperature (1000 and 1350 °C) of the sample during
the real cladding cooling cycle on the nature of the
transformation, microstructure, fraction of the forming
phases, and the temperatures of the beginning and end
of the formation of bainite and martensite is shown.

5. For adequate modeling of the Kinetics of
microstructural transformations and the final structural-
phase composition in the HAZ during anticorrosive
cladding of the VVER-1000 RPV, it is necessary to use
experimental CCT  diagrams  constructed  for
characteristic welding/surfacing thermal cycles in which
there is no long exposure at the austenization
temperature. For this purpose, the simplified CCT
diagram for 15Kh2NMFA steel, based on the processing
of experimental data for two maximum heating
temperatures and different cooling rates, is proposed.
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IMPOTHO3UPOBAHUE CTPYKTYPHBIX IPEBPAIIIEHA B 30HE TEPMUYECKOI'O
BJMSIHUSI CTAJIM 15X2HM®A IIPU AHTUKOPPO3MOHHOM HAILJIABKE

JIM. Jlobanos, B.A. Kocmun, O.B. Maxunenxo, B.B. Kyxos, E.C. Kocmenesuu

MertomaMn MaTeMaTHYeCKOTO MOJCIUPOBAHUS HAa OCHOBE I1apaMETPUYECKHX PETPECCHOHHBIX YpPaBHEHMH
BBITIIOJTHEHO MPOTHO3UPOBAaHHE MUKPOCTPYKTYPHBIX H3MEHEHHI B MeTaJlle 30HBI TepMuieckoro BiusHus (3TB) cramu
15X2HM®A kopnyca peakropa BBOP-1000 npu nyroBoil HamiaBke 3allMTHOTO aHTUKOPPO3HOHHOTO CJIOSI, @ TAKKe
NPOBEIICH CPaBHHUTEIBHBIH aHAIN3 pPE3yIbTaTOB MOJCIMPOBAHUS C IOJyYCHHBIMH SKCHEPHUMEHTAIBHBIMH JAHHBIMH
JMJIATOMETPHUYECKOTO M MeTayuorpadudeckoro aHann3oB. CONOCTAaBICHUE TOJNyYEHHBIX PE3yIbTaTOB HOATBEPKIACT
(dopmupoBaHue OCHHUTHO-MapTEHCUTHON CTpPYKTypbl B Metamie 3TB kopnyca peakropa BBOP-1000, omxako
BEJIMYMHA COAEP)KAaHUS MapTEHCHUTA MPH PACYETHOM M AKCIEPUMEHTAIBHOM OIpeneneHnn otinudaercs Ha ~ 40...50%.
Jlis  yTOYHEHHS  pacueTHBIX pe3yJbTaTOB ObUIa  IOCTPOCHA TEPMOKHMHETHYecKas JuarpamMma pacrajia
[EPEOXJIAKIEHHOI0  ayCTeHHTa JJis  XapakTepHbiX  ckopocredl oxnaxkmenus (3; 4 u  5°C/c) npu
CBapOYHOM/HAIUIABOYHOM TepMOLMKIe. B pesynprare ObUIM MOTy4eHBI aJE€KBaTHBIE HapaMeTphl MHKPOCTPYKTYPHI
Mmetauia 3TB kopmycHoit cramu 15X2HM®A npu aHTHKOPPO3MOHHON HaIlJIaBKe.

ITPOI'HO3YBAHHSA CTPYKTYPHUX IIEPETBOPEHD Y 30HI TEPMIYHOI'O BIIVIMBY
CTAJII 15X2HM®A ITPU AHTUKOPO3IMHOMY HAILIABJIEHHI

JILM. Jlooanos, B.A. Kocmin, O.B. Maxnenxo, B.B. Kyxoe, O.C. Kocmeneguu

MeroJaMu MaTeMaTHYHOTO MOJICJIIOBAHHS Ha OCHOBI IApaMETPUYHHMX pEerpeciiHuX piBHSIHb BHKOHAHO
NPOTHO3YBAHHAM MIKPOCTPYKTYPHHX MEPETBOPEHb y MeTani 30HH TepMmiudHoro BBy (3TB) crami 15X2HM®A
kopmycy peaktopa BBEP-1000 mpu nyroBoMy HariaBJICHHI 3aXHCHOTO aHTUKOPO3IHHOIO IIapy, a TAKOX MPOBEIACHO
MOPIBHSUILHUN aHaJli3 pe3ysbTaTiB MOACTIOBAHHSA 3 OTPUMAHUMH EKCIIEPUMEHTAILHUMH JaHUMH JIMJIATOMETPUYHOTO i
MeTanorpagiqaoro aHainizy. [IopiBHSIHHS OTpHIMAaHUX PE3YNbTaTiB MIATBEPIKYE GopMyBaHHS OCHHITHO-MapTCHCUTHOT
ctpyktypu B Metani 3TB kopmycy peakropa BBEP-1000, ogHak BMicT MapTEHCHUTY IPH MaTEeMAaTHYHOMY Ta
EKCIIepUMEHTAILHOMY MOJICNIOBaHHI Bifpi3HsAeThes Ha ~ 40... 50%. [{ns yrouyHeHHsS po3paxyHKOBHX pe3yJsbTaTiB Oyna
noOy/soBaHa TEPMOKIHETHYHA Jiarpama po3mnajy IepeoX0yIO/PKEHOTO0 ayCTeHITy JiIsl XapaKTepHHX IIBHIKOCTEH
oxoJiopkeHHs (3, 4 1 5 °C/c) npu 3BaproBaibHOMY/HAIIABOYHOMY TEPMOLIMKII. B pe3ysbrati Oyiio oTpuMaHo ajeKBaTHi
napameTpu MikpocTpykTypu Metairy 3TB kopmycroi crani 15X2HM®A npu aHTHKOPO31HHOMY HaIUIaBJICHHI.



