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Abstract

Effects of neutron irradiation to fluence of 2.0 x 10** n/m? (E > 0.5 MeV) in temperature range 70-300°C on me-
chanical properties and structure of the experimental reduced-activation ferritic 0.1%C—(2.5-12)%Cr—(1-2)%W—(0.2—
0.7)%V alloys were investigated. The steels were studied in different initial structural conditions obtained by changing
the modes of heat treatments. Effect of neutron irradiation estimated by a shift in ductile-brittle transition temperature
(ADBTT) and reduction of upper shelf energy (AUSE) highly depends on both irradiation condition and steel chemical
composition and structure. For the steel with optimum chemical composition (9Cr—1.5WV) after irradiation to 2 x 10%*
n/m? (E > 0.5MeV) at 280°C the ADBTT does not exceed 25°C. The shift in DBTT increased from 35°C to 110°C for
the 8Cr—1.5WV steel at a decrease in irradiation temperature from 300°C to 70°C. The CCT diagrams are presented for
several reduced-activated steels. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Development of fast induced-radioactivity decay
(FIRD) structural alloys for fusion reactor application is
considered an urgent task of radiation materials science.
The high-chromium tungsten—vanadium steels, con-
taining no long-lived radioactive isotopes (Ni, Co, Mo,
Nb and so on) are considered as very promising mate-
rials [1,2].

Almost all published data refer to irradiation in the
fast reactors at a temperature more than 350°C. The
data, which relate to irradiation at temperature lower
than 300°C have been very scant [3].

In this paper the experimental data are given on the
effects of radiation strengthening and embrittlement of
some experimental FIRD steels with (7-11)%Cr, (0—
1.5)%W; (0.2-0.7)%V (designated 7Cr-1.5WV; 8Cr—
1.5WV; 9Cr-1.5WV; 9Cr-V; 9Cr-WV; 11Cr-1.5WV)
containing the modifying additions (the rare earth ele-
ments) and without them and differing in phosphorus
and copper impurities content. In addition the influence
of the cooling rate and tempering modes of these steels
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upon their microstructure, phase composition and me-
chanical properties are described.

2. Experimental procedure

The experimental 2.5Cr—WV and (7-11) Cr-WV
FIRD steels with various content of main (Cr, W,V)
and impurity (P, Cu) elements as well as the 2.5Cr—
MoV and 11Cr-1MoV steels were investigated. The
alloys containing molybdenum were selected as refer-
ence one.

The chemical composition of materials is given in
Table 1. Experimental heats of FIRD steels and the
2.5Cr-MoV and 11Cr-1MoV steels were melted in open
induction 100-kg furnace and poured in 16-kg ingots.
These ingots were forged within the temperature range
1050-900°C into sheet billets 40 x 80 x 150 mm and
rods of 10-15 mm diameter. Sheet billets were rolled out
into plates (15 x 20 x 400 mm) from which transverse
Charpy V-notched specimens (5 X 5 x 27.5 mm) were
cut out. Tensile cylindrical specimens with gauge of 3
mm diameter and 15 mm length, as well as cylindrical
specimens of 3 mm diameter and 10 mm length to obtain
continuous cooling transformation diagrams were cut
out of the rods.
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Table 1
Chemical composition of steels
Steel designation Concentration (wt%) *

C Si Cr Mn w A% S P Cu Others
2.5Cr-0.7MoV ¢ 0.18 0.23 238 048 - 0.30 0.004 0.006 <0.10 0.73Mo
2.5Cr-1.4WV 0.18 0.20 240 034 1.3 0.24 0.004 0.007 <0.10 <0.03Mo
7Cr-1.5WV 0.09 0.10 7.0 0.23 1.65 0.21 0.012 0.015 <0.10
7Cr-1.5WVP 0.10 0.10 6.7 0.20 1.6 0.21 0.013 0.035 <0.10
7Cr-1.5WVCu 0.13 0.13 7.0 0.25 1.6 0.24 0.012 0.020 0.15
8Cr-1.5WV 0.15 0.19 8.2 0.35 1.4 0.26 0.006 0.018 <0.10 RE®
9Cr-V 0.09 0.33 9.1 1.30 - 0.70 0.012 0.006 <0.10 RE
9Cr-WV 0.10 0.31 9.1 1.20 0.5 0.40 0.012 0.005 <0.10 RE
9Cr-1.5WV 0.11 <0.20 9.0 0.59 1.28 0.24 0.013 <0.005 <0.10 RE
11Cr-1.5WV 0.13 029  10.6 0.37 1.35 0.26 0.007 0.018 <0.10 RE
11Cr-1MoV ¢ 0.09 0.28 109 0.47 - 0.25 0.007 0.015 <0.10 0.81Mo + RE

4 Balance iron.
b Rare-earth addition.
¢ The steels are presented as reference one.

Heat treatment of steels was carried out according to
typical regime accepted for the FIRD steels: austen-
itization at 1000-1050°C, cooling in air, and tempering
at 650-750°C for 0.5-3.0 h.

Irradiation was carried out in the core of experi-
mental reactor WWR-M at temperature 70°C (in cool-
ing water) and within temperature range 240-300°C (in
inert gas), with a fluence from 1.2 x 10> up to 2 x 10*
n/m? (E > 0.5 MeV). The irradiation temperature was
measured by means of thermocouples installed directly
on the specimens along the assembly height. The impact
tests were carried out by means of the impact testing
machine 2121 KM-0.05 with maximum energy 50 J. The
tensile tests were carried out in air at room temperature
at a strain rate of 3 x 1073 s~

3. Results and discussion
3.1. Initial structure

The initial structure and mechanical properties of
ferritic steels depends not only on chemical composition
but on heat treatment conditions. In Fig. 1 are shown
the thermo-kinetic diagrams of phase transformations in
2.5Cr-1.4WV; 2.5Cr-0.7MoV; 8Cr-1.5WV; 9Cr-V, and
9Cr-WYV steels after their continuous cooling with dif-
ferent rates from the austenitizing temperature 1050°C.
The thermo-kinetic diagrams showed that it is not al-
ways necessary that steels containing 2.5 and (8-9)%Cr
should have a martensitic structure. If the cooling rate
after austenitizing is lower than a critical value (Vcr), the
steel will undergo a ferritic-carbide transformation and
as a result its structure will be not single phase of mar-
tensite but a complete ferrite phase which is character-
ized by large grains containing no fragments and

dislocations inside. The value Ver is determined by the
chemical composition of steel.

The results of the phase transformation investigation
correlate with the mechanical properties of these steels
obtained after cooling with different rates from the
austenitization temperature. In 9Cr-V and 9Cr-WV
steels, the yield stress exceeds 1000 MPa for the mar-
tensitic structure, and is 520-640 and 340 MPa for
partial and 100% ferritic structures.

According to preliminary estimations the dimension
of shells corresponding to a critical cooling rate for the
8Cr-1.5WYV steel will be about 300 mm, and ~650 mm
for the 9Cr-V; 9Cr-WV; 2.5Cr-1.4WV and 2.5Cr—
0.7MoV steels.

3.2. Influence of neutron irradiation

The data on the influence of neutron irradiation with
fluence (1.2-2.0) x 10** n/m?> within the temperature
range 70°C and 240-300°C on the yield stress and the
Charpy impact properties are given in Table 2 and
Figs. 2 and 3. Analysis of the obtained data shows that
the reduction of the irradiation temperature down to
70°C, 240-300°C did not cause an anomalous large shift
in DBTT which is stay typical for martensitic-ferritic
Cr-Mo-Nb steels after the irradiation at a temperature
lower than 300°C (ADBTT > 110°C) [4], although the
fluence is rather small in our experiment,
(1.2 = 2.0) x 10* n/m?. According to Rieth et al. [5]
ADBTT saturation takes place at a fluence of 10** n/m?
at a lowered irradiation temperature (7}, ~ 300°C).

As shown in Table 2, the shifts in DBTT of steels
8Cr-1.5WV, and 11Cr-1.5WYV under irradiation are in
the range of 15-35°C. As for steels 9Cr-V and 9Cr-WV
the ADBTT is consist of 40-60°C. The more consider-
able shifts in DBTT were observed for steels 7Cr—1.5WV
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Fig. 1. Continuous — cooling transformation diagrams of FIRD steels: — 8Cr-1.5WV; — 9Cr-V; — - 9Cr-WYV; - - - 2.5Cr-1.4WV;

2.5Cr-0.7MoV; (®) —cooling rate (°C/min).

(100°C), 7Cr-1.5WVCu (102°C) and 7Cr-1.5WVP
(128°C). It should be noted that these steels, besides a
smaller chromium concentration, also content a high
phosphorous and copper concentrations and have not of
the rare earth additions in contrast to the 8Cr—1.5WV;
9Cr-V; 9Cr-WV; 9Cr-1.5WV and 11Cr-1MoV steels
(Table 1). The beneficial role of the rare earth additions
is consist in the refining of the ferritic steels [3].

These results indicate the importance of technologi-
cal factors during melting to ensure high radiation re-
sistance of FIRD steels.

Taking into account the fact that the materials used
in this study were melted in the open induction furnace
with constituent materials of usual quality, the obtained
data should be considered as a conservative estimation
of their mechanical properties both in the initial state
and after irradiation. It should be noted that the results
published earlier concerning irradiation embrittlement
of the FIRD 9Cr-2WYV steels [1-3] were obtained on
electric slag remelt metal which was provided for good
metallurgical qualities.

When the behavior of steels 11Cr—1MoV and 11Cr—
1.5WV is compared (Fig. 3) it becomes evident that mo-
lybdenum replacement by tungsten in an approximately
equiatomic relation exerts a favourable influence upon the
radiation resistance of steel and causes a reduction of the
ADBTT. It should be noted that both steels after nor-
malization and tempering are characterized by a mar-
tensitic-ferritic structure with about 20% ferrite content.

As shown in Table 2 data for the 2.5Cr—1.4WV steel
are very promising because the yield stress at 20°C and
DBTT are equal 680 MPa and —75°C consequently for
the unirradiated condition.

In conclusion it should be noticed that the present
investigations demonstrate all the advantages of the
developed FIRD steels Cr—W-V in application to the
low temperature neutron irradiation (less than 300°C)
with fluence up to 2 x 10* n/m>.

According to our estimation the obtained results can
be related to large size products (up to 650 mm thick-
ness). It means that these results are applicable to the
first wall and blanket of fusion reactor as well as to
pressure vessels and in-reactor equipment of nuclear
power fission reactors.

. Conclusion

. Chromium tungsten—-vanadium FIRD ferritic steels
reveal a high resistance to radiation embrittlement
at irradiation temperatures 70°C, 240-300°C. The
shifts in DBTT for the 8Cr—1.5WV; 9Cr-1.5WV,
and 11Cr-1.5WV steels under irradiation to (1.3—
2) x 10* n/m?> (E > 0.5 MeV) at a temperature
240-300°C are in the range of 15-35°C.

. The more considerable shifts in DBTT (100-128°C)
are observed for the 7Cr-1.5WV; 7Cr-1.5WVCu,
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Fig. 2. Impact toughness of 8Cr-1.5WV (O,0.@) and 9Cr—
1.5WV (A,A) steels: (A,O) unirradiated; (A,D,®) irradiated;
(@) F=1.3 x 10** n/m?; Ty,. =300°C; (®) F=1.2 x 10** n/m?;
Ty =70°C; (A) F=2.0 x 10** n/m%; T}, =280°C.

and 7Cr-1.5WVP steels. However, these steels con-
tent more high P and Cu-impurities and have not
of the rare earth additions.

3. Ferritic phase with volume content up to 100% can be
formed in the steels of (2.5-9)%Cr—1WYV type at cool-
ing rates lower than 1°C/min.

4. The results obtained give the grounds to consider
2.5%Cr-WV; (8-9)%Cr-WV and of 11%Cr-WV
steels as future advantageous FIRD materials from
the standpoint of their further study.
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Fig. 3. Impact toughness of 11Cr-1.5WV (O,®) and 11Cr—
IMoV (A,A) steels with 20% ferrite: (A,O) unirradiated (A,®)
irradiated; (@) F=14x10* n/m? Ty, =240°C; (A)
F=1.3 x 10* n/m?; T}, =300°C
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