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Abstract—The structural phase transformations have been revealed and the characteristics of the creep and
long-term strength at 650, 670, and 700°C and 60—140 MPa have been determined in six Russian reactor
steels with a bcce structure after quenching and high-temperature tempering. Creep tests were carried out
using specially designed longitudinal and transverse microsamples, which were fabricated from the shells of
the fuel elements used in the BN-600 fast neutron reactor. It has been found that the creep rate of the reactor
bcce steels is determined by the stability of the lath martensitic and ferritic structures in relation to the diffusion
processes of recovery and recrystallization. The highest-temperature oxide-free steel contains the maximum
amount of the refractory elements and carbides. The steel strengthened by the thermally stable Y—Ti nanoo-
xides has a record high-temperature strength. The creep rate at 700°C and 100 M Pa in the samples of this steel
is lower by an order of magnitude and the time to fracture is 100 times greater than that in the oxide-free reac-

tor steels.
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INTRODUCTION

Nowadays, the shells of fuel elements (FEs) of fast
neutron reactors of the BN-600 type are fabricated
from austenite ChS-68 steel (16Cr—15Ni—3Mo—
Mn—Ti—V—B) [1, 2]. Other reactor steels with an fcc
structure are developed [3—7]. These steels are plastic
and have a fairly high long-term strength at 500—
700°C, but are prone to the vacancy swelling at high
doses of the neutron irradiation. Therefore, there is a
tendency to replace them with ferritic and ferritic—
martensitic stainless steels with a bee structure [8—12].
These steels have a higher resistance to vacancy swell-
ing and usually exhibit a lower activity after neutron
irradiation due to the absence of long-lived isotopes.
In the ferritic—martensitic steels with 12—17% chro-
mium upon irradiation by fast neutrons, as a result of
the formation of a large amount of point defects, an
accelerated separation of the o solid solution is
observed with the isomorphic precipitation of the dis-
persed high-chromium o' phase with a bcc structure
with lattice parameters close to those of the o matrix.
The elastic stresses that arise around the o' phase, just
as around the ¥ phase in the titanium-containing aus-
tenitic steels of the Kh16N15MT 1 type, contribute to

the recombination of point defects, which decreases
the pore formation [13—15]. At the same time, the dis-
solution of the o' particles in the displacement cas-
cades occurs. Apparently, in this case, the process of
the radiation-induced precipitation—dissolution of
o' particles is not completed for a long time, which sig-
nificantly delays the onset of intense pore formation.
The low-activated reactor stainless steels with a bcc
structure can be used as the structural material for
blanket and working chamber of fusion reactors. How-
ever, the above-mentioned steels have lower high-
temperature strength and are more prone to the loss of
plasticity and to an embrittlement under neutron irra-
diation as compared to the austenitic reactor steels. In
the present paper, we assume to carry out a compara-
tive study of the thermal creep, long-term strength,
and structural phase transformations at 650—700°C in
the Russian reactor steels with a bcc structure. It
should be noted that the highest-temperature reactor
steels are oxide-dispersion strengthened (ODS) stain-
less steels of new generation [16—22]. The oxides of
yttrium introduced into the steel matrix (using
mechanical alloying and powder metallurgy) with
sizes of 2—4 nm do not dissolve, even at premelting
temperatures and thereby contribute to the retaining
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Table 1. Chemical composition of the investigated steels, wt % (for Ta and Ce, calculated values are given)

Steel C|Cr{Mn|{Mo|Nb| V | W|Ni|N/|Si P S Ta | Ce | Ti B/O | Zr/Y
EK-181 0.15]11.2| 0.74| 0.01| 0.01| 0.25| 1.13 | 0.03/0.04 | 0.33| 0.010 {0.006 {0.08 | 0.15| — [0.006/—|0.05/—
ChS-139 0.21]12.210.60( 0.53| 0.31| 0.31|1.27| 0.71{0.08 | 0.15|0.006 | 0.004 |0.07 | 0.10 | 0.01 | 0.002/— {0.01/—
EP-450 0.13(13.0 — (2.0 |02 (02| — | — | — | — — — — | =1 = 10.006/—| —
EP-823 0.16(11.0/0.7 |0.8 {0.3 0.3 |0.3(0.7 | — |12 - — - -1 - — -
EP-900 0.15|11.5{0.7 10.7 10.3 |03 |0.8|0.7 | — |11 - — — 10.03| — — -
EP-450-DUO [0.13|13.1|0.44| 1.61|0.35{0.18| — [0.12] — ]0.23| — — — | —10.21]-/0.32 |—/0.26

of high characteristics of the high-temperature
strength. Therefore, the present paper is also aimed at
an analysis of the structure and high-temperature
strength of the oxide-containing EP-450-DUO steel
[16] compared to the reactor steels that contain the
carbide phase.

EXPERIMENTAL

The studies of the structure, creep, and long-term
strength were performed using samples of the Russian
reactor steels with a bce structure, which were cut from
the shells of the fuel elements representing tubes with
an outside diameter of 6.9 mm and a wall thickness of
0.4 mm. The investigated tubes were fabricated from
the martensitic steels EK-181, ChS-139 and ferritic—
martensitic steels EP-450, EP-823, and EP-900. In
most cases, the steels were quenched from 1100°C and
tempered predominantly at 720°C for 2 h. The EP-
450-DUO steel after quenching from 1150°C for 1 h
and tempering at 740°C for 2 h was also studied. The
chemical composition of the steels is presented in
Table 1.

The process of producing EP-450-DUO steel con-
sisted of [16] the mechanical alloying of powders in
ball mills followed by compaction and sintering. The
mechanical alloying of powder of EP-450 steel (13Cr—
2Mo—V—Nb—B) in a mixture with particles of Y,0;
oxides with a size of up to 80 nm (in an amount of
0.25 wt %), which are dissolved under deformation,
was carried out for 30 h in a high-energy mill in an
argon atmosphere. After the milling and degassing of
mechanically alloyed powder in a vacuum at 450°C,
the sintering of the powder was performed during
hydroextrusion at 1000—1150°C with the simultane-
ous precipitation of strengthening yttrium—titanium
oxides with sizes of 3—5 nm.

The structure of steels was studied by transmission
electron microscopy using a JEM-200CX microscope
at an accelerated voltage of 160 kV. The samples were
prepared by electric polishing in a solution of chromic
anhydride and phosphoric acid. The phase identifica-
tion was carried out using the dark-field method and
selected-area electron diffraction. Using electron-
microscopic images, we carried out the quantitative
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analysis of carbide and oxide particles. For this pur-
pose, there was used a Siams Photolab software, by
which the images were converted into a binary form
and for each image the histograms of the particles-size
distribution were constructed, and then an average
size and number density of particles were determined.

The mechanical properties of steels were deter-
mined in short- and long-term tests at different tem-
peratures. The production of the longitudinal and
transverse microsamples from the shells of the FEs for
creep tests included the cutting of pipes into samples
with a length of 22 mm and subsequent longitudinal
cutting of these samples by the electric spark method
along the axis. Then, we straightened the samples
using a lathe (with a special tool) into plates with
dimensions of 22 X 22 mm (the thickness of plates
remained the same as the wall thickness of the initial
tube (0.4 mm)). During the straightening of the sam-
ples, the maximum surface deformation was only 6%,
which hardly affected the properties of microsamples
of the steel, especially in the martensitic state. For
creep tests, dumbbell samples with a gage part of 7 X
2 X 0.4 mm were prepared from the plates by grinding.
The plates, combined in stacks of 3—4 pieces, were
processed using a grinding machine with water cool-
ing, which provided a constant width of the gage part
of the microsamples along the entire length with an
accuracy of 0.01 mm. After grinding, plates of the
Kh18N10 steel were spot-welded to the heads of sam-
ples. Then, holes with diameters of 6 mm for pins were
drilled in the fixed heads of the samples so that they
were located along the axis of the sample with a devi-
ation that did not exceed 0.02 mm. The dumbbell
samples were cut along and across the axis of the initial
tube of the FEs for analyzing the anisotropy of prop-
erties upon creep tests. The creep tests were performed
under direct loading using AIMA-5-2-type standard
machines in the range of temperatures of 650—700°C,
at a constant load. The load was determined by a
weighing of the load with an error of no more than
0.1%. The temperature in a furnace during tests was
maintained with an accuracy of £3°C. The elongation
of the sample during tests was recorded by two indica-
tors of 1 MIG type with an accuracy of up to
0.001 mm.
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Table 2. Mechanical properties of steels after quenching and high-temperature tempering at 720°C

Steel, initial material | CUtting direction | o G,, MPa Gy, MPa 5. %
of samples test>
20 991 815 11.2
Along 650 628 567 14.9
700 602 499 15.6
EP-450-DUO, plates
20 1057 746 8.2
Across 650 604 555 8.3
700 554 526 12.6
20 867 753 14.0
Along 650 430 403 15.9
EP-450, tubes 700 411 367 17.2
20 860 791 12.0
Across
700 378 338 11.4
20 950 843 10.0
Along 650 501 464 24.3
700 411 343 24.6
ChS-139, tubes
20 956 861 9.0
Across 650 461 446 20.0
700 421 334 24.7
20 872 806 9.6
Along 650 485 428 16.0
700 368 346 22.2
EK-181, tubes
20 871 778 11.1
Across 650 477 440 16.4
700 379 311 29.6

RESULTS AND DISCUSSION

Mechanical Properties of Steels
upon Short-Term Tests

Table 2 shows the mechanical properties of the lon-
gitudinal and transverse samples of the EK-181, ChS-
139, EP-450, and EP-450-DUO steels at 20, 650, and
700°C, which were obtained in short-term tensile
tests. As a rule, for longitudinal and transverse sam-
ples, close values of plasticity and ultimate tensile
strength G, are observed at 20°C, which may indicate
the absence of a pronounced anisotropy of properties
in the samples subjected to high-temperature temper-
ing. The highest values of the yield stress at 20°C were
found in ChS-139 steel (6,, = 843—861 MPa), which
can be explained by the predominant martensitic struc-
ture and the largest amounts of the interstitial elements
(the carbon content in this steel was 0.21 wt %). The
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other oxide-free steels had somewhat smaller values of
the yield stress (G, = 753—806 MPa).

Figures 1a—1e show the structure of the ChS-139,
EK-181, EP-450, EP-823, and EP-900 steels after
quenching from 1100°C and high-temperature tem-
pering at 720°C for 2 h. Almost all of these steels have
predominantly lath structures of tempered (polygo-
nized) martensite; in the EP-450 steel only, ferrite
occupies the larger part of the bulk. In all steels, rather
coarse lamellar carbides of the M,;Cq4 type with pre-
dominant lengths of 50—200 nm are located at the
boundaries of the martensitic laths and ferritic grains;
dark-field images are presented in Figs. 1a, 1c, and 2a.
Inside of martensitic and ferritic crystals, there are
disperse particles of special carbides of the (V, Nb)C
type with sizes of up to 10 nm, which, in particular, are
observed in the dark-field image of the structure of
EK-181 steel (Fig. 2b).

No. 5 2017



STRUCTURE AND CREEP OF RUSSIAN REACTOR STEELS

497

Fig. 1. Structure of tubes of steels investigated in the initial state after quenching and high-temperature tempering at 720°C for
2 h: (a) ChS-139; (b) EK-181; (c) EP-450; (d) EP-823; and (e) EP-900; (a, c) dark-field images in the reflections of the

M;3C¢ phase.

The oxide-dispersion strengthened EP-450-DUO
steel is slightly different in the strength characteristics
from the ChS-139 steel: the values of the yield stress are
close, the ultimate tensile strength is somewhat higher
(6, = 991—-1057 MPa). This is associated with the fact
that it is ferrite strengthened by dispersed oxides rather

PHYSICS OF METALS AND METALLOGRAPHY Vol. 118

than martensite is the main structural constituent [16].
However, at the higher temperature of 700°C, the yield
stress of the EP-450-DUO steel is 150—200 MPa higher,
even after short-term tests. Therefore, we can expect a
higher high-temperature strength in the EP-450-DUO
steel than in the other oxide-free steels.
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Fig. 2. Dark-field images of the carbides taken in the reflections of (a) (440)

ing and high-temperature tempering at 720°C for 2 h.

Creep Resistance of the Investigated Steels

Table 3 shows the comparative data on the creep of
the longitudinal and transverse samples of the EK-181
and ChS-139 steels, which were cut from shells of fuel
elements of the BN-600 reactor (creep rate €,, time to
fracture T;, and maximum elongation €, at 650—
700°C and stresses of 100 and 140 MPa). The tests of

400 nm

SAGARADZE et al.

(o)

and (b) (020)y,c in EK-181 steel after quench-

Me,;Cg

the samples were carried out after quenching from
1100°C and high-temperature tempering at 720°C for
2 h. As can be seen in Table 3, following creep test of
the reactor steels, no strong anisotropy of properties
were revealed. At the low temperature (650°C) and
large times of tests (thousands of hours), the trans-
verse samples have some advantage (according to the
time to fracture and creep rate). At 700°C and short

Table 3. Comparative data on the creep of the longitudinal and transverse samples of the EK-181 and ChS-139 steels, which
were cut from the shells of fuel elements after quenching and high-temperature tempering

Steel Tensile direction Tiest> °C o, MPa €maxel> 20 ¢,, %/h logé, T h log T
700 140 15.7 1.4 x 107! —0.85 31.4 1.49
700 100 14.2 1.15 x 107! —0.93 44.0 1.64

Across
650 140 12.8 1.41 x 102 —1.85 404.0 2.64
650 100 8.6 9.48 x 104 —3.02 | 4061.3 3.60

EK-181

700 140 17.8 3.1x 107! —0.50 18.7 1.27
700 100 25.7 1.06 x 10~! —0.97 60.8 1.78

Along
650 140 23.0 2.27 x 1072 —1.64 341.0 2.53
650 100 18.5 3.92 x 1073 —2.40 | 1990.4 3.30
700 140 15.7 1.87 x 107! —-0.72 28.3 1.45
700 100 14.2 5.47 x 1072 —1.26 179.3 2.25

Across
650 140 17.1 413 x 1073 —2.38 | 2541.9 3.40
650 100 12.8 8.99 x 10~ —3.04 | 7084.0 3.85

Chs-139 %

700 140 15.7 1.39 x 107! —0.85 53.4 1.72
700 100 14.2 1.7 x 1072 —1.76 403.7 2.60

Along
650 140 14.2 3.23 x 1073 —2.49 | 2526.0 3.40
650 100 17.1 1.90 x 1073 —2.70 | 6324.0 3.80
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 118 No. 5 2017
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Table 4. Creep characteristics of the steels at 650 and 670°C (transverse samples) after quenching and high-temperature

tempering
Steel TICSI!' OC o, MPa logG emax,ela % éz, %/h lOg éz Tf, h IOng
670 100 2.00 18.6 8.80 x 102 —1.05 74.3 1.87
670 80 1.90 15.7 1.75 x 1072 —1.75 469.8 2.67
670 60 1.77 12.1 6.95 x 1073 -2.15 892.4 2.95
EP-823
650 100 2.00 14.2 1.41 x 1072 —1.85 258.3 2.41
650 80 1.90 10.0 1.39 x 103 —2.85 3087.3 3.48
650 60 1.77 14.2 9.42 x 1074 -3.02 6286.6 3.79
670 100 2.00 11.4 1.99 x 102 —1.70 204.8 2.31
670 80 1.90 14.2 4.34 x 1073 —2.36 1027.0 3.01
EP-900 670 60 1.77 11.1 7.14 x 10~4 -3.14 5581.5 3.74
650 100 2.00 10.0 3.26 x 1073 —2.48 1234.7 3.09
650 80 1.90 10.2 1.18 x 1073 —-2.92 2909.8 3.46
670 120 2.07 16.2 2.26 x 1072 —1.64 333.8 2.52
670 100 2.00 17.1 491 x 1073 —2.30 1135.4 3.05
670 80 1.90 15.7 2.39 x 1073 —2.62 1532.5 3.18
EK-181
670 60 1.77 14.8 2.44 x 103 —2.61 2519.9 3.40
650 140 2.14 12.8 1.41 x 102 —1.85 404.5 2.64
650 100 2.00 8.6 9.48 x 10~ -3.02 4061.3 3.60
670 120 2.07 8.5 8.40 x 1073 —2.07 430.9 2.63
670 100 2.000 14.3 4.80 x 1073 —2.31 1736.4 3.23
670 80 1.90 19.3 1.10 x 1073 -2.95 5615.5 3.74
ChS-139
670 60 1.77 14.3 7.50 x 10~* -3.12 8448.5 3.92
650 140 2.14 17.1 4.13 x 1073 —2.38 2541.9 3.40
650 100 2.00 12.8 8.99 x 104 —3.04 7084.0 3.85
650 140 2.14 12.8 2.07 x 1073 —2.68 1596.1 3.20
EP-450
650 100 2.00 15.6 2.00 x 1073 —2.69 1938.2 3.28
650 140 2.146 — 9.83 x 10~ —3.00 | >28852.6 4.46
EP-450-ODS, plate
650 100 2.00 — 3.04 x 104 —3.51 >28428 .4 4.45

tests times (tens and hundreds of hours), the longitu-
dinal samples usually show higher properties. It
should be noted that the results of the long-term ten-
sile tests for transverse samples better describe the real
behavior of steels in the reactor than the results of tests
of the longitudinal samples due to the existing trans-
verse deformation of the shells of the FEs by the gases
that arise during processing.
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Tables 4 and 5 present the creep characteristics
(creep rate €,, time to fracture T, and maximum elon-
gation €,,,, 1) for transverse samples of all investigated
steels at 650, 670, and 700°C and stresses of 60—
140 MPa. Figures 3 and 4 show the dependences of the
time to fracture and creep rate at 670 and 700°C on the
stresses for all main investigated reactor steels with
the bee structure, which were obtained using trans-
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Table 5. Creep characteristics of the steels at 700°C (transverse samples) after quenching and high-temperature tempering

Steel Tiest» °C | ©, MPa logo €maxcl> ¢,, %/h logé, T h log7t,
700 100 2.00 21.4 8.90 x 10! —0.05 8.6 0.93
EP-823
700 80 1.90 24.2 2.37 x 107! —0.62 28.9 1.46
700 100 2.00 23.0 9.1 x 107! —0.04 6.6 0.81
EP-900
700 80 1.90 30.0 2.12 x 10! —0.67 35.0 1.54
700 140 2.14 15.7 1.40 x 107! —0.85 314 1.49
700 100 2.00 14.2 1.15 x 107! —0.93 44.0 1.64
EK-181 700 80 1.90 22.8 3.57 x 102 —1.44 178.1 2.25
700 60 1.77 11.4 6.72 x 1073 —2.17 837.5 2.92
700 40 1.60 25.7 3.52 x 1073 —2.45 2548.9 3.40
700 140 2.14 15.7 1.87 x 107! —0.72 28.3 1.45
700 100 2.00 14.2 5.47 x 1072 —1.26 179.3 2.25
ChS-139 700 80 1.90 11.4 6.42 x 1073 -2.19 949.3 2.97
700 60 1.77 14.2 1.18 x 1073 —-2.92 5448.3 3.73
700 40 1.60 13.4 1.30 x 1073 —2.88 6578.2 3.81
700 140 2.14 10.0 2.00 x 10! —0.69 18.2 1.26
EP-450 700 100 2.00 15.7 3.00 X 102 —1.52 203.3 2.30
700 80 1.90 13.0 6.40 x 1073 -2.19 790.3 2.89
700 140 2.14 11.4 6.77 x 1072 —1.16 132.9 2.12
EP-450-ODS, plate
700 100 2.00 - 9.40 x 10~* -3.02 >27413.6 4.43

verse samples (current results of the continuing tests
are indicated by arrows in the figures and by signs “>”
in the tables). As the time to fracture increases at 670
and 700°C, especially at high stresses (Figs. 3a, 3b),
the steels are positioned in the following order:
EP-823 and EP-900; EK-181; EP-450 and ChS-139;
EP-450-DUO. The EP-450 steel (5) according to the
time to fracture at 700°C is comparable to the
ChS-139 steel (4) (Fig. 3b). At 650°C and 10 MPa,
the EP-450 steel behaves as the ChS-139 steel at the
higher temperature of 670°C (Fig. 3a). With regard to
the decrease in the creep rate at 670 and 700°C
(Figs. 4a, 4b), the positions of the steels are similar.
The maximum high-temperature strength is charac-
teristic of the EP-450-DUO steel. In particular, the
time to fracture of the oxide-dispersion strengthened
EP-450-DUO steel at 700°C and 100 MPa is almost
three orders of magnitude larger than for the highest-
temperature oxide-free ChS-139 steel (see Fig. 3b and
Table 5). The curves of the long-term strength of the
investigated steels at 670 and 700°C are presented in
Figs. 5a, 5b. The highest values of the long-term strength
at 700°C are characteristic of the EP-450-DUO steel

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 118

and among the carbon-containing steels, these are the
ChS-139 and EP-450 steels.

Structural Changes in the Reactor Steels
and the Reasons for Different Creep Resistance

Structural studies showed that, during creep tests at
650, 670, and 700°C, in all reactor steels, the degrada-
tion of the lath martensitic structure occurs, which is
accompanied by the spherodization and coarsening of
the chromium-containing carbide M,;C, phase. As
can be seen in Fig. 6, after tests at enhanced tempera-
tures and stresses (700°C and 100—140 MPa), which
lead to the fairly rapid fracture of the samples (in doz-
ens of hours), a different change in the structure of the
different steels is observed. In the ChS-139 and EK-181
steels under a stress of 140 MPa, processes of the coars-
ening of carbides and the polygonization of martensite
occur with a decrease in the density of dislocations, as
well as the formation of the dislocation-free subgrains
inside the martensitic laths (Figs. 6a, 6b).

In ChS-139 steel, more regions with a high density
of dislocations are retained. The time to fracture of
this steel is 53.4 h, which is almost three times greater
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Fig. 3. Relationship between time to fracture and stress in
tests of transverse samples of the investigated steels
depending of temperature: (/) EP-823; (2) EP-900;
(3) EK-181; (4) ChS-139; (5) EP-450; and (6) EP-450-
DUO; test temperatures: (a) 650°C for steels 5 and 6;
(a) 670°C for steels /—4; and (b) 700°C for steels /—6.

than that of the EK-181 steel (18.7 h). During a creep
test of EK-181 steel at 700°C (¢ = 100 MPa, 1, = 44—
67 h), an increase in the average size of chromium car-
bides from 65 to 112 nm and a decrease in the total
number density of particles from 1.2 x 10 to
(3.4—5.0) x 10 m~3 are observed. In the highest-tem-
perature ChS-139 steel at 700°C and 100 MPa, the
average size of carbide particles increases to a smaller
degree from 60 to 90 nm. The increase in the stress to
140 MPa leads to the growth in the particles to 110 nm.
Individual regions of the polygonized structure are
retained in the EP-450 steel as well at a lower stress of
120 MPa (Fig. 6¢). The completely recrystallized
structure (with the elimination of regions of the lath
martensitic structure) is observed in the lest high-tem-
perature resistant EP-823 and EP-900 steels after
6.6—8.6 h at a stress of 100 MPa (Fig. 6d, 6e).

During long-term tests at 650—670°C (for thou-
sands of hours), in the most high-temperature resis-
tant ChS-139 and EK-181 steels, the growth of carbide
particles and the retaining of the polygonized struc-
ture within the martensitic laths are also observed. In
the other steels, there occurs a recrystallization with
the growth of the grain and active coarsening of the
M,;C; carbides (Figs. 7a—7e).

It should be noted that the size of the dispersed car-
bides of the (V, Nb)C type is also somewhat increased
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Fig. 4. Dependence of creep rate of transverse samples of
(1) EP-823, (2) EP-900, (3) EK-181, (4) ChS-139,
(5) EP-450, and (6) EP-450-DUO steels on stresses at
various test temperatures: (a) 650°C for steels 5 and 6, and
(b) 670°C (1—4), and 700°C (1-6).
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Fig. 5. Long-term strength of the transverse samples of the
steels (/) EP-823, (2) EP-900, (3) EK-181, (4) ChS-139,
(5) EP-450, and (6) EP-450-DUO at the test temperature
of (a) 670 and (b) 700°C.

during creep tests, which can be seen on the example
of EK-181 steel (Fig. 8). The factor responsible for the
increase in the thermal stability of the structure of the
ChS-139 steel upon prolonged high-temperature
annealings or creep tests may be the higher carbon
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Fig. 6. Structure of (a) ChS-139, (b) EK-181, (c) EP-450, (d) EP-823, and (e) EP-900 steels after short-term creep at 700°C.
Creep characteristics (stress and time to fracture) are as follows: (a) 140 MPa, 53.4 h; (b) 140 MPa, 18.7 h; (c) 120 MPa, 125 h;

(d) 100 MPa, 8.6 h; and (e) 100 MPa, 6.6 h.

content (0.21 wt % versus 0.13—0.16 wt % in the other
steels (Table 1), which provides the formation of a
higher amount of carbides of the Cry;Cqy type, which
inhibit the migration of the boundaries of grains and
subgrains. The second reason for the high thermal sta-
bility of the ChS-139 steel may be the higher total con-
tent of refractory elements Mo, W, Nb, V, and Ta
(2.52 wt % versus 1.48 wt % in the EK-181 steel and
1.7—2.1 wt % in the EP-823 and EP-900 steels). In the
EP-450 steel, the high-temperature strength is
enhanced due to the large number of Mo, Nb, and
V(2.4 wt %). The refractory elements hinder the
development of the high-temperature diffusion pro-
cesses in the matrix of ChS-139 steel and increase the

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 118

thermal stability of the chromium carbides due to their
alloying with these elements. Therefore, the chro-
mium carbides of M,;C type alloyed with Nb, V, Mo,
and W, which are located at the boundaries of laths of
the bce matrix, coalesce to a lesser degree and inhibit
the migration of the interlath boundaries upon pro-
longed high-temperature annealing more strongly.

Structure of the Oxide- Dispersion Strengthened
EP-450-DUO Steel

Figure 9 shows the initial structure of the most
heat-resistant EP-450-ODS steel and the histogram of
the size distribution of the dispersed oxide particles. In
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Fig. 7. Structure of the (a) ChS-139, (b) EK-181, (c) EP-450, (d) EP-823, and (¢) EP-900 steels after long-term creep at (a—c) 650
and (d, e) 670°C. Creep characteristics (stress and time to fracture): (a) 100 MPa, 7085 h; (b) 100 MPa, 4061 h; (c) 100 MPa,

1938 h; (d) 80 MPa, 470 h; and (e) 80 MPa, 1027 h.

the structure, coarse initial Y,0; oxides with a sizes of
200 nm and less are observed that were fragmented
upon processing in the mill but did not dissolve in the
bcce matrix of the EP-450 steel. Upon processing in the
ball mill, the partial dissolution of the initial oxides

that lead to alloying with oxygen and yttrium of the
matrix of the steel also occurred.

The subsequent high-temperature sintering of the
mechanically alloyed powder leads to the precipitation
of the strengthening second-phase Y—Ti oxides [16]

PHYSICS OF METALS AND METALLOGRAPHY Vol. 118 No.5 2017
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Fig. 8. Dark-field image of the dispersed carbides taken in
reflection (200)yc in EK-181 steel after creep tests at
700°C and 80 MPa (time to fracture of 24.6 h).

with prevailing sizes of less than 20 nm (Fig. 9). As can
be seen in the histogram (Fig. 9b), the average size of
the fine second-phase oxide particles in the EP-450-
ODS is 5 nm and the concentration is 6.7 X 102> m~3.
At 700°C and 100 MPa, the transverse samples of the
EP-450-DUO steel were not destroyed until 28000 h,
which is greater by two orders of magnitude than the
time to fracture of all oxide-free steels with a bcc struc-
ture (Fig. 3b). During a 133-h creep test at 700°C and
o = 140 MPa, the average size of the second-phase
oxides is increased to 6 nm and the number density is
decreased to 3.6 x 10?2 m—3 (Fig. 10d). The average
size of all particles including coarse ones is 30 nm
(Fig. 10c). Despite that the amount of the undissolved
coarse particles in the steel is small, these particles
occupy a relatively large fraction of the bulk. If we
implement a more complete dissolution of the initial
oxides upon processing in the ball mill and a corre-
spondingly greater alloying with oxygen of the steel
matrix, the amount of the second-phase nanooxides
should increase during high-temperature annealing.
All of this indicates to the available reserve of the
increase in the high-temperature strength of the inves-
tigated ODS steel. It should be noted that an increase
in the test time of the EP-450-DUO ODS steel almost
to 15000 h for longitudinal microsamples at the same
temperature of 700°C and stress ¢ = 140 MPa causes
growth in the secondary oxides to 8 nm and a decrease
in their number density to 8.3 x 102! m=3.

CONCLUSIONS

Long-term high-temperature tests under the load-
ing (of the transverse microsamples cut from the shells
of FEs) of the Russian reactor steels with an bcc struc-
ture were performed after quenching and high-tem-
perature tempering at 720°C, which leads to the pre-

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 118

SAGARADZE et al.

(b)

60
x® 40
=
3
o]
£

0 5 10 15 20 25 30
Size, nm

Fig. 9. Structure of EP-450-DUO steel in the initial state
(quenching from 1150°C after holding for 1 h and temper-
ing at 740°C for 2 h): (a) bright-field image in the reflec-
tion of the yttrium—titanium oxide; and (b) size distribu-
tion of second-phase oxides with sizes of less than 20 nm.

cipitation of carbides of the Cr,;C¢ and VC types in the
ferritic—martensitic structure. The characteristics of
the long-term strength, plasticity, and creep rate at
650, 670, and 700°C and stresses of 60, 80, 100, and
140 MPa were determined. It has been found that,
from the viewpoint of a decrease in the creep rate, the
reactor steels are positioned in the following order:
EP-823 and EP-900, EK-181, EP-450 and ChS-139,
and EP-450-DUO.

It has been shown that, during long-term holdings
under a load in the reactor steels with a bee structure,
the degradation of the lath martensitic structure
occurs with a decrease in the number density of dislo-
cations and with the formation of dislocation-free
subgrains, as well as the coarsening of the chromium-
containing carbide M,;C4 phase. The reason for the
increase in the thermal stability of the ChS-139 steel
upon creep tests is a higher carbon content (0.21 wt %)
compared to the other steels, which provides a larger
amount of the Cr,;C4 carbides, which hinders the
migration of the boundaries of grains and subgrains.
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Fig. 10. Structure of samples of the EP-450-DUO steel after creep test at the temperature of 700°C and ¢ = 140 MPa (time to
fracture, 133 h), and corresponding histograms of the particle-size distribution: (a) bright-field image; (b) dark-field image in the
reflection of the yttrium—titanium oxide; (c) size distribution of the oxide particles; and (d) size distribution of the second-phase

nanooxides.

The second reason for the high thermal stability of the
ChS-139 and EP-450 steels is the maximum total con-
tent of refractory elements Mo, W, Nb, V, and Ta
(2.40—2.52 wt %), which inhibit the development of
the diffusion processes of softening.

Among the investigated steels, the highest long-
term strength and creep resistance are characteristic of
the oxide-dispersion strengthened EP-450-DUO
steel, which contains the most thermally stable
yttrium—titanium oxides in the ferritic matrix that
have an average size of 5 nm, which increase some-
what in size during long-term tests. At 700°C and
100 MPa, the samples of the EP-450-DUO steel are
not destroyed until 28000 h, which is greater by two
orders of magnitude than the time to fracture of all
oxide-free steels with a bce structure.
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