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Creation of materials for application in the extremal operating conditions, including Arctic and Far North regions,
is connected with solving of several problems caused by the effect of static, cyclic and dynamic loads, intensive
wear, extra low temperatures etc. A group of scientists from Nosov Magnitogorsk State Technical University has
developed the unique combinations of requirements for production of new steels, which are characterized by si-
multaneous high strength and ductility as well as wear resistance, atmospheric resistance and cold resistance at the
temperature down to minus 70 °C. Such properties determine possibility of multirole application of these steels in
constructions and objects of Russian oil and gas industry as well as in the areas of bridge construction, building,
transport and heavy machine-building and other industries. Production of such steels with different alloying sys-
tems, i.e. Si-Mn-Mo and Si-Mn-Ni-Mo with microalloying is mastering at Magnitogorsk Iron and Steel Works in
cooperation with Nosov Magnitogorsk State Technical University, within the framework of solving the problem of
foreign import replacement. In this case the range of requirements for different concrete grades of multi-functional
materials is varied within rather wide range: ¢, — from 580 to 1500 MPa, o, — from 500 to 1100 MPa, &5 — from
10 to 20 %, KCV-70 — from 25 to 100 J/cm2. Influence of heat treatment procedures (quenching with consequent
tempering) on forming the complex of mechanical properties and low-temperature impact strength for high-
strength low carbon steels with Si-Mn-Mo and Si-Mn-Ni-Mo alloying systems is examined in this research.

Key words: low carbon high-strength steels, Si-Mn-Mo and Si-Mn-Ni-Mo alloying systems, quenching,

tempering, structure, mechanical properties, low-temperature impact strength.

DOI: 10.17580/cisisr.2023.01.12

Introduction

At present time absorption and sustainable develop-
ment of the Northern territories and Arctic area is among
the priority tasks, it has decisive influence on development
of national economics and power engineering. Creation
of materials for application in the conditions of Arctic
and Far North regions is connected with solving of several
problems caused by the effect of static, cyclic and dynamic
loads, intensive wear, extra low temperatures etc. [1, 2].
In this case majority of the existing innovations pro-
vide production of materials with extremely specialized
purposes. In this connection, the unique combinations
of requirements for production of new steels, which are
characterized by simultaneous high strength and ductil-
ity as well as wear resistance, atmospheric resistance and
cold resistance at the temperature down to minus 70 °C
were developed by the group of scientists from Nosov
Magnitogorsk State Technical University [3-5]. Such
properties determine possibility of simultaneous multirole
application of these steels in constructions and objects of
Russian oil and gas industry as well as in the areas of bridge
construction, building, transport and heavy machine-
building and other industries.
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Production of such steels with different alloying systems,
i.e. Si-Mn-Mo and Si-Mn-Ni-Mo with microalloying is
mastering at Magnitogorsk Iron and Steel Works in coop-
eration with Nosov Magnitogorsk State Technical University,
within the framework of solving the problem of foreign im-
port replacement. Use of microalloying by titanium, vanadi-
um, niobium promotes forming of the fine-grained structure,
while boron microadditives up to 0.006 % with low content of
carbon and alloying elements are efficient for rise of harden-
ability [6]. In this case the range of requirements for different
concrete kinds of multi-functional materials is varying within
rather wide amplitude:

- kind 1: 6,,>500 MPa; oz 580-950 MPa, A:>20 %,
KCV-70>100 J/cm2;

- kind 2: 6,,>800 MPa, o5 950-1200 MPa, A>14 %,
KCV-70>50 J/cm2;

- kind 3: 6,,>950 MPa, o 1200-1500 MPa, A:>13 %,
KCV-70>37,5]J/cm?;

- kind 4: 6,,>1100 MPa, 6;>1500 MPa, A:>10 %,
KCV-70>25 J/cm2 [6-10].

It is known that obtaining of the required combina-
tion of mechanical properties and functional parameters in
high-strength steels is provided by conduction of quench-
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ing and tempering [11-14]. It is recognized that forming
of martensite-bainite structure with high density of dis-
locations in the process of y—a-transformation leads to
homogenous distribution of strengthening fine-dispersed
carbide phase during tempering, while complex alloying
provides the preset level of steel strength at increased tem-
pering temperature [6]. However, at present time insuf-
ficient volume of published information about influence
of heat treatment on structure and properties of low-alloy
economically alloyed high-strength steels with summa-
rized content of alloying elements < 3.5 % requires ad-
ditional researches in this direction. Thereby, research of
influence of heat treatment procedures (quenching and
consequent tempering) on forming of mechanical prop-
erties and low-temperature impact strength of low-alloy
economically alloyed high-strength steels with Si-Mn-Mo
and Si-Mn-Ni-Mo alloying systems is the aim of this work.
It is shown that management of heat treatment procedures
can provide high strength class in combination with good
impact strength at low temperatures, depending on the re-
quirements to finished products.

Materials and methods of researches

The research was carried out on the labour samples
from cold-resistance high-strength steel with Si-Mn-Mo
alloying system, with the following chemical composition
(mass %): 0.16 C; 0.54 Si; 1.8 Mn; 0.23 Mo and from steel
with Si-Mn-Ni-Mo alloying system, with the following
chemical composition (mass %): 0.15 C; 0.23 Si; 1.2 Mn;
1.75Ni; 0.23 Mo; 0.023 Ti; 0.0035 B.

Melting, hot rolling and consequent heat treatment
of sheet metal samples with 10 mm thickness were con-
ducted on the base of the scientific and production com-
plex “Engineering center” at Nosov Magnitogorsk State
Technical University.

To achieve the optimal complex of properties and to de-
termine heat treatment procedures, providing high-strength
state in combination with high resistance to brittle destruc-
tion and cold resistance in steels with the required compo-
sitions, quenching from the temperature 860 1 900 °C was
carried out with consequent tempering at the temperatures
450, 500 1 600 °C during 1 hour.

Fig. 1. Microstructure of steels with the Si-Mn-Mo (a, b) and Si-Mn-Ni-Mo (c, d) alloying systems, quenched from the temperatures

860 °C (a, ¢) and 900 °C (b, d)
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Metallographic examinations using scanning electron
microscope (SEM) JSM 6490 LV in secondary electrons were
conducted in the Centre of common use at “Nanosteels”
Scientific and research institute of Nosov Magnitogorsk
State Technical University. Micro polished sections were
manufactured for micro-analysis via the standard technique
at the sample preparation line of Buehler. To reveal micro-
structure, the surface of polished sections was subjected to
pickling in 4 % HNO; solution in ethyl alcohol via dipping
of polished surface in a bath with a reagent. Quantitative re-
lationship of volumetric part of the structural components
was determined via manual measurements, by extraction of
their square. The complex of testing of mechanical properties
(6> G, 85 1 KCV-70) was carried out in the Central qual-
ity labour at Magnitogorsk Iron and Steel Works. Extension
testing and impact bending testing (at the temperature -
70 °C) were conducted according to GOST 1497-84 and
GOST 9454-78 respectively.

Results and discussion

Metallographic analysis displayed that microstructure
of steel with Si-Mn-Mo alloying system, with the following
chemical composition (mass %): 0.16 C; 0.54 Si; 1.8 Mn;
0.23 Mo contains martensite and bainite after quenching
from 860 °C, and amount of bainite constitutes 30-40 %
(Fig. 1, a). Length of needles makes 12 um (ball 7 according
to the GOST 8233).

If we shall rise the temperature to 900 °C, martensite and
bainite are also presented in microstructure, but amount of
bainite decreases approximately to 25 % (Fig. 1, b). Maximal
size of racks increases to 20 um (ball 9 according to the
GOST 8233). Increase of the part of martensite component
leads to definite rise of the yield strength (o, ,=1,040 MPa)
and lowering of low-temperature impact strength
(KCV-9=26J/cm?) in comparison with the properties which
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were formed after quenching from the temperature 860 °C
(69,=950 MPa, KCV-70=42 J/cm?) (Fig. 2).

After quenching from the temperatures 860 and 900 °C
of steel with Si-Mn-Ni-Mo alloying system, with the fol-
lowing chemical composition (mass %): 0.15 C; 0.23 Si;
1.2 Mn; 1.75 Ni; 0.23 Mo; 0.023 Ti; 0.0035 B, its structure
(as the structure of steel with Si-Mn-Mo alloying system)
contains martensite component and small amount of bainite
component (see the Fig. 1, ¢, d). After quenching from the
temperature 860 °C, amount of bainite constitutes 30-40 %
(Fig. 1, ¢), while after quenching from the temperature
900 °C it makes 20-25 % (Fig. 1, d). Maximal size of mar-
tensite racks remains constant for different quenching
temperatures and is equal to 16 um (ball 8 according to the
GOST 8233). Itis connected with titanium presence in steel
chemical composition; titanium forms carbonitrides, which
restrict growth of austenite grain during heating [6, 15, 16].

Mechanical properties after quenching from different
temperatures of steels with both alloying systems remain
approximately at the same level (Fig. 2, a), while tensile
strength value of the steel with Si-Mn-Ni-Mo alloying sys-
tem is a little smaller in comparison with properties of the
steel with the Si-Mn-Mo alloying system. Low-temperature
impact strength of the steel with Si-Mn-Ni-Mo alloying
system after quenching from the temperature 860 °C is ap-
proximately at the same level as the steel with the Si-Mn-Mo
alloying system, while after quenching from the temperature
900 °C it essentially exceeds the values of impact strength
of the steel with the Si-Mn-Mo alloying system. It can be
connected with alloying of this steel by nickel, which dis-
solves in a-phase and promotes impact strength rise of this
steel [17, 18].

It is concluded that the temperature 900 °C should be
recognized as the rational quenching temperature (with
consequent tempering) for the steels with Si-Mn-Mo and
Si-Mn-Ni-Mo alloying systems from the point of view of
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Fig. 2. Variation of mechanical properties after quenching via different procedures in steels with Si-Mn-Mo and Si-Mn-Ni-Mo alloying

systems
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Fig. 3. Variation of mechanical properties after quenching from 900 °C and tempering via different procedures in steels with Si-Mn-

Mo and Si-Mn-Ni-Mo alloying systems

more high mechanical properties. If we shall rise the tem-
pering temperature from 450 to 600 °C for the steel with the
Si-Mn-Mo alloying system, ductility parameter will increase
by 2-3 times (Fig. 3). In this case, tensile strength decreases
approximately by 35 % and yield strength by 20 % in com-
parison with quenched state (see Fig. 3). After tempering at
the temperature 450 °C, a tempering troostite is observed
in microstructure (Fig. 4, a), while at the temperature
500 °C spheroidizing process is starting, with forming of small
amount of carbides of spheroid form and forming of temper-
ing troostite-sorbite structure (Fig. 4, ¢); it leads to essential
increase of impact strength in comparison with quenched
state (see Fig. 3, b). Further tempering temperature rise up
to 600 °C is accompanied by forming of tempering sorbite
structure (Fig. 4, d), what explains achievement of maximal
impact strength at this heat treatment procedure (see Fig. 3).

In the steel with the Si-Mn-Ni-Mo alloying system, the
tempering temperature rise from 450 to 600 °C leads to low-
ering of mechanical properties (see Fig. 3, @) approximately
for the same value, as in steels with the Si-Mn-Mo alloying
system, what is connected with martensite decomposition
and forming of tempered microstructure.

In this case, in the same way as in the steel with Si-Mn-
Mo alloying system, after quenching at the temperature
450 °C, the tempering troostite microstructure is forming
(Fig 4, b), while after tempering at 500 and 600 °C — the
tempering troostite-sorbite (Fig 4, d) and sorbite (Fig 4, f)
structures respectively. However, after tempering within the
temperature range 450-500 °C, the values of low-tempera-
ture impact strength are lower, than after quenching (Fig. 3, b),
it can be explained by development of tempering embrit-
tlement processes. It is known, that tempering brittleness
is expressed especially strongly in the case of joint presence
of nickel and manganese in steel [12, 19, 20]. In this case
steel susceptibility to tempering brittleness can be essentially
decreased via addition 0.3-0.4 % of molybdenum in it. It

is evident that introduction of 0.23 % Mo in steel with the
Si-Mn-Ni-Mo alloying system is quite insufficient to prevent
tempering embrittlement. Maximal ductile properties and
impact strength are achieved only at the tempering tempera-
ture 600 °C (Fig. 3, b).

In general, mechanical properties of steels with Si-Mn-
Mo and Si-Mn-Ni-Mo alloying systems are approximately
at the same level. However, as soon as the tempering tem-
perature increases, the values of impact strength of steel with
the Si-Mn-Mo alloying system essentially exceeds the values
of impact strength of steel with the Si-Mn-Ni-Mo alloy-
ing system, in which the processes of reversing tempering
embrittlement are developing within the temperature range
450-500 °C.

Conclusion

Analysis of the obtained results allows to conclude that
steel the Si-Mn-Mo alloying system, with the following
chemical composition (mass %): 0.16 C; 0.54 Si; 1.8 Mn;
0.23 Mo, after quenching from the temperature 860 °C pro-
vides the following complex of properties: 6, = 950 MPa,
6,= 1410 MPa, KCV-70= 42 J /cm?. Quenching temperature
rise up to 900 °C leads to small increase of yield strength
(09,= 1040 MPa) and decrease of low-temperature impact
strength (KCV-70=26 J/cm 2), what is explained by increase
of the part of martensite component in microstructure. Such
combination of mechanical properties meets the require-
ments to material of the kind 3.

After quenching from the temperature 900 °C with con-
sequent tempering at 450 and 500 °C, increase of the val-
ues of low-temperature impact strength (KCV-70 — 51 and
54 J/cm?2) and decrease of steel mechanical properties
(cp, — 1030 and 940 MPa, 5, — 1060 and 990 MPa) is ob-
served; it is stipulated by forming of tempering troostite and
troostite-sorbite structure respectively. This combination of
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Fig. 4. Microstructure of steels with the Si-Mn-Mo (a, ¢, €) and Si-Mn-Ni-Mo (b, d, fj alloying systems after quenching from the
temperature 900 °C and tempering at the temperatures 450 °C (a, b), 500 °C (c, d) and 600 °C (e,

mechanical properties meets the requirements to material
of the kind 2.

The maximal values of low-temperature impact strength
(KCV-9=8() J/cM?) are achieved after tempering at the tem-
perature 600 °C, but also the most low values of mechanical
properties (c,,= 830 MPa, c,= 890 MPa), which do not
satisfy the requirements to no one kind of materials.

Steel with the Si-Mn-Ni-Mo alloying system, with
the following chemical composition (mass %): 0.15 C;
0.23 Si; 1.2 Mn; 1.75 Ni; 0.23 Mo; 0.023 Ti; 0.0035 B, has
after quenching from the temperature 860 and 900 °C the
combination of mechanical properties and low-temperature
impact strength, meeting the requirements to material of the
kind 3: 6, , — 1000 and 1010 MPa, 5, — 1340 and 1300 MPa,
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KCV-70 — 38 and 41 J/cm?, respectively. It is explained by
forming of more fine-dispersed and mainly martensite struc-
ture, unlike steel of the Si-Mn-Mo alloying system.

Heat treatment including quenching from the tempera-
ture 900 °C with consequent tempering at the temperatures
450, 500 and 600 °C does not provide achievement of the
required combinations of properties for examined kinds of
materials. It is explained by development of the processes of
reversing tempering embrittlement within the temperature
range 450-500 °C or softening during tempering at the tem-
perature 600 °C.

Thus, we can provide high class of tensile strength in
combination with good impact strength at decreased tem-
peratures via control and management of heat treatment
procedures for low-alloy economically alloyed high-strength
steels with the Si-Mn-Mo and Si-Mn-Ni-Mo alloying sys-
tems, depending on the requirements for finished products.
In this case steel with the Si-Mn-Mo alloying system is more
preferential for multi-purpose application. ais
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