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Abstract. The Russian new nuclear reactors are provided with a special core catcher vessel device (cc-vessel) designed to minimize the consequences
of a severe beyond design basis accident at a nuclear power plant, when the reactor pressure vessel collapses and the core melts. For manufacture
of the cc-vessel structural elements, low-carbon unalloyed or low-alloyed steels are used. When a severe beyond design basis accident develops,
the cc-vessel’s body is subjected to extreme temperature and force loads, which can lead to degradation of the structure, loss of strength and failure
of the entire cc-vessel. To calculate the strength characteristics of the cc-vessel, which ensure its safe and reliable operation, the detailed data
are required on the structure and mechanical properties of low-carbon steels at high temperatures and after extreme thermal actions simulating
the development of a severe beyond design basis accident. The paper analyzes data on the structure and mechanical properties (tensile strength,
crack resistance, toughness and cyclic strength) of a number of low-carbon steels under extreme temperature and force actions, including conditions
simulating the development of a severe beyond design basis accident at a nuclear power plant, in order to select the material for the design of cc-
vessel of nuclear reactor. New data on the structure, mechanical properties, and thermal diffusivity in a wide temperature range of a Cr—Mo
steel (Russian Standard — 15KhM) as a candidate structural material for the manufacture of the cc-vessel body are presented. The low content
of manganese and alloying with molybdenum and vanadium in 15KhM steel provides a finer grained structure and eliminates the steel’s tendency
to temper brittleness.
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peakTopa U paculaBIeHHeM aKTUBHON 30HBI. /ISl U3rOTOBJICHUS] KOHCTPYKTUBHBIX AJIEMEHTOB YCTPOMCTBA JIOKAIN3ALUH PACIIaBa UCTIONB3YIOTCS
HHU3KOYIIEPOIUCThIE HEJIETHPOBAHHBIE M HU3KOJIETUPOBAaHHbIE cTanu. [Ipu pa3BUTHH TsKeI0H 3aIIpOEKTHOM aBapHu KOPITyC yCTPONHCTBA TOKAIU3all UK
pacruiaBa oJBepraeTcst 3KCTpeMaIbHbIM TeMIIEPATypPHO-CHIIOBBIM HArpy3KaM, YTO MOXKET HPHBECTH K JAETPaJalluy CTPYKTYPbI, IOTEPe NPOYHOCTH
1 paspyIIeHnto Beeil KoHCTpyKiuu. JIist pacueTa XxapakKTepHCTUK IPOYHOCTH KOHCTPYKIUH yCTPONCTBA JOKAIN3alluK PaciljiaBa, 00eCIeunBatonux
ero 6e30MacHyIo U HaJekKHYI0 paboTy, HEOOXOIUMBI JIETAJILHBIE JAHHBIE O CTPYKTYpE M MEXaHMYECKHUX CBOMCTBAX HM3KOYIIEPOIMCTBIX CTaleh
IIPU BBICOKMX TEMIIEPATypax U IOCIe HKCTPEMANIBHBIX TEPMUUECKUX BO3AEHCTBMIN, MMUTHPYIOIIUX YCIIOBHS Pa3BUTHUS TSKEIOH 3alpOEKTHOM
aBapuu. B cTaTbe aHamM3MpPyIOTCS JaHHBIE 110 CTPYKTYPE U MEXaHWYECKUM CBOMCTBAM (CTATHYECKOMY PACTSHKEHUIO, TPEIIMHOCTONKOCTH, yIapHOH
BA3KOCTH M LUKIMYECKOH NPOYHOCTH) psijia HU3KOYIIEPOAUCTBIX CTajel MpH HKCTPEMANIbHBIX TEMIEPAaTypHO-CUIIOBBIX BO3JIEHCTBHAX. B ToM
YHCJIE PACCMATPUBAIOTCS yCIIOBUS, IMHUTHPYIOLIME Pa3BUTHE TSDKEJION 3alpOEKTHON aBapuu HA aTOMHOMN JIEKTPOCTAHIMHU C LIENIbIO ONPEIeICHUs
Marepuana s KOHCTPYKIMH YCTpOICTBa JIOKaaM3alluM paciulaBa aTOMHBIX peakTopoB. lIpencTaBiieHbl HOBBIE [aHHBIE 110 CTPYKTYpE,
MEXaHHYECKHM CBOICTBAM M TEMIEpaTypolpoOBOJHOCTH B LIMPOKOM JAuana3oHe temneparyp cranu 15XM, kak KOHCTPYKIHOHHOTO Marepuasia
IUIsL H3TOTOBIICHHS KOPITyca YCTPOICTBA JIOKaIU3aUH paciiiaBa. [loHIKEHHOE colepKaHHe MapraHIla, JIeTHPOBaHUE MOMHOACHOM H BaHAJHEM

cramu 15XM obecneunBator 6osee MEIKO3EpHUCTYIO CTPYKTYPY U YCTPAHSIOT CKJIOHHOCTB CTaIM K OTITYCKHON XPYIKOCTH.

Kaloyesbvle c/108a: HU3KOYITIEPOANCTASI CTANIb, YCTPONHCTBO JOKAIN3ALNH PACIUIaBa, IPOYHOCTD, YAAPHAs BSI3KOCTh, TEMIICPATYPOINPOBOAHOCTD, MUKPO-
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- INTRODUCTION

In order to minimize consequences of beyond
the design accident (BDB) at NPS, involving destruc-
tion of reactor vessel, Russian new generation WWER
reactors are equipped with special core catcher vessels
(cc-vessel) [1; 2]. This device is a large structure with
diameters up to 6 m and the height up to 12 m, and a ves-
sel thickness of up to 60 mm. Low carbon non-alloy and
low alloy steels are used for manufacture of cc-vessel
structural elements [3]. At present only Russian NPS with
new generation reactors are equipped with a cc-vessel.
Their structural elements, vessel and support plate, are
manufactured from 22K and 09G2S steels, respectively.

In the course of BDB, the cc-vessel is exposed
simultaneously to long-term thermal impact, as well
as high static and impact loads [4 — 6]. The tempera-
ture of corium entering cc-vessel during BDB exceeds
several thousand degrees. According to calculations
the cc-vessel during localization and cooling of mol-
ten corium is heated to 1200 °C. Corium cooling takes
up to 10— 12 months [7]. Long term thermal impact
can significantly change the structural state and, as
a consequence, induce degradation of the mechanical
properties of the vessel material. This leads to strength
loss and increase in destruction of cc-vessel [8; 9]. Cal-
culations of the strength properties of the cc-vessel,
providing for its safe and reliable operation, require for
detailed data on the structure and mechanical proper-
ties of low carbon steels at high temperatures and after
extreme thermal impacts. It is important to account for
the possible heterogeneity of the structure and mechani-
cal properties of the material [10]. For the reliable opera-
tion of the cc-vessel, it is also important to retain high
impact strength and resistance against the low cycle

fatigue of vessel material after corium cooling, mostly
for NPS in areas with higher seismic hazard.

The issue of selecting the optimum material for
the manufacture of cc-vessel structural elements, capable
of providing the required level of strength and impact
strength under BDB conditions, has not been discussed.
This is partially due to insufficient data on the mechani-
cal properties and resistance against destruction of low
carbon steels under extreme temperature and load condi-
tions.

In the past decade, studies have been carried out
aimed at detailed analysis of changes in structure and
mechanical properties of low carbon steels under extreme
temperature and load conditions, including those simulat-
ing BDB [11 — 22]. In particular, the changes in structural
state were studied. The mechanical properties were estab-
lished, and the mechanical behavior of 22K and 09G2S
steels was analyzed at the temperatures from ambient
to 1200 °C. Resistance against destruction before and
after extreme impact peculiar for BDB [11; 12] was also
analyzed. Embrittlement was studied upon temperature
impacts in the range of temper brittleness of 22K and
09G2S steels under BDB conditions [14 — 16]. The influ-
ence of thermal impact on low cycle fatigue of 22K steel
was determined [17]. The advantages and disadvan-
tages of 22K and 09G2S steels are described for their
use in the cc-vessel. It was demonstrated that 22K and
09G2S steels are characterized by the following disad-
vantages: a tendency to increase in austenite grain and
decrease in strength at high temperatures due to rela-
tively high manganese content; absence of carbide form-
ing elements in the steels, as well as tendence to temper
brittleness in certain temperature range and occurrence
of brittle intergranular failure (for 22K steel). In order
to eliminate the existing uncertainties in the cc-vessel
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Table 1
Chemical composition of low-carbon steels, wt. %
Tabnuya 1. XuMu4ecKuii cocTaB HU3KOYIJIEPOAUCTHIX cTadjeii, % (1o macce)
Steel Fe C Si Mn P S Cr Mo Ni Al Cu
22K [13] basis 0.24 0.26 0.75 | 0.013 | 0.001 | 0.04 - 0.03 - 0.05
09G2S [12] basis 0.13 0.58 1.54 | 0.014 | 0.003 | 0.04 - 0.04 0.04 0.09
SA533-B1 [29] basis 0.21 0.22 1.28 | <0.020 | 0.006 - 0.52 0.61 0.01 0.03

and to improve competitiveness of Russian NPS at global
market new material for cc-vessels based on modifica-
tion of the alloying system needs to be selected. Studies
of its high temperature properties under BDB conditions
also need to be carried out.

This work analyzes previously available and new data
on the structure and mechanical properties of some low
carbon steels under conditions simulating BDB at NPS,
aimed at selecting optimum material of cc-vessel for
nuclear reactors.

] STRUCTURE AND MECHANICAL PROPERTIES
OF 22K, 09G2S AND SA533-B1 LOW CARBON
STEELS UNDER CONDITIONS SIMULATING BEYOND

THE DESIGN BASIS ACCIDENT

Low carbon steels, such as 22K and 09G2S (foreign
analogs: 20Mn5 in Germany or AISI 1022 in USA and
13Mn6 in Germany, respectively) are usually applied
as structural materials for items operating at moder-
ate mechanical loads and temperatures not higher
than 350 — 450 °C. This is related with a significant
decrease in their strength properties (especially yield
stress) upon heating to higher temperatures [23 — 25].
An important advantage of low carbon steels is their
weldability and high thermal diffusivity [26 — 28]. Little
research has been done on the high-temperature mechani-
cal properties of such steels. Published results are as
yet unavailable. As of the present moment, the behavior
of low carbon steels under BDB conditions were not car-
ried out. Only few foreign studies of high temperature
properties are available (including creeping) of low car-
bon steel with the addition of molybdenum and nickel
SA533-B1 [18; 19] to be used in cc-vessel [3]. Table 1
presents the chemical composition of SA533-B1 steel in
comparison with 22K and 09G2S steels. The work [18]
presents only ultimate strength of SA533-B1 steel as
a function of temperature, determined in tensile tests
(according to ASTM). According to this data, sharp
drop of ultimate strength from 380 to 150 MPa occurs in
the temperature range from 527 to 727 °C (Fig. 1). In addi-
tion, interest is attracted to data on thermal diffusivity
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of SA533-B1 steel. The thermal diffusivity of SA533-B1
steel in the range from 77 to 907 °C decreases from 12.1
to 4.7 mm?/s, and with temperature increase to 1340 °C,
it increases to 5.5 mm?/s [18].

Other experimental results of the high tempera-
ture mechanical properties of SA533-Bl steel were
limited by analysis of the influence of strain rate
(0.050 — 0.007 min') on the strength and plasticity in
the temperature range from 650 to 1200 °C [18].

Numerous recent works devoted to studies
of the behavior of low carbon steels under extreme tem-
perature and load conditions have been carried out for
22K and 09G2S steels [11 — 17; 30]. Three modes of ther-
mal impact simulating BDB conditions were used in these
works [7].

Mode 7: heating to 1000 °C at the rate of 225 °C/h;
cooling to 900 °C at the rate of 6 °C/h; cooling to 840 °C
at the rate of 1 °C/h; holding at 840 °C in 39.2 h; cool-
ing to 750 °C at the rate of 2 °C/h; cooling to 700 °C
at the rate of 2 °C/h; cooling in furnace to ambient tem-
perature.

Mode 2: heating to 650 °C at the rate of 200 °C/h;
cooling to 480 °C at the rate of 1 °C/h; cooling in furnace
to ambient temperature.
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Fig. 1. Temperature dependence of tensile strength of SA533-B1 steel [18]:
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Mode 3: heating to 1200 °C at the rate of 225 °C/h;
holding in 3.7 h; cooling in furnace to ambient tempera-
ture.

The following main procedures were applied
by the authors to establish the mechanical properties
of steels.

» Tensile tests in the temperature range from 23 to
1050 °C were pursuant to State standards GOST 1497-84
and GOST 9651-84 using a Zwick/Roell machine,
and at 1200°C in the chamber of Gleeble 3800 testing
machine. The temperature maintenance accuracy was
+5 °C and £1 °C, respectively, and the deformation rate:
0.004 s'. The tests were performed in a vacuum. Three
samples in each state were tested.

» Impact bending tests of samples with the size
of 10x10x55 mm with V-notch were carried out
at temperatures ranging from 200 to —50 °C using
an Instron SI-1M impact tester with maximum impact
work of 300 J at the pendulum speed upon impact equa-
ling to 5 £ 0.5 m/s. The samples were heated to the test
temperature in an electric furnace, and cooled in
a LAUDA Proline RP890 climatic chamber. 18 samples
were tested, in order to plot each serial curve.

* Static crack resistance tests of rectangular samples
with notch were carried out at ambient temperature
according to three-point bending using an Instron 5569
machine. The parameter of non-linear fracture mecha-
nics was used as the property of crack resistance: critical
J-integral (JC). This in the physical sense is the energy
in the region of crack apex normalized per unit displace-
ment of crack dl. The J-integral was determined using
the experimental Begley—Landes method [31].

The strength properties of 22K (in normalized state)
and 09G2S (after quenching and tempering) steels were
determined in the range of test temperatures from 23
to 1200 °C [11; 12]. It was demonstrated that the most
significant decrease of strength of 22K steel is observed
in the range of 400 — 650 °C, and of 09G2S steel
in the range of 600 — 750 °C. Upon a further decrease
in the temperature, the unstrengthening rate decreases.
At 1200 °C, the yield stress and ultimate strength of both
steels are the same equaling to 12 and 21 —22 MPa,
respectively. The strain curves of 22K and 09G2S steels
at the temperatures above 600 and 800 °C, respectively,
have a wavelike nature. This can be attributed to streng-
thening—unstrengthening due to dynamic recrystalliza-
tion. Thermal impact according to mode / decreases
the yield stress of 22K steel by 7 — 22 % in the range
of tests temperatures from 23 to 300 °C. This also
increases the yield stress and ultimate strength by 12 — 50
and 10 — 32 %, respectively, in the temperature range
from 400 to 700 °C. At higher temperatures, the effect
of thermal impact on 22K steel is less pronounced in
the form of moderate decrease in yield stress.

Metallographic studies have demonstrated that in
both steels, 22K and 09G2S, in the case of a tempera-
ture dwell time above 1000 °C, intensive grain growth
is observed. Grain size non-homogeneity becomes more
pronounced. It was demonstrated that 09G2S steel is
more prone to grain growth upon heating to such high
temperature than 22K steel [11; 12].

22K steel in initial state is characterized by a high
resistance against low cycle bending fatigue: limited
fatigue endurance at lifetime of N =3.5-10* cycles was
360 MPa [17]. Thermal impact according to modes 2
or 3 leads to insignificant decrease in the resistance
to low cycle fatigue: limited fatigue endurance decreases
by 9 %.

Static crack resistance tests demonstrated that in
the initial state, the parameter JC equals to 118 + 8 kJ/m?,
Thermal impact according to modes / and 2 decreases
JC by 23 and 30 %, respectively, in comparison with
the initial state [30].

The highest negative influence of thermal impact
is on impact strength of 22K steel [14; 15]. Consecu-
tive thermal impact according to modes / and 2 leads
to an increase in the temperature of viscous brittle transi-
tion by ~100 °C (from 23 to 125 °C). The impact strength
KCV decreases from 180 —208 to 150 J/cm? already
at the test temperature of 75 °C, and the fractures con-
tain about 40 % of brittle constituent. On the contrary,
for 09G2S steel even long-term overheating according
to mode 3 exerts weak influence of impact strength [16].
Viscous brittle transition in 09G2S steel both in initial
state and after heating occurs in the region of low tem-
peratures (—40 and —30 °C, respectively) at an impact
strength of 285 —300 J/cm?, which is several times
higher than for 22K steel.

- EXPERIMENTAL

Low carbon low alloyed 15KhM steel can be consi-
dered as an alternative to 22K and 09G2S steels. Alloy-
ing with carbide forming elements (Mo and V) and lower
manganese content suppress the tendency of the steel
to grain growth and temper brittleness.

10 kg ingots were exposed to hot rolling with a reduc-
tion rate of 25 % and subsequent air cooling from the roll-
ing temperature. The chemical composition of steel
determined by optical emission method is summarized in
Table 2.

The modes of thermal impact simulating BDB con-
ditions were the same as in [11 — 17; 30] (see previous
section).

The tension tests were carried out according to pre-
viously described procedure [11; 12].
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Table 2

Chemical composition of 15KhM steel, wt. %

Tabnuya 2. Xumuveckuii coctas craiau 15XM, % (mo macce)

HE C | Si
0.14 | 0.41

Mn | P S
0.61]0.010.01

Al
0.01

Cr
0.64

Mo
0.50

Ni
0.01

basis

The impact bending tests were carried out according
to the procedure described in [14 — 16]. The macrogeo-
metry of fractures after tests was determined according
to [32].

The metallographic analysis was carried out using
a NIM-100 microscope at magnifications of 100 — 500%.
In order to reveal grain structure, 5 % aqueous solu-
tion of nitric acid was used. In order to identify former
austenitic grain, a warm solution of picritic acid was used.

Thermal diffusivity was measured by laser flash using
a NETZSCH LFA 457 MicroFlash (Germany). The instru-
ment is equipped with IR sensor on the basis of InSb.
The following instrument settings were used:

— laser voltage varied in the range of 1730 — 2114 V;
— threshold stability of basic line: 1.0 V/10 s.
The measurements are comprised of two stages:

—recording of the temperature increase of the rear
side of a plane-parallel sample as a function of time after
irradiation of its front side by short pulse of infrared laser
radiation 1.064 pm using a precision infrared sensor;

— calculation of thermal diffusivity using the selected
mathematical model.

The measurements were carried out in argon 6.0,
at a purge rate of 60 ml/min. The samples were coated
with thin graphite layer («<GRAPHITE 33» spray, Kon-
takt Chemie). The thermal diffusivity was calculated
using mathematical model “Cape-Lehmann + pulse cor-
rection”. This model takes into account frontal and radial
heat losses and is usually suitable for most materials.

[l RESULTS AND DISCUSSION

In initial state, 15KhM had hypopearlitic struc-
ture with the recrystallization degree of about 85 %
(Fig. 2). Predominant ferrite and pearlite grain size
was 15 —25 um. This is slightly lower than in 22K
steel [17]. After thermal impact according to mode /
the austenite grain grows by 55 %: from 23.5+ 9.1 um
to 36.5 = 14.9 um (Fig. 3). The hypopearlitic structure is
enlarged and grain size nonhomogeneity becomes more
pronounced (Fig. 4). After thermal impact according
to mode 2, the predominant grain size of hypopearlitic
structure is the same, and the recrystallization degree
increases to 99 % (Fig. 5).

The mechanical properties of 15KhM steel are sum-
marized in Table 3, and the stress—strain curves in Fig. 6.
In the temperature range of 700 — 900 °C, the yield
stress 6., in initial state changes in average from
161 to 37 MPa, and the ultimate strength ¢ from 180
to 70 MPa. Thermal impact according to mode / results
in a decrease in the yield stress by 27 %, and the ultimate
strength by 7 % at the test temperature of 700 °C without
significant statistical influence on the strength at 900 °C.
After the thermal impact according to mode /, the yield
stress and ultimate strength at 23 °C equaled in ave-
rage 222 and 436 MPa, and at 1200 °C, 15 and 25 MPa,
respectively.

Therefore, at 700 °C the strength of 15KhM steel in
initial state is 2 — 4 times higher in comparison with 22K
steel [13]. After thermal impact, the strength of 15KhM
steel at all considered temperatures in the range from
23 to 1200 °C is higher when compared to 22K steel.
In addition, at 700 °C the strength of 15KhM steel in ini-
tial state is by 1.5 times higher when compared to 09G2S
steel and is comparable with that of SA533-B1 steel.
At 900 °C the strength of 15KhM steel in initial state
is comparable to that of SA533-B1 steel, and higher in
comparison to 09G2S steel.

According to the results of impact bending test
(Table 4, Fig. 7), in the fractures of steel in initial state,
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Fig. 2. Microstructure (@) and ferrite (b) and pearlite (¢) grain distribution histograms for 15KhM steel in initial state

Puc. 2. MukpoctpykTypa (a) 1 THCTOrpaMMBI pacrpe/eneHus 3epeH Gpeppura (b) u nepnura (c) B cramu 15XM B HCXOJJHOM COCTOSIHUH
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Fig. 3. Microstructure and former austenite grain distribution histograms for 15KhM steel before (a) and after (b)
thermal exposure according to mode /

Puc. 3. MukpocTpyKTypa 1 THCTOrpaMMBI pacrpe/iesieHus 3epeH ObiBlIero aycreHuta B cranu 15XM no (a) u nocne (b)
TEPMUYECKOT0 BO3EHCTBUSA 110 pexumy /

Fig. 4. Microstructure of 15KhM steel after thermal exposure according to mode /

Puc. 4. Muxpoctpykrypa ctamu 15XM nocne TepMHIecKOro BO3ICHCTBHS IO peskuMy [
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Fig. 5. Microstructure (@) and ferrite (b) and pearlite (c) grain distribution histograms for 15KhM steel
after thermal exposure according to mode 2

Puc. 5. MukpoctpykTypa (@) ¥ THCTOrpaMMBI pactpesiesienus 3epen ¢gepputa (b) u nepnura (c) B cranu 15XM
MOCJIe TEPMUUYECKOTO BO3JICHCTBUSI IO PEXKUMY 2
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Table 3

Mechanical properties of 15 KhM steel before
and after thermal exposure according to mode 7

Tabnuya 3. Mexanu4deckue cBoiictBa craau 15XM
J0 ¥ 10CJIe TEPMUYECKOI0 BO3/1elCTBUS 10 pexxnumy [

Test G G, 5. %
temperature, °C | MPa MPa
in initial state
700 161+2 | 180+2 | 66.7+1.8
900 3741 | 70+2 | 829+24
after thermal exposure
23 222+2 | 436+3 | 30.8+0.7
700 118+2 | 167£2 | 51.4+£2.2
900 34+1 | 69+2 | 88.0+2.8
1200 15£1 | 25+1 | 35.0+25

the brittle constituent (X) to an amount of 30 — 90 %
occurs at ambient temperature. At the temperatures
from 60 to 0 °C, the impact strength KCV drops sharply
from 171 to 43 J/cm?. During a further temperature
increase to minus 20 °C, the impact strength consistently
decreases to 20 J/cm?.

After thermal impact according to mode 2, the brittle
constituent in the fracture surface in amount of 30 %
occurs at 0 °C. The impact strength does not decrease
significantly remaining at the level of 216 J/cm?. Total
brittle fracture is observed at 0 °C for steel in initial state,
and after thermal impact at —50 °C. Therefore, as a con-
sequence of thermal impact, the starting temperature

Table 4

Results of impact bending tests of 15SKhM steel before
and after thermal exposure according to mode 2

Tabnuya 4. Pe3yabTaTbl HCNBITAHUI HA YIAPHBII H3rH0
cragu 15XM 10 1 nocjie TepMHYECKOro Bo3AelicTBUS
1o pe:xumy 2

KCV, J/em? X, %
Temperature, °C

before after before after

200 184+3 | 245+£2 0 0

150 186 +4 | 237+3 0 0

125 181+3 - 0 -

60 171+ 4 - 0 -

23 116 £25| 214+3 | 30-90 0

0 43+£5 216 +4 100 30

=20 27+2 | 146+6 100 80

-30 20+2 | 1767 100 50
=50 - 2242 - 100
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Fig. 6. Stress-strain curves of 15KhM steel at different temperatures in
initial state and after thermal exposure according to mode /:
123 °C, after thermal exposure; 2 — 700 °C, after thermal exposure;
3 —700 °C, initial state; 4 — 900 °C, initial state; 5 — 900 °C, after
thermal exposure; 6 — 1200 °C, after thermal exposure

Puc. 6. Kpussle pactspxenust cramu 15XM npu pa3inn4HbIX TeMIepa-
Typax B UCXOJJHOM COCTOSIHUH U ITOCJIE TEPMUYECKOT0 BO3JCUCTBHUS 110
pexumy /:

1 —23 °C, nocne tepmuyeckoro Bozaeiicteust; 2 — 700 °C, mocie Tepmu-
yeckoro BozzaeiictBust; 3 — 700 °C, uCX0IHOE COCTOSHIE;
4—900 °C, ucxonHoe cocrosinue; 5 — 900 °C, mocie TepMUUECKOro
Bo3xeicTBus; 6 — 1200 °C, mocie TepMU4ecKoro BO3AEHCTBHS
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Fig. 7. Impact strength curves of 15KhM steel samples (a)
in initial state and () after thermal exposure
(% X — fraction of brittle component in the fracture)

Puc. 7. CepuainbHbie KpUBBIC yIapHOU BSI3KOCTH 00pa3loB
u3 cranu 15XM B HCXOIHOM COCTOSIHUH (&) U TTOCTIE TEPMUYECKOTO
Bo3neiicTBus (b) (% X — noiist XpyInKoil COCTaBIISIONICH B H3II0ME)
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of viscous brittle transition of 15KhM steel decreases
by 20 — 30 °C. The range of viscous brittle transition is
expanded by 25 °C. Increase in the properties of impact
strength is related to an increase in the degree of structure
recrystallization as well as decrease in residual stresses
after hot rolling as a consequence of thermal impact.

According to the measurements of geometry of sam-
ples from 15KhM steel after impact tests, it was deter-
mined that the samples after thermal impact according
to mode 2 were destroyed in a more viscous pattern. They
also demonstrated a higher tightening than the samples in
initial state in overall range of test temperature (Fig. 8).

The fracture surface of impact samples at tempera-
tures below the start of viscous brittle transition in
the region under notch is presented by cleavage facets
with river line. The facet size is 10 — 80 pum, and the frac-
ture relief is characterized by a highly non-uniform
height of individual elements (Fig. 9).

Thus, the impact strength of 15KhM steel in ini-
tial state is inferior to that of 22K and 09G2S steels.
However, after thermal impact according to mode 2,
the impact strength of 15KhM steel increases and is
comparable with that of 22K steel.

The thermal diffusivity of 15KhM steel as a func-
tion of temperature in comparison with 22K and 09G2S
steels is illustrated in Fig. 10. In addition, the data for
SAS533-B1 steel are also presented [18]. As can be seen
in the plot, the thermal diffusivity for 22K, 09G2S and
15KhM steels as a function of temperature, is characte-
rized by inflection at the temperature above 700 °C. This
is related to o — y transformation occurring in steels
at these temperatures. At ambient temperature, the ther-
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Fig. 8. Dependence of reduction of 15KhM steel samples
on the impact test temperature:
1 — initial state; 2 — after thermal exposure according to mode 2

Puc. 8. 3aBrcuMOCTb yTSKKH 00pa3noB u3 cranm 15XM
OT TEeMIIePaTyphl yIapHBIX UCIIBITAHUIL:
1 — NCXOHOE COCTOSHKE; 2 — TT0CIIe TEPMUUECKOr0 BO3ACHCTBHS
0 peKuMy 2

Fig. 9. Fracture surfaces of impact samples
at room temperature in initial state («) and at -30 °C
after thermal exposure according to mode 2 (b)

Puc. 9. 3nomsl yaapHbiX 00pa3ioB Npy KOMHATHON TeMIepaType
B MCXOJHOM cocTossHuu (a) 1 npu —30 °C nocie TepMU4ecKoro
Bo3zeicTBHs 110 pexxumy 2 (b)
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Fig. 10. Temperature dependence of thermal diffusivity
of low-carbon steels:
@ — 09G2S; W - 22K; A — 15KhM,; solid line — SA533-B1 steel [18]

Puc. 10. TemmneparypHasi 3aBHCHMOCTb TEMIIEPATyPOIIPOBOAHOCTH
HU3KOYDJICPOIUCTBIX CTaJIeit:
@ - 09T°2C; W — 22K; A — 15XM; criioniHas JIMHUS — JaHHbBIC IS
cramu SA533-B1 [18]
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mal diffusivity of 15KhM and 09G2S steels is the equal
to 11.0 —11.2 mm?/s, while that of 22K is slightly
higher: 13.7 mm?/s. At 500 °C the lowest thermal diffusi-
vity is demonstrated by 15KhM steel: 6.3 mm?/s, while
the highest by 22K steel: 7.4 mm?/s. At 600 °C lowest
thermal diffusivity is demonstrated by 09G2S steel:
4.3 mm?/s, while the highest by 22K and 15KhM steels:
5.3 mm?/s. In the range from 700 to 100 °C the thermal
diffusivity of steel slightly increases, while the tempera-
ture dependence of thermal diffusivity for all three steels
in this range does not differ statistically. This data differs
from that of SA533-B1 steel, for which the inflection in
the curve was recorded at a higher temperature: 900 °C.

[ ConcLusions

It was demonstrated that low carbon low alloy 15KhM
steel is an alternative material to 22K and 09G2S steels as
structural material for cc-vessels in nuclear reactors. This
steel is characterized by a relatively high level of thermal
diffusivity and good weldability. Alloying with molyb-
denum and vanadium, as well as low manganese con-
tent, provides finer grain structure in comparison with
22K and 09G2S steels and eliminates tendency to tem-
per brittleness. This has a positive influence on strength
and impact strength of cc-vessel in overall temperature
range in the event of BDB. Integrated studies under BDB
simulating conditions are required for the experimental
establishment of an overall set of physicochemical pro-
perties of 15KhM steel and its application as a material
of cc-vessel.
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