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[57] ABSTRACT 
A steel contains, in percent by weight: 

carbon from 0.13 to 0.18 
silicon from 0.17 to 0.37 
manganese from 0.30 to 0.60 
chromium from 1.7 to 2.4 
nickel from 1.0 to 1.5 
molybdenum from 0.5 to 0.7 
vanadium from 0.05 to 0.12 
aluminium from 0.01 to 0.035 
nitrogen from 0.05 to 0.012 
copper from 0.11 to 0.20 
arsenic from 0.0035 to 0.0055 
iron and impurities — the balance. 

This steel is preferable for use in the manufacture of 
nuclear reactors. 
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STEEL FOR NUCLEAR APPLICATIONS 

The present invention relates to metallurgy, and more 
particularly to the production of steels which can be 5 
used in the nuclear power engineering for manufactur-
ing nuclear reactors and other pressure vessels exposed 
to irradiation and having wall thicknesses of up to 650 
mm. 

U.S. Pat. No. 3,424,576 discloses a steel which con- 10 
tains in percent by weight: 

carbon from 0.13 to 0.65 
silicon from 0.1 to 0.5 
manganese from 0.45 to 1.2 
chromium up to 1.5 15 
nickel up to 2.0 
molybdenum from 0.05 to 0.6 
vanadium or 
niobium or 
tantalum from 0.01 to 0.15 20 
lead from 0.05 to 0.35 
phosphorus up to 0.04 
sulfur up to 0.05 
iron — the balance. 
The steel of the patent referred to above can be used 25 

for manufacturing nuclear reactors of a medium capac-
ity. 

However, due to the fact that this steel has a low 
hardenability and its impact strength is not high, it can-
not be used for making large-size articles with a great 30 
wall thickness. 

U.S.S.R. Inventor's Certificate No. 441,338 discloses 
a steel containing, in percent by weight: 

carbon from 0.13 to 0.18 
silicon from 0.17 to 0.37 35 
manganese from 0.3 to 0.55 
chromium from 1.0 to 1.5 
nickel from 1.0 to 1.6 
molybdenum from 0.51 to 0.70 
vanadium from 0.01 to 0.1 40 
copper not more than 0.2 
cerium from 0.002 to 0.04 
iron and impurities — the balance. 
This steel has a good wettability and plasticity and, 

therefore, can be used for making nuclear reactors of a 45 
medium capacity. 

However, the aforesaid steel has an insufficient hard-
enabiUty, strength and temperature of brittle-viscous 
transition as applied to welded articles having a wall 
thickness of up to 650 mm. Since there is no steel having 50 
an increased hardenability, a sufficiently low critical 
temperature of brittleness, and a small shift of the criti-
cal temperature of brittleness after irradiation, this in-
volves considerable difficulties in manufacturing pow-
erful nuclear reactors. 55 

It is a principal object of the invention to produce a 
steek having a lower critical temperature of brittleness 
(up to—100* C) in thickness of up to 650 mm as against 
those steels used in the manufacturing of reactors. 

Another important object of the invention is to attain 60 
a small shift of the critical temperature of brittleness 
after neutron irradiation. 

It is still another object of the invention to attain a 
deep hardenability of the steel combined with a high 
strength thereof. 65 

These and other objects of the invention are accom-
plished by producing a steel which contains carbon, 
silicon, manganese, chromium, nickel, molybdenum, 

vanadium, copper and iron wherein, according to the 
invention, there included additionally aluminium, nitroT 
gen, and arsenic, said components being contained in 
the following amounts, in percent by weight: 

carbon from 0.13 to 0.18 
silicon from 0.17 to 0.37 
manganese from 0.30 to 0.60 
chromium from 1.7 to 2.4 
;nickel from 1.0 to 1.5 
molybdenum from 0.5 to 0.7 
vanadium from 0.05 to 0.12 
aluminium from 0.01 to 0.035 
nitrogen from 0.005 to 0.012 
copper from 0.11 to 0.20 
arsenic from 0-0035 to 0.0055 
iron and impurities — the balance. 
The additional amount in the steel of aluminium from 

0.01 to 0.035 percent by weight and nitrogen from 0.005 
to 0.012 percent by weight leads, as a result of their 
interaction, to the formation of nitrides which are con-
ducive to the grain size reduction which increases the 
impact strength of the steel, especially at minus temper-
atures and after strain ageing, as well as reduces the 
temperature of brittle-viscous transition of the steel. 
This improves the reliability and extends the service life 
of the powerful nuclear engineering equipment. 

The. increase of the amount of aluminium over and 
above said amount leads to increased contamination of 
the metal with alumina as well as to dissolution in the 
steel of aluminium in a free state which lowers the im-
pact strength, especially at minus temperatures and 
increases the temperature of the brittle-viscous transi-
tion. 

The lowering of the amount of aluminium to less than 
0.01 percent by weight reduces the deoxidation and 
decontamination of the herein proposed steel. 

It is undesirable to increase the amount of nitrogen 
above said amount since this will facilitate the contami-
nation of the metal with nitrides and the lowering of the 
resistance of the steel to brittle fracture, whereas the 
lowering of the amount of nitrogen to less than 0.005 
percent by weight is inefficient since it will lead to 
lower formation of highly-dispersed nitride phases. 

The additional amount of arsenic from 0.0035 to 
0.0055 percent by weight with the amount of copper 
from 0.11 to 0.20 percent by weight makes it possible to 
smelt steel with conventional charge materials accord-
ing to the known methods so that high technological 
properties and service qualities of the metal are ob-
tained. 

The lowering of the amount of arsenic to less than 
said amount is inefficient in that it complicates steel-
smelting processes whereas the increase in the amount 
of arsenic above 0.0055 percent by weight may ad-
versely affect the irradiation resistance and purity of the 
steel. 

The amount of chromium from 1.7 to 2.4 percent by 
weight in the steel improves its hardenability, and 
makes it possible to achine uniformity of strength and 
plasticity properties in thicknesses of up to 650 mm, 
improve the impact strength and reduce the brittle-vis-
cous transition temperature. 

The lowering of the amount of chromium to less than 
1.7 percent by weight does not make it possible to ob-
tain the required complex of mechanical properties of 
the steel, above all the strength characteristics and low 
critical temperature of brittleness; the increase of the 
amount of chromium in the steel to more than 2.4 per-
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cent by weight is not advisable since in this case com-
plex carbides may be formed thereby to result in a low-
ering of the impact strength and resistance. 

The amount of chromium of up to 2.4 percent by 
weight in combination with nickel and molybdenum 5 
makes it possible to considerably improve the strength 
of the steel. For this purpose nickel is added to the steel 
along with chromium, in the amount of from 1.0 to 1.5 
percent by weight, and molybdenum from 0.5 to 0.7 
percent by weight. 10 

Said amount of carbon from 0.13 to 0.18 percent by 
weight makes it possible to produce a steel of increased 
strength without lowering the critical temperature of 
brittleness and deteriorating the technological proper-
ties of forgings with a thickness of up to 650 mm. 15 

The amount of silicon in the steel within the above 
limits ensures its complete deoxidation and the obtain-
ing of a solid casting. 

The increase of the amount of silicon in the steel to 
more than 0.37 percent by weight may result in its con- 20 
tamination with matallic inclusions and lower impact 
strength thereof. 

The amount of vanadium from 0.05 to 0.12 percent by 
weight enables the production of steel with a fine-grain 
structure, which increases the impact strength and de- 25 
creases the brittle-viscous fracture temperature thereof. 

The basic component of the steel is iron, and in addi-
tion to said alloying components it contains impurities, 
in percent by weight: sulfur up to 0.02, and phosphorus 
up to 0.02. 30 

The steel, according to the invention, can be most 
effectively used for making powerful bodies of nuclear 
reactors. 

For an explanation of theinvention presented below 
are tentative compositions of the steel with reference to 35 
the accompanying table. 

The steel, according to the invention, is smelted in 
electric-arc and open-hearth furnaces by the known 
smelting methods. Deoxidation of the steel is effected 
with materials conventionally employed in metallurgy. 40 

EXAMPLE 1 
The steel contains, in percent by weight: 
carbon 0.18 
silicon 0.26 45 
manganese 0.45 
chromium 1.89 
nickel 1.33 
molybdenum 0.56 
vanadium 0.10 50 
aluminium 0.02 
nitrogen 0.008 
copper 0.13 
arsenic 0.004 
iron and impurities— the balance. 55 
Said composition ensures the production of a steel 

which has an ultimate strength of not less than 63.0 
kg/mm2 and a yield point of not less than 55.3 kg/mm2 

at a working temperature of 350° C. The characteristics 
of the relative elongation and relative contraction of 60 
steel have high values and are respectively from 16.4 to 
19.2% and from 71.0 to 73.5%. The impact strength of 
the steel retains high values in the process of testing at 
minus temperatures and is from 13.0 to 19.4 kgm/cm2at 
- 2 0 ° C. 65 

EXAMPLE 2 
The steel contains, in percent by weight: 

carbon 0.16 , „ . 
silicon 0.21 
manganese 0.35 
chromium 1.76 . * " 
nickel 1.37 
molybdenum 0.53 
vanadium 0.07 
aluminium 0.03 
nitrogen 0.006 
copper 0.11 
arsenic 0.005 
iron and impurities — the balance. 
The steel of said composition has an ultimate strength 

of not less than 60.0 kg/mm2 and a yield point of not less 
than 51.8 kg/mm2 in the process of tensile tests at 350° 
C. The relative elongation of the steel is from 16.0 to 
18.0% and the relative contraction from 70.4 to 71.0%. 
The impact strength of the steel in notched Charpy 
specimens in the process of testing at —20° C is from 
19.8 to 22.0 kgm/cm2, and at - 5 0 ° C from 12.2 to 19.0 
kgm/cm2. 

EXAMPLE 3 
The steel contains, in percent by weight: 
carbon 0.16 
silicon 0.22 
manganese 0.38 
chromium 2.30 
nickel 1.32 
molybdenum 0.57 
vanadium 0.10 
aluminium 0.01 
nitrogen 0.005 
copper 0.16 
arsenic 0.0055 
iron and impurities — the balance. 
The ultimate strength of the steel of said composition 

at a temperature of testing of 350° C varies from 59.5 to 
60.5 kg/mm2and the yield point varies from 51.8 to 53.6 
kg/mm2. The relative elongation of the steel is from 
15.2 to 16.4% and the relative contraction from 72.0 to 
75.0%. The impact strength of the steel in the process of 
testing at +20° C is from 23.7 to 26.2 kgm/cm2 and at 
- 2 0 ° C from 12.4 to 16.8 kgm/cm2. 

The mechanical properties of the steel according to 
the invention are presented in the accompanying table 
as compared with the steel of the known composition. 

To compare the mechanical properties under the 
same conditions of heat treatment and with the same 
thickness of forgings (330mm), the following Chemical 
composition of the steel has been selected. 

EXAMPLE 4 
The steel contains, in percent by weight: 
carbon 0.17 
silicon 0.26 
manganese 0.45 
chromium 1.74 
nickel 1.35 
molybdenum 0.57 
vanadium 0.10 
aluminium 0.02 
nitrogen 0.007 
copper 0.12 
arsenic 0.0038 
iron and impurities — the balance. 
The proposed steel as compared with the known steel 

under the same testing conditions and with practically 
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equal characteristics of plasticity has improved strength 
characteristics ultimate strength of the proposed steel at 
+20° C is from 69.2 to 71.0 kg/mm2, and the known 
steel from 65.6 to 67.9 kg/mm2; the yield point of the 
proposed steel is from 57.7 to 62.2 kg/mm2 and that of 
the known steel is from 49.3 to 54.6 kg/mm2. The im-
pact strength in Charpy tests in notched specimens at 
+20° C in the proposed steel is from 26.3 to 27.5 
kgm/cm2, and in the known steel from 16.7 to 18.0 
kgm/cm2; at —20° C in the proposed steel it is respec-
tively from 20.0 to 23.4 kgm/cm2 and in the known steel 
from 2.4 to 11.6 kgm/cm2. The proposed steel has an 
impact strength of up to 9 kgm/cm2 at a temperature of 
testing of —100° C. 

10 

the increase of the critical temperature of brittleness is 
from 70° to 80° C. 

The steel has been tested in industrial conditions and 
its properties have been fully investigated in forgings, 
rolled stock and joints welded by automatic flux weld-
ing, hand arc welding and electric slag welding. The 
proposed steel and its welded joints feature high cyclic 
strength under all the testing conditions, and stable 
characteristics of heat resistance and brittle strength. 

The comprehensive investigation conducted with 
regard to studying all the service qualities of the steel 
characterized it as a material having high technological 
properties, fit for in nuclear power machine building for 
making powerful nuclear reactors and other pressure 

Table 
M e c h a n i c a l p r o p e r t i e s o f a r t i c les f r o m t h e p r o p o s e d a n d 

t h e k n o w n steel 

Steel 
E x a m 

T e m p 
of 

test , 
Ul t , 
str . , 

Yie ld 
poin t 

Re l . 
e long . 

Rel . 
c o n t r . 

I m p a c t s t r eng th , k g m / c m 2 

( n o t c h e d C h a r p y spec imens) 
N o . • C k g / m m 2 k g / m m 2 % % T e s t t e m p e r a t u r e , ' ' C 

7 20 

350 

7 3 . 3 / 
74.6 
6 3 . 0 / 
63.5 

6 2 . 8 / 
64.4 
5 5 . 3 / 
55.6 

2 2 . 0 / 
23.4 
16.4 / 
19.2 

7 4 . 6 / 
78.7-
7 1 . 0 / 
73.5 

+ 2 0 

2 3 . 2 / 
26.1 

0 - 5 

16.4 / 
19.4 

- 2 0 

13.0 / 
19.6 

- 3 5 

14.7/ 
19.6 

- 5 0 

8 . 8 / 
19.6 

- 8 0 - 1 0 0 

2 
20 

350 

7 0 . 6 / 
72.6 
6 0 . 0 / 
61.2 

6 1 . 0 / 
63.0 
5 1 . 8 / 
53.6 

2 1 . 0 / 
24.0 
16 .0 / 
18.0 

7 4 . 7 / 
75.6 
7 0 . 4 / 
71.0 

2 0 . 2 / 
24.0 

19.8 / 
22.0 

9 . 4 / 
21.0 

11.8/ 
21.4 

12.2/ 
19.0 

— -

3 
20 

350 

7 0 . 2 / 
70.7 
59 .5 / 
60.5 

59 .8 / 
61.0 
52 .0 / 
53.0 

2 0 . 0 / 
20.3 
15 .2 / 
16.4 

7 5 . 4 / 
75.4 
72.0 
75.0 

2 3 . 7 / 
26.2 

— 12.4/ 
16.8 

— - - -

4 
20 

350 

69 .2 / 
71.0 
5 7 . 8 / 
61.3 

57 .7 / 
62.2 
4 8 . 8 / 
53.0 

2 4 . 0 / 
25.0 
17 .0 / 
19.2 

7 7 . 0 / 
79.3 
7 4 . 6 / 
76.2 

2 6 . 3 / 
27.5 

21.1!/' 
25.0 

— 2 0 . 0 / 
23.4 

- 15.8/ 
23.0 

9 . 5 / 
10.4 

3 . 1 / 
9 .0 

20 

350 

6 5 . 6 / 
67.9 
5 6 . 3 / 
57.1 

4 9 . 3 / 
54.6 
4 1 . 7 / 
47.0 

2 0 . 0 / 
20.3 
19 .0 / 
19.3 

7 6 . 6 / 
77.8 
7 4 . 2 / 
75.8 

16 .7 / 
18.0 

13.0 / 
23.0 

— 2 . 4 / 
11.6 

— — — -

P r o p o s e d 

Steel 

K n o w n 
steel 

The proposed steel has a high impact strength after 
heat and strain ageing, and a low sensitivity to strain 4 5 
concentrators. 

The good technological properties of the steel in 
welding are characterized by the impact strength of the 
metal in the weld zone which is from 8 to 9 kgm/cm2 

without tempering at a temperature of —20° C. The 5 0 
proposed steel ensures complete absence of cracks in 
the weld zone in large-size units at a temperature of 
preheating for welding from 150° to 200° C. 

The proposed steel has alow shift of the critical tem-
perature of brittleness due to irradiation. At a tempera- 5 5 
ture of irradiation from 260 to 320° C with a neutron 
flow of 1.3 X 1020N/cm2and an energy of E>0.5 MeV, 

vessels exposed to irradiation. 
What is claimed is: 
1. A steel consisting essentially of in percent by 

weight: 
carbon from 0.13 to 0.18, 
silicon from 0.17 to 0.37, 
manganese from 0.30 to 0.60, 
chromium from 1.7 to 2.4, 
nickel from 1.0 to 1.5, 
molybdenum from 0.5 to 0.7, 
vanadium from 0.05 to 0.12, 
aluminium from 0.01 to 0.035, 
nitrogen from 0.005 to 0.012, 
copper from 0.11 to 0.20, 
arsenic from 0.0035 to 0.0055, 
iron and impurities — the balance. 

60 

65 


