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Abstract—The results obtained upon choosing rational alloying and microalloying for cold-resistant steels
with a guaranteed yield strength of 315–750 MPa on the basis of established interrelations between phase
transformations, structure, mechanical properties, serviceability parameters, and the content of main alloy-
ing elements are presented. Quantitative requirements for various structural parameters and their maximum
permissible difference throughout sheet product thickness up to 100 mm have been developed, depending on
the strength category and manufacturing technology (thermomechanical treatment with accelerated cooling,
quenching from separate furnace heating or rolling heating with high temperature tempering) to provide guar-
anteed characteristics of strength, cold resistance (impact energy KV at a testing temperature from –60 to –80°С,
critical ductile-to-brittle transition temperature Тkb, and nil ductility temperature NDT), and crack resis-
tance according to the criterion of critical crack tip opening displacement (CTOD).
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INTRODUCTION
The large-scale development of hydrocarbon

resources of the offshore Arctic shelf and coastal zone,
an intensive year-round exploitation of the Northern
Sea Route, and the development of the coastline of the
Arctic area require the use of highly reliable cold-
resistant steels to create technical facilities for the pro-
duction, transport, storage, and shipment of hydro-
carbons taken from offshore fields, such as novel ice-
breakers of increased capacity, ice-resistant platforms,
loading terminals, marine ice-resistant terminals,
crane and crane-assemblage ships with heavy lifting
capacity, hoisting and transport equipment, alterna-
tive power engineering, and other marine and engi-
neering equipment. For a number of structures, sheet
products up to 100 mm thick are required.

The steels used for the construction of such struc-
tures are subject to a number of special requirements.
This is a wide range of strength characteristics in com-
bination with a high level of viscoplastic properties,
high resistance with respect to brittle fracture and
extended viscous fracture at working temperatures
ranging from –40 to –60°C, resistance with respect to

static, dynamic and cyclic loads, no corrosion-
mechanical damage in the course of the calculated
operating lifetime, resistance with respect to layered
fractures in the assemblies of welded structures, suffi-
cient manufacturability of production and welding
under low-temperature conditions. Corrosive envi-
ronments, high specific loads, cyclic loading, low
temperatures, and a number of requirements including
those of an economic nature determine the search for
new approaches to the development of structural steels
intended for use in the Arctic.

To date, novel low-cost technologies for manufac-
turing sheet products with a thickness up to 40–60 mm
based on structural low-carbon steels for shipbuilding
and pipeline transport have been developed, including
with the participation of the author. These technolo-
gies consist in thermomechanical treatment with
accelerated cooling (TMCP + AC) for low-alloy steels
with yield strength of 315, 355, 390, 420, and 460 MPa
and quenching after a separate furnace or rolling heat-
ing and further tempering (Q + T or Qrh + T) for
alloyed steels with normalized yield strength amount-
ing to 500 MPa and more.
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The most important problems consist in increasing
in the metallurgical quality of steel via eliminating the
segregation of hazardous impurities and nonmetallic
inclusions and in providing the formation of a quasi-
isotropic structure throughout the thickness of a rolled
sheet for its fineness at all the scale levels (up to 200–
500 nm). The authors of [1, 2] have formulated the
principles for developing a quasi-isotropic structure
that consist in eliminating the formation of extended
phase boundaries and in the formation of morphologi-
cally similar structural components having close grain
and subgrain size, dislocation density, carbide phase dis-
persion and morphology. This problem can be solved via
choosing a chemical composition that makes it possible
to vary the rates of cooling in a rather wide range with no
change in the nature of phase transitions (important for
plate rolling) and sequentially making the structure finer
at each stage of the technological process.

The creation of a quasi-isotropic structure
throughout the thickness (up to 60 mm) of sheet prod-
ucts makes it possible to maintain high viscoplastic
properties while improving the strength characteristics
of structural steel [1–3]. On the basis of this approach, a
series of pipe and shipbuilding steels has been developed.
The Prirazlomnaya offshore ice-resistant platform and
the Arctic drilling platform for operation in the Arctic lat-
itudes have been constructed using such materials; the
pipes made of such materials have been used for the con-
struction of the Bovanenkovo-Ukhta gas pipeline.

However, this direction is still far from exhausted;
more and more powerful means for intense plastic defor-
mation are being commissioned in Russia, and techno-
logical methods for thermal deformational impact at var-
ious stages of rolling are under improvement [4–7].

At the current stage, the most significant issues
from the standpoint of providing the construction of
novel marine equipment with economical materials of
an expanded assortment (up to 100 mm thick) are a
guaranteed provision of serviceability parameters for
shipbuilding steels having various strengths while
reducing their production cost. More than 15 years of
experience in the production of shipbuilding steels
with the use of thermomechanical treatment since the
beginning of the 2000s has shown that often (upon
obtaining suitably commissionable mechanical prop-
erties), it is not possible to obtain satisfactory service-
ability parameters in the course of certification testing
(according to the ductile-to-brittle transition tem-
perature Tkb

1 for large samples, nil ductility tempera-
ture NDT2, and critical crack tip opening displace-

1 Tkb is the critical temperature of brittleness at which at least 70%
of a fibrous component is observed in the break of a full-thick-
ness sample with a concentrator in the form of a notch under a
three-point static bend to fracture.

2 NDT is the critical temperature of brittleness (“nil ductility
temperature”) defined as the maximum temperature at which a
breakage of a standard-sized sample with brittle cladding and a
crack-initiating notch under impact loading occurs.
INORGANIC MATE
ment CTOD [8]) taking into account a preset operat-
ing temperature.

These tests were previously conducted in the
course of certification in order to expand the possibil-
ities of using the developed materials for the most crit-
ical structural elements, according to the requirements
of the Russian Maritime Register of Shipping (RMRS).

In 2012, the RMRS was supplemented with
requirements for steels with the Arc index. According
to the 2017 edition of the RMRS “Rules for the Clas-
sification and Construction of Ships,” “Arc” is a sym-
bol added to the designation of a steel grade for which
a set of tests has been performed according to the
RMRS program to determine additional cold and
crack resistance characteristics that meet the require-
ments for steels with improved weldability. Next to the
Arc index, an estimated (minimum) material operat-
ing temperature Td is indicated (without a minus sign)
at which the steel can be used for manufacturing any
structural elements with no restrictions.

The fundamental difference between steels with the
Arc index and category F steels consists in the fact that
the serviceability parameters of sheet products and
welded joints made of such steels should be guaranteed
by the production technology thereof. New require-
ments for steels with the additional index “Arc” are
reflected in the National RF Standard GOST R
52927-2015. However, to date, such technologies have
not been available at Russian plants.

In this regard, the purpose of this work, carried out
partly in the scope of the Arctic Steel project, con-
sisted in developing scientifically justified approaches
to the choice of rational alloying and microalloying for
low-carbon low-alloy and economically alloyed cold-
resistant steels, including those with the Arc index,
with a yield strength of 315–750 MPa and to the for-
mulation of comprehensive quantitative requirements
for the structural parameters of sheet products up to
100 mm thick, to provide a decrease in the anisotropy of
mechanical properties and obtain guaranteed service-
ability in the low-temperature range from –40 to –60°С.

MATERIALS AND METHODS
As the material for the investigation, we chose sheet

products 25–100 mm thick made of low-carbon low-
alloy and economically alloyed cold-resistant steels,
whose chemical composition is presented in Table 1.

The sheet products under study were distinguished
by the type of initial workpiece (a converter slab or
ingot melted in an electric furnace), by the manufac-
turing technology—thermomechanical treatment with
accelerated cooling (TMCP + AC), quenching from
rolling or separate furnace heating with high-tempera-
ture tempering (Qrh + T or Q + T ), and by the alloying
level depending on the strength category (Table 2).

The requirements for the results of the stretching
and impact bending tests of sheet products made of
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019
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Table 1. Chemical composition of low-carbon low-alloy and economically alloyed steels, wt %

* Сeq = С + (Mo + Cr + V)/5 + (Cu + Ni)/15 + Mn/6, wt %.
** Рcm = C + (Mo + Cr + Cu)/20 + Si/30 + Ni/60 + Mo/15 + V/10, wt %.

Strength 
category, 

MPa
C Si Mn P S Cr Ni Cu

315–390 0.05–0.10 0.19–0.27 0.75–1.35 0.004–0.010 0.001–0.006 – 0.02–0.69 0.02–0.25

420–460 0.06–0.09 0.20–0.25 1.25–1.65 0.007–0.010 0.001–0.004 0.04–0.18 0.20–0.85 0.12–0.40

500–620 0.08–0.10 0.22–0.28 0.60–0.66 0.006–0.010 0.002–0.003 0.48–1.16 1.35–2.02 0.36–0.54

690–750 0.07–0.09 0.25–0.33 0.65–1.92 0.005–0.007 0.002–0.005 0.49–0.83 0.45–2.18 0.23–0.68

Al N Ti Mo Nb V Сeq* [1] Pcm** [2]

315–390 0.025–0.06 0.005–0.008 – 0.001–0.07 0.022–0.041 0.002–0.057 0.21–0.40 0.11–0.20

420–460 0.023–0.040 0.005–0.008 0.002–0.014 0.01–0.20 0.002–0.05 0.002–0.028 0.32–0.46 0.16–0.22

500–620 0.020–0.039 0.005–0.008 – 0.12–0.24 0.02–0.03 – 0.45–0.61 0.21–0.25

690–750 0.012–0.036 0.005–0.009 0.003–0.015 0.24–0.35 0.024–0.052 – 0.50–0.60 0.23–0.25

Table 2. Production technology of sheet products under investigation

Strength category MPa Maximum thickness
of rolled products, mm Initial workpiece Manufacturing technology

315–390 100
Slab, ingot TMCP + AC

420–460
60

100 Slab Qrh + T

500 60

Slab, ingot

TMCP + AC, Q + T, Qrh + T

620 50

Q + T, Qrh + T690 50

750 40 Ingot
cold-resistant steels with strength categories of 315–
750 MPa are shown in Table 3.

Additional requirements for cold resistance param-
eters for critical temperatures Tkb and NDT are pre-
sented in Table 4.

The requirements for crack resistance according to
the criterion of critical crack tip opening displacement
(CTOD) at temperature Td for the base metal (BM) and
the metal of the heat-affected zone (HAZ) are presented
in Table 5 (Td is the minimum calculated working tem-
perature up to which the steel can be used for making any
structural elements with no restrictions).

On the basis of the results of testing for the service-
ability of the base metal and welded joints, the highest
temperature Td (being not lower than the temperature
value at which steel and its welded joints can be oper-
ated with no restrictions) that meets all the specified
criteria is determined.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
The mechanical tests were carried out in accor-
dance with the requirements of GOST R 52927-2015.
The value of ductile-to-brittle transition temperature
Тkb was determined in accordance with the require-
ments of the RMRS rules, and the value of nil ductility
temperature NDT was determined in accordance with
the requirements of the RMRS rules and ASTM E208.
The CTOD fracture toughness testing was carried out
in accordance with the requirements of the standards
of the RMRS rules and BS 7448 p.1, BS/EN/ISO
15653, and ISO 12135.

The structure parameters were studied by means of
optical metallography using an Axio Observer A1M
microscope with a digital image analyzer for thin
metallographic sections after etching in a 3% alcohol
solution, as well as by means of automatic analysis of
electron backscattering diffraction patterns (EBSD
analysis) using a Quanta 3D FEG scanning electron
 10  No. 6  2019
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Table 3. Requirements for strength and viscoplastic properties of sheet products

Steel grade Yield strength, MPa, 
not lower than

Tensile strength, 
MPa

Relative elongation, 
not lower than, %

Impact energy KV, J,
at –20, –40, –60°C
(for categories D, E,

and F respectively), including 
after mechanical aging,

not lower than

(D, E) F32WАrc 315 440–570 22

50(D, E) F36WАrc 355 490–630 21

(D, E) F40WАrc 390 510–660 20

(D, E) F420WАrc 420 530–680 18

80

(D, E) F460WАrc 460 570–720 17

(D, E) F500WАrc 500 610–770 16

(D, E) F620WАrc 620 720–890 15

(D, E) F690WАrc 690 770–940 15

(D, E) F750WАrc 750 800–970 15

Table 4. Requirements for critical temperatures Тkb and NDT inherent in steels with Arc index

Rolled product 
thickness, mm

NDT, °С Тkb, °С

Arc20 Arc30 Arc40 Arc50 Arc60 Arc20 Arc30 Arc40 Arc50 Arc60

25–30 –35 –45 –55 –65 –75 –20 –30 –40 –50 –60
31–40 –40 –50 –60 –70 –80 –5 –15 –25 –35 –45
41–50 –45 –55 –65 –75 –85 +5 –5 –15 –25 –35
51–60 –50 –60 –70 –80 –90 +5 0 –10 –20 –30

More than 60 –50 –60 –70 –80 –90 +5 0 –5 –10 –15
microscope. The value of structure anisotropy coeffi-
cient Ka was determined using a Thixomet image ana-
lyzer together with the St. Petersburg Polytechnic Uni-
versity [9, 10]. The fine structure studies were performed
using a Tecnai G2 30 S-TWIN transmission electron
microscope (TEM) at an accelerating voltage of 120 kV.

THE PRINCIPLES OF ALLOYING 
AND THE DEVELOPMENT OF 

REQUIREMENTS FOR STRUCTURE 
THROUGHOUT THE THICKNESS OF SHEET 

PRODUCTS UP TO 100 mm THICK BASED 
ON COLD-RESISTANT STEELS 

FOR THE ARCTIC

The metallurgical approaches to the development
of cold-resistant structural steels are based on the
interrelations between alloying, phase transformation
kinetics, thermal deformation modes of hot plastic
deformation, the parameters of accelerated cooling,
quenching, high-temperature tempering, and the
structure under formation, mechanical properties,
INORGANIC MATE
and serviceability parameters that have been studied in
sufficient detail within the last 10–15 years. Specialists
at the Central Research Institute of Structural Materi-
als Prometey (since 1947 as a branch institute of ship-
building) and the Bardin Central Research Institute of
Ferrous Metallurgy, the Baykov Institute of Metal-
lurgy and Materials Science of the Russian Academy
of Sciences, and some other teams dealt with these
problems As a result, principles for alloying and tech-
nologies for manufacturing sheet products based on
shipbuilding cold-resistant steels (strength categories
of 315–690 MPa up to 70 mm thick [1, 2]) and pipe
cold-resistant steels (with a yield strength of at least
500–690 MPa [3] up to 35 mm thick) were proposed,
which provide the formation of the quasi-homogeneous
structure with the required dispersion and morphology
throughout the thickness of the rolled product.

However, to date, quantitative requirements nei-
ther for the characteristics of the structure anisotropy
throughout sheet thickness (except for approaches to
restricting the size and volume fraction of lath bainite
areas in pipe steels [3]) nor for the structural parame-
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019
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Table 5. Requirements for CTOD values for BM and HAZ inherent in steels with Arc index

Rolled product 
thickness, mm

СТОD, mm, at Td, not lower than

BM HAZ

F32W;
F36W

F40W;
F420W

F460W;
F500W F620W F690W F32W; F36W F40W;

F420 W
F460W;
F500W F620W F690W

25–30 0.15 0.15 0.20 0.20 0.25 0.10 0.10 0.10 0.15 0.20
31–35 0.15 0.15 0.20 0.20 0.25 0.10 0.15 0.15 0.20 0.25
36–50 0.20 0.20 0.25 0.25 0.30 0.10 0.15 0.15 0.20 0.25
51–70 0.20 0.25 0.30 0.30 0.35 0.15 0.20 0.20 0.25 0.30

More than 70 0.25 0.25 0.30 0.35 0.35 0.15 0.20 0.20 0.25 0.30
ters of steels (except for grain size, an approximate
relationship between structural components, the den-
sity of dislocations and the size of carbide phases for
shipbuilding low-alloy and alloyed steels [1, 2, 11, 12])
have been established, despite quite an extensive expe-
rience in manufacturing sheet products at Russian
industrial enterprises. No issues concerning a compre-
hensive quantitative assessment of structural changes
throughout the thickness of sheet products were con-
sidered. There is no experience in manufacturing sheet
products with a thickness of 71–100 mm from low-
alloy steels with the use of TMCP + AC and Qrh + T
technologies.

In recent years, novel methods have been proposed
for making the structure fine via improving the tem-
perature-deformation rolling schemes [4–7] with
more exacting requirements for the organization and
monitoring of technological process parameters.
However, these methods require scientifically based
adjustment of the content of main alloying and
microalloying elements [13–16].

The studies performed by the author have shown
that, upon two-stage hot plastic deformation in low-
alloy and economically alloyed steels, even seemingly
insignificant technological affects and chemical com-
position variations in narrow ranges (within 0.20%)
can lead to a significant change in the morphological
and crystallographic parameters of the structure (and,
as a result, mechanical properties and serviceability of
sheet products) while maintaining the phase composi-
tion. Evaluating the contribution of various parame-
ters to the formation of the structure has become pos-
sible owing to the development of novel methods for
recognizing and quantifying the grain and subgrain
structure of structural components [9, 10, 17, 18, 38].

Choosing Rational Alloying and Microalloying 
of Cold-Resistant Steels with Guaranteed 

Serviceability Parameters

The choice of a combination of alloying elements
for shipbuilding steels of various strength categories is
based on the current trend of reducing the alloying
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
level and the implementation of the principle of chem-
ical composition unification. As shown by studies car-
ried out under the guidance and with the direct partic-
ipation of the author, concerning the effect of carbon
and the main alloying elements (manganese, nickel,
chromium, copper, and molybdenum) exerted on
phase and structural transformations, hardenability of
steel, strength and plastic properties, impact energy at
low temperatures, the ductile-to-brittle transition
temperature Tkb and nil ductility temperature NDT,
crack resistance CTOD, and, of course, weldability
and corrosion-mechanical strength for low-alloy and
economically alloyed steels with a guaranteed service-
ability, including with the Arc index, additional
requirements should be established from the stand-
point of their alloying and microalloying.

Low-Alloy Steels with Yield Strength Not Less
than 315–460 MPa

For manufacturing sheet products based on low-
alloy shipbuilding and pipe cold-resistant steels using
thermomechanical treatment, a manganese-nickel
alloying composition with small additions of copper,
chromium, and molybdenum is traditionally used. At
the same time, pipe steels are very economically
alloyed owing to the enormous metal consumption in
the main pipelines: at a higher manganese content (up
to 1.8–2.0%), the addition of expensive alloying ele-
ments (nickel, copper, chromium, and molybdenum)
is significantly reduced, whereas the content of
microalloying elements exerting an inhibitory effect
on recrystallization processes is increased, causing
their incomplete course.

As the practice of manufacturing pipe steels (up to
35 mm thick) shows, not all the requirements for ship-
building steels can be provided for such chemical com-
positions with increasing sheet product thickness.
This primarily concerns the type of break for a large-
sized technological sample—one of the main tests of
sheet products for shipbuilding that characterizes the
uniformity of the structure throughout the thickness.
In addition, significant slivers are exhibited in pipe
 10  No. 6  2019
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Fig. 1. Effect of adding ferrite-forming elements under simultaneous decrease in the content of elements that stabilize austenite
exerted (a, b) on the structure and (c) on the strength of low-alloy steel.
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steel breaks, which often even improve the assessing
results with respect to a fraction of viscous component
in the breaks of samples after dynamic testing with a
falling load (drop weigh tear test, DWTT) and testing
for static bending with the determination of ductile-
to-brittle transition temperature Tkb, but are unaccept-
able for shipbuilding steels, which is regulated by the
RMRS rules.

For slivers to occur in the viscous fracture area, it is
necessary that the size of the structural inhomogeneity
determining the layered structure be at least (0.1–0.2)
with respect to the size of the zone of action of high
stresses in the Z direction. In the case of a viscous frac-
ture mechanism, the critical crack tip opening dis-
placement (CTOD) amounts to 150–200 μm; there-
fore, it should be expected that structural inhomoge-
neities larger than 100 μm in size could lead to the
formation of delaminations in the course of fracture
[19, 20]. Such structural inhomogeneities include,
first of all, extended areas of lath bainite formed within
the former unrecrystallized austenitic grains elongated
in the rolling direction.

The authors of [4, 13] have proposed a technologi-
cal method for the fragmentation of the initial unre-
crystallized austenitic grain aimed at intensifying the
ferrite transformation combined with the formation of
a granular bainite structure.

The main idea consists in an additional alloying of
pipe steel having a guaranteed yield strength amount-
ing to 500 MPa by ferrite-forming elements, in partic-
ular, chromium, in microalloying with vanadium
INORGANIC MATE
upon simultaneously reducing the content of elements
stabilizing austenite, such as nickel and copper. In this
case, it is necessary to create certain temperature-
deformation conditions that provide controlled car-
bon binding leading to an increase in critical conver-
sion points Аr3 and Аr1 and to the formation of granu-
lar structures having a high ductility and viscosity in
the cooling range of 5–30°C/s used in the industrial
treatment of sheet products. In combination with
chromium, this leads to an increase in the fraction of
quasipolygonal ferrite (Fig. 1a).

Under steel alloying with the elements that cause
increasing hardenability (nickel, copper, and molyb-
denum) and at a rather high manganese content
amounting to ~1.65% and at a cooling rate of 5–
30°C/s, a bainitic structure is formed, wherein lath
bainite prevails (Fig. 1b). The author has found that
the replacement of 0.4% Ni by (0.2% Ni + 0.2% Cr)
leads to a decrease in the strength characteristics of
steel by 50–70 MPa (Fig. 1c).

Industrial testing of the nickel-chromium composition
of pipe steel [13] for manufacturing shipbuilding sheet
products for lower strength categories 420–460 MPa [5]
has shown that, in the case of high cold resistance
parameters (the impact energy being not less than 200 J
up to a testing temperature of –80°C , ductile-to-brit-
tle transition temperature Тkb = –15 to –20°C, and nil
ductility temperature NDT = –75 to –80°C for
50-mm-thick sheet products), the values of critical
crack tip opening displacement CTOD required for
steels with the Arc40 index at test temperature of –40°C
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019
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Fig. 2. Structure of low-alloy steel (a) with Сeq = 0.26%, (b) with Сeq = 0.38%, and (c) with Ceq = 0.44% after cooling at a rate
of 5°C/s.

(а) (b) (c)20 μm 20 μm 20 μm
are provided only up to a rolled product thickness of
40 mm (the average CTOD value is closer to the lower
limit of 0.27 mm, while the required value should be at
least 0.20–25 mm).

Comprehensive studies on phase and structural
transformations in low-alloy shipbuilding steels with a
carbon equivalent of Ceq = 0.21–0.46% (owing to
change in the content of carbon and main alloying ele-
ments, i.e., manganese, nickel, copper, and molybde-
num) have shown that, over the entire range of cooling
rates (from 5 to 30°C/s, which is typical for cooling of
the surface and the average thickness of sheet products
of 100 mm under industrial conditions), it is possible
to provide the formation of a ferrite-pearlite-bainitic
structure with at Сeq= 0.21–0.25% (for steel with a
strength category of 315 MPa) and of a ferrite-bainitic
structure at Ceq = 0.26–0.40% (for steels with strength
categories of 355–460 MPa). With increasing Ceq, the
fraction of ferrite decreases with a simultaneous
increase in the content of the bainitic component
(Figs. 2a, 2b), which provides the required strength of
steel.

Upon increasing Ceq to 0.41–0.46%, a bainitic or
bainite-martensitic structure involving bainite of dif-
ferent morphology is formed at cooling rates of at least
5°C/s (Fig. 2c) with the required hardenability
throughout the entire cross section of sheets of large
thickness made of low-alloy steel in the case of using
Qrh + T and Q + T. For such steels, it is worthwhile to
perform microalloying with vanadium owing to the
effect of dispersion hardening [21, 22] upon tempering
low-alloy steel with a bainitic structure of a granular
type and a developed substructure (after two-stage
thermodeformation processing), for which the intro-
duction of 0.03% of vanadium leads to a 40–50 MPa
increase in strength.

In choosing rational alloying and microalloying for
cold-resistant steels to work in the Arctic, the main
problem is still to provide the stability of strength char-
acteristics in combination with high values of impact
energy throughout the thickness of sheet products and
serviceability parameters at low temperatures.

The statistical analysis of mechanical properties
carried out for 70–120 sheets with a thickness of 40–
60 mm made of steel with different content of carbon
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
and the main alloying elements (manganese, nickel,
copper) with a yield strength of at least 315–460 MPa
belonging to cold resistance categories E and F manu-
factured under industrial conditions according to
TMCP + AC technology has shown the following.

The majority of compositions exhibit a high aver-
age value of impact energy at testing temperatures of –40
and –60°C throughout the thickness of sheet prod-
ucts; however, in rare cases, decreases are observed
that do not meet the requirements of the RMRS rules
and GOST R 52927-2015 (Table 6).

Low-carbon steel with composition 1 (0.08–0.10% С)
containing Mn in the amount of 1.35–1.50% with no
additional alloying by other elements, microalloyed
with V + Nb, at a high strength level (at a level of
strength categories 420–460 MPa) does not provide
the required value of cold resistance for sheet prod-
ucts; there is a significant variation in the values of
impact energy in the middle of the sheet thickness
even at a testing temperature of –40°C (Table 6).

Under a 0.50–0.60% decrease in Mn content with
additional alloying with Ni in the range 0.15–0.20%, it
is possible to provide in steel having composition 2 a
stable combination of strength parameters and impact
energy throughout the thickness of sheet products
with strength category 315 MPa (Fig. 3a) A 0.40%
increase in the Mn content in steel with composition 3
promotes an increase in strength characteristics by
50–60 MPa as compared with composition 2 (Fig. 3a),
which provides the requirements for steels with
strength categories 355–390 MPa under simultaneous
reduction of the average values of impact energy by
70–80 J and the stability of their values.

An 0.50% increase in the Ni content in steel having
composition 4 leads to a significant increase in
strength characteristics (by 75–80 MPa) according to
their average values   (Fig. 3 b), satisfying strength cate-
gories 420–460 MPa; however, in combination with
an increased carbon content amounting to 0.08–
0.10%, such a change in chemical composition is unfa-
vorable from the standpoint of the impact energy sta-
bility, especially in the middle of sheet product thick-
ness (more than 50% of the values are below 50 J).

A 0.03% decrease in the carbon content in low-
alloy steel (composition 4 as compared to composition 6)
 10  No. 6  2019
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Table 6. Effect of C, Mn, Ni, and Cu content on the impact energy stability in the testing temperature range from –40 to –60°С

* Impact bending tests were carried out at a temperature of –40°С.

Composition 
number

Carbon 
content, %

Average content
of main alloying elements

Impact energy KV, J,
in the temperature

range from
–40 to –60°C*

Unsatisfactory result
in the impact energy

in the temperature range
from –40 to –60°C, %*

surface middle surface middle

1

0.08–0.10

1.4% Mn 218* 126* 0 28

2 0.8% Mn + 0.2%Ni 294* 291* 0 0

3 1.2% Mn + 0.2%Ni 226* 207* 4 8

4 1.2% Mn + 0.7%Ni 219 78 8 55

5 1.2% Mn + 0.8% Ni + 0.4%Cu 149 129 19 36

6

0.05–0.07

1.2% Mn + 0.7%Ni 261 201 2 13

7 1.2%Mn + 0.7% Ni + 0.2%Cu 222 199 0 7

8 1.4%Mn + 0.5%Ni + 0.2%Cu 276 224 0 4
does not cause any significant decrease in strength
characteristics (by less than 15–25 MPa), but it causes
an increase in the cold resistance of steel (in particular,
the average value of impact energy KV–60 in the middle
of the sheet thickness exhibits an increase by about 120 J,
whereas the stability of its values exhibits an approxi-
mately fourfold increase).

The additional alloying of steel having composition 7
with copper in small amounts (0.15–0.20%) helps to
reduce the dispersion of the values of tensile strength.
However, it has been found that the introduction of
copper in an amount of 0.35–0.40% into steel having
composition 5 containing 0.70–0.85% of Ni provides
the highest strength level with unstable results of
impact bending tests at a temperature of –60°C
throughout the thickness of sheet products (Fig. 3c).
To increase the stability of strength characteristics and
impact energy at low test temperatures, for sheet prod-
INORGANIC MATE

Fig. 3. Effect of the content of carbon and main alloying element
(a) Mn, (b, c) Ni and Cu (( ) Rt0.2; ( ) Rm).
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1.4 Mn
ucts with a thickness greater that 40 mm, the most effi-
cient procedure consists in replacing a part of Ni by Cu
(not more than 0.20%), as demonstrated for steel with
composition 8 (Fig. 3c).

In the case of such complex alloying with Ni and
Cu and restricting their content within narrow limits,
the control of strength characteristics for strength cat-
egories from 355 to 460 MPa is possible owing to the
variation of manganese content from 1.15 to 1.50%.

Figure 4 shows the minimum values of ductile-to-
brittle transition temperature Tkb and nil ductility tem-
perature NDT according to a statistical analysis per-
formed for low-alloy shipbuilding steels with different
content of the main alloying elements—Mn, Ni, and Cu.

Low-alloy steels containing Mn in an amount of
1.35–1.40% without Ni and Cu do not meet the
requirements for the main cold resistance parameter,
i.e., temperature Tkb, even at a sheet thickness of 25–
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019

s exerted on the level of strength characteristics of sheet products:

(b) (c)
.08–0.10% C 0.05–0.07% C

1.2 Mn +
0.7 Ni
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1.4 Mn +
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0.2 Cu0.2 Cu
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Fig. 4. Minimum critical temperature (a) of ductile-to-
brittle transition Tkb and (b) of nil ductility NDT for sheet
products 30–60 mm thick based on low-alloy steels with
different content of main alloying elements (lines corre-
spond to the level of STD requirements): (h) (1.35–
1.40)% Mn without Ni and Cu; ( ) (1.15–1.20)% Mn +
(0.85–0.90)% (Ni + Cu); (j) 1.15–1.20)% Mn + (1.15–
1.20)% (Ni + Cu).
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30 mm (Fig. 4a), which depends on the level of struc-
ture uniformity and isotropy throughout the thickness
of sheet products. This is connected with the forma-
tion of an anisotropic ferrite-bainitic structure in the
middle of the sheet thickness having large lath bainite
areas with a ferritic fringe along their boundaries. A
value of NDT temperature that is less sensitive (among
all the determined serviceability parameters) with
respect to the structure heterogeneity throughout the
thickness of rolled products can be provided at the
lower limit of the requirements for the thickness of the
rolled sheet not more than 40 mm.

The requirements for temperature NDT can be
provided via alloying steel jointly with Mn, Ni, and Cu
(Fig. 4b). In this case, in the entire range of considered
sheet product thicknesses amounting to 30–60 mm,
the achievement of specified cold resistance charac-
teristics (Тkb and NDT), as well as a high crack resis-
tance according to the criterion of critical crack tip
opening displacement( CTOD) in the temperature range
from –40 to –60°C, is provided in Mn-alloyed steel, with
a total content of (Ni + Cu) lower than 1.0%.

Increasing total (Ni + Cu) content to 1.0–1.2%
leads to obtaining required temperature values Tkb in a
limited range of sheet product thicknesses (up to 40 mm).
For a greater thickness, the minimum values of Tkb
exhibit an increase to a temperature ranging from –5
to 5°C, and, at the same time, the stability of the steel
crack resistance parameter worsens (the value of test-
ing temperature at which the requirements corre-
sponding to CTOD are met exhibits an increase to the
range from –20 to –30°C).

Economically Alloyed Steels with Yield Strength 
Not Less than 500–750 MPa

It is much more difficult to maintain a complex of
good mechanical properties and serviceability param-
eters in the case of the economical alloying of steels
with higher strength categories of 500–750 MPa. This
is connected with the fact that the chosen ranges of
main alloying elements for high-strength steel (man-
ganese, nickel, copper, chromium, and molybdenum)
under the restriction of carbon equivalent Сeq, in order
to increase cold resistance and weldability should pro-
vide a required hardenability value throughout the
entire rolled sheet thickness amounting to 50–60 mm.

The chemical composition of steel should guaran-
tee the formation of a bainitic, bainite-martensitic, or
martensitic structure (in the absence of a ferritic com-
ponent) in the range of cooling rates from 50 to 5°C/s,
typical for cooling the surface layers and the middle of
the sheets up to 50–60 mm thick under quenching
starting the rolling heating or separate furnace heating
in an industrial environment.

Earlier [23], it was shown that it is possible in prin-
ciple to reduce the content of expensive alloying ele-
ments (Ni, Cr, and Cu) by 20–30% as compared with
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
traditional compositions for manufacturing sheet
products belonging to strength categories of 500–
690 MPa. In particular, for steel with a guaranteed
yield strength of 690 MPa, a chemical composition
has been proposed with Ceq = 0.59–0.60%, wherein
the total content of (Ni + Cr + Cu) is reduced from 5.2
to 3.5–3.9% [14].

The authors of [24] have shown that this strength
class can be achieved in a limited range of thicknesses
(up to 25 mm) and in the case of using (V + Nb)
microalloyed low-carbon steel with a manganese-
nickel alloying composition and Ceq = 0.50% accord-
ing to TMCP + AC technology.

However, the stable combination of strength and
cold resistance for such steels with increasing sheet
product thickness requires the use of two-stage hot
plastic deformation with a subsequent high-intensity
cooling at a rate of at least 20°C/s to a temperatures of
300°C and lower (special Qrh modes). In this case, an
additional introduction of 0.3% Ni, causing the criti-
cal transformation points to become lower, is worth-
while for the formation before high-temperature tem-
pering of low-temperature transformation products
such as lath bainite and martensite with high strength
characteristics. In this case, vanadium should be
excluded owing to its influence on the morphology of
the bainitic component.
 10  No. 6  2019
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Fig. 5. Effect of Cr content and of Ni + Cu + Mo total con-
tent (a) on the average values of strength characteristics
and (b) on the impact energy at a low temperature:
( ) Rt0.2 after Q + T; ( ) Rm after Q + T; ( ) Rt0.2 after
Qrh + T; (j) Rm after Qrh + T.
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It has been shown in [21] that the introduction of
vanadium in an amount of 0.03% into low-carbon
economically alloyed steel leads to an increase in the
number of centers for the formation of a new phase
before the (γ → α) conversion of vanadium nitrides
and carbonitrides begins, intensifies the process of fer-
rite precipitation, and causes an increase in the critical
temperature Ar1 to provide the formation of predomi-
nantly granular structures.

In addition, the insufficient hardenability of such
steels with a nickel content less than 0.7%, taking into
account the limited technological capabilities to pro-
vide a preset AC rate, leads to difficulties in manufac-
turing sheet products of large thicknesses (over 30 mm)
under industrial conditions.

The studies on phase and structural transforma-
tions occurring in high-strength economically alloyed
steels with different Ceq values (from 0.46 to 0.61% by
means of varying the content of Cr, Ni, Cu, and Mo)
performed by the authors of [25] have shown that the
formation of a bainite-martensitic or martensitic
structure in the range of cooling rates from 5°C/s and
higher, inherent in the quenching of sheets with a
thickness up to 50 mm, can be achieved for steels with
Сeq = 0.51–0.59%, ~2.5–3.0% of (Ni + Cu + Mo),
and 0.5–0.7% of Cr. Increasing the chromium content
over 1% at a total content of (Ni + Cu + Mo) amount-
ing to ~2.0–2.5% promotes the occurrence of ferrite
INORGANIC MATE
transformation at cooling rates of 5–10°C/s inherent
in cooling in the middle of sheets greater than 30 mm
thick.

Figure 5 presents the results of tensile and impact
bending tests at a temperature ranging from –20 to
‒100°C for sheet products 30–35 mm thick based on
economically alloyed steels having different Сeq: Сeq =
0.51% at 0.5% Cr + 2.5% (Ni + Cu + Mo); 0.54% at
0.7% Cr + 2.5% (Ni + Cu + Mo); and 0.59% at 0.7%
Cr + 3.0% (Ni + Cu + Mo) after Q + T and Qrh + T.
All three alloying compositions provide a high stable
level of impact energy up to a testing temperature of
–80°С (Fig. 5b).

Sheet products with the highest Сeq (0.59%) under
quenching both starting from a separate furnace heat-
ing and starting from a rolling heating have demon-
strated strength characteristics that satisfy the require-
ments for steel with a strength category of 690 MPa. A
0.5% decrease in the total (Ni + Cu + Mo) content in
steel sheet products with Сeq = 0.54% (as compared to
steel with Сeq = 0.59%) leads to a decrease in the
strength properties to a level required for steel with a
guaranteed yield strength of 620 MPa. It should be
noted that the use of Qrh + T treatment makes it pos-
sible to provide higher values of yield strength (by
80 MPa) and tensile strength (by 40–45 MPa) in com-
parison with steel subjected to Q + T. Sheet products
based on steel with Сeq = 0.51% containing 0.5% Cr
and 2.5% (Ni + Cu + Mo) after Q + T treatment
exhibit a combination of strength and cold resistance
optimal for the strength category of 690 MPa up to
‒100°C (Fig. 5).

The further decrease in Сeq to 0.41% (~1% (Ni +
Cu + Mo)) and 0.46% (0.5% Cr + 2.0% (Ni + Cu +
Mo)), despite a high level of impact energy at a testing
temperature of –60°C (Fig. 6b), leads to a decrease in the
strength characteristics of sheet products 25–35 mm
thick to a level required for steel with a strength cate-
gory of 500 MPa (Fig. 6a) and significantly restricts
the temperature range wherein the values required for
crack resistance of sheet products remain (Fig. 6c).

As the thickness of sheet products based on eco-
nomically alloyed steels with a guaranteed yield
strength of 500–750 MPa increases over 50 mm, the
cooling rate throughout the thickness exhibits a
decrease, which in the case of an insufficient content
of alloying elements leads to increasing likelihood for
the formation of a predominantly bainitic structure
uneven in thickness with large areas of granular and
lath bainite. In this regard, to increase the hardenabil-
ity of steel in the course of sheet product quenching in
the thickness range of 51–100 mm, it is necessary to
increase the carbon equivalent to 0.59–0.61% by
means of an increase in the Cr content to 1.10–1.20%
and the total content of Ni and Cu to 2.25–2.35%.

In the case of restricted content of alloying ele-
ments in high-strength cold-resistant steels for reduc-
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019
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Fig. 6. Effect of Ceq, production technology, and sheet product thickness exerted on: (a) average strength characteristics (( ) Rt0.2;
( ) Rm), (b) impact energy at a testing temperature of –60°C, and (c) critical crack tip opening displacement CTOD at a low tempera-
ture (( ) at –40°C; ( ) at –60°C).
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ing the cost of their production, the microalloying can
compensate the decrease in the alloying level and
affect such processes as austenite grain size formation
and the kinetics of their growth upon heating, the for-
mation of carbide and carbonitride particles stable at a
high temperature, the precipitation of finely dispersed
carbides and carbonitrides in the course of cooling
and phase transformations, the occurrence of (γ → α)
transformation with the formation of a fine-grained
structure, the α-phase hardening via producing solid
solutions, the formation of nanosized particles in the
α phase during and after cooling, and the processes of
dispersion hardening of tempering [26, 27]. When using
the technologies of Qrh + T and Q + T, it is worthwhile to
perform a separate microalloying of economically
alloyed steels with niobium or vanadium.

To obtain a more uniform finely dispersed austen-
ite structure, the high-strength, economically alloyed
steels of strength categories of 500–750 MPa are pre-
dominantly microalloyed with Nb, which inhibits the
growth of austenite grains under heating for rolling;
promotes the inhibition of partial dynamic recrystalli-
zation; prevents the growth of new recrystallized
grains after the completion of primary static recrystal-
lization within the pauses between the passes at a
rough stage and at a stage of intermediate subcooling;
and extends the temperature range of austenite frag-
mentation, which provides the formation of a defor-
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
mation substructure with small-angle boundaries in
new austenitic grains [11, 28].

It has been established that to provide a stable com-
bination of strength and impact energy throughout the
thickness and the serviceability parameters at low tem-
peratures for sheet products based on cold-resistant
low-alloy (up to 100 mm thick) and economically
alloyed (up to 60 mm thick) steels, including those
with the Arc index, it is necessary to have narrowing of
the ranges determining the carbon content and the
main alloying elements specified in GOST 52927-
2015 and the RMRS rules, as well as the choice of ratio-
nal microalloying. This has required more detailed stud-
ies on the structure of steel, the formation of which is
determined both by the level of its alloying and by the
manufacturing technology, and determining the quanti-
tative requirements for the structure parameters through-
out the thickness of sheet products based on steel belong-
ing to strength categories of 315–750 MPa, to provide
specified mechanical properties and guaranteed cold
resistance and crack resistance characteristics.

Development of Quantitative Requirements 
for Structural Parameters throughout the Thickness

of Sheet Metal up to 100 mm

The studies concerning the steels of various
strength categories carried out with direct participa-
 10  No. 6  2019
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Fig. 7. Effect of anisotropy coefficient Ka on the impact
energy at a test temperature of –60°C for sheet products up
to 100 mm thick with strength category of 355–390 MPa
after TMCP + AC and with strength category of 420–
460 MPa after Qrh + T. Ultimate and average yield
strength values: ( ) near the surface; ( ) in the middle of
the sheet thickness.
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tion and under the guidance of the author have shown
that, in order to guarantee the serviceability parame-
ters of sheet products with a thickness up to 100 mm
under development of a quasi-isotropic structure, in
addition to the aforementioned requirements, one
should fulfill other requirements that are much more
stringent than those fulfilled earlier with respect to
shipbuilding steels of categories D, E, and F, whose
the cold-resistance properties can be monitored only
through impact energy value KV at testing tempera-
tures of –20, –40, and –60°C [8].

The idea consists in choosing assessment criteria
and developing quantitative requirements for key
structural parameters that determine the desired
mechanical properties of steels having a yield strength
of at least 315–750 MPa, a low ductile-to-brittle tran-
sition temperature Tkb and nil ductility temperature
NDT, impact energy in the surface layers and in the mid-
dle of sheet thickness, and critical crack tip opening dis-
placement CTOD at a test temperature of –40°C and
lower, as well as a consistent assessment of a permissi-
ble heterogeneity and anisotropy level throughout the
entire thickness of rolled products (i.e., maximum
permissible difference in each parameter throughout
the thickness).

Comprehensive requirements are proposed for
the macrostructure of the initial workpiece, for the
morphology, dispersion level, and the relationship
between structural components, for the volume frac-
tion and size of lath bainite areas, and for the mor-
phological and crystallographic parameters of the
structure determined with the use of TEM and
EBSD analysis.
INORGANIC MATE
Low-Alloy Steels with Yield Strength Not Less 
than 315–460 MPa

Numerous studies have established [3, 29–31] that
some of the key parameters of the ferrite-bainitic
structure which should be strictly confined in order to
obtain good viscoplastic properties and a high resis-
tance with respect to brittle fracture are the volume
fraction and extension of the areas of lath bainite that
are inevitably present in the final structure of low-
alloy steels.

In this regard, in order to provide guaranteed ser-
viceability parameters of low-alloy shipbuilding steels,
one should restrict the morphological anisotropy of
the structure throughout the thickness of sheet prod-
ucts caused, firstly, by insufficient fineness of austen-
itic grains (owing to an incomplete recrystallization
processes) and, secondly, by their strong work harden-
ing in the course of hot deformation, as a result of
which large austenite grains elongated in the direction
of rolling are formed. Under a subsequent cooling, this
leads to the formation of ferrite mainly along their
boundaries, to an increase in the concentration of car-
bon and alloying elements in the remaining austenite,
and to a decrease in the temperature of bainitic trans-
formation, with the formation of large areas consisting
of lath bainite.

One of the complex parameters for assessing the
ferrite-bainitic structure of sheet products with a
thickness up to 100 mm after thermomechanical treat-
ment, which characterizes the presence and promi-
nence of the priority orientation of structural compo-
nents, is represented by anisotropy coefficient Ka [9,
10]. It has been found that, in order to provide high
impact energy values at a testing temperature amount-
ing to –60°C for the samples taken from the surface
and the middle of sheet products with a thickness up to
100 mm, the values of Ka should not exceed 1.35 for
the sheets after TMCP + AC and 1.15 for the sheets
after Qrh + T at a maximum permissible difference
throughout sheet thickness not higher than 0.50 (Fig. 7).

Moreover, in order to obtain guaranteed service-
ability parameters that satisfy the requirements for
steels with the Arc index, it is necessary to toughen the
requirements for the permissible value of Ka—not
higher than 0.65 (Fig. 8).

When fulfilling the requirements for the anisotropy
coefficient Ka in low-alloy steels of strength categories
of 355–460 MPa, the volume fraction and extension
of lath bainite areas should be restricted (with a quan-
titative assessment of their maximum size, as well as the
areas of bainite with sizes ≥100, ≥300, and ≥500 μm),
which, on one hand, promotes an increase in strength
(approximately 70 MPa for each 15–20% of the
increase in the fraction of lath bainite), but, on the
other hand, significantly worsens the cold resistance
characteristics. In addition, it has been found that the
presence of extended areas of lath bainite is unaccept-
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019
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Fig. 8. Effect of anisotropy coefficient Ka of the ferrite-bainitic structure of low-alloy steel sheets 60 mm thick with strength cat-
egories of 355–390 MPa after TMCP + AC exerted on serviceability parameters.
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able for providing the required critical crack tip open-
ing displacement CTOD at low temperatures.

The required cold and crack resistance characteris-
tics for shipbuilding steels of strength categories of
355–460 MPa can be achieved at the content of lath
bainite uniformly distributed over the area of micro-
section, not more than 20% over the entire cross sec-
tion of sheet products.

The studies carried out using the EBSD analysis
showed that, along with the requirements for mor-
phology and the relationship between structural com-
ponents with the estimation of the dislocation density,
the size and volume fraction of carbide precipitates on
the boundaries and in the bulk of grains, and the level
of anisotropy, “fine” structural parameters that char-
acterize the internal structure of the deformed steel
and describe the elements of the substructure with the
boundaries of the deformation origin are significant
factors determining cold resistance and crack resis-
tance of low-alloy steels too.

Earlier, the authors of [5] studied the effect of sub-
grain structure parameters (the fraction of small angle
boundaries, the size of structural elements at a given
tolerance angle θt = 2°) exerted on the strength and
viscoplastic properties of low-alloy steel with a guar-
anteed yield strength of 420–460 MPa. However, pre-
viously, there were no systemic concepts concerning
the effect of low angle and high angle boundary frac-
tions (their relative extension), including with the
assessment of the fraction of the boundaries corre-
sponding to the ranges of misorientation angles of 5°–
15° and 50°–62.5°, and the average Dav and maximum
Dmax sizes of structural elements, as well as the fraction
of structural elements having size D lower than 1, 3, 5,
and 10 μm for given tolerance angles θt = 5° and 15°,
which characterizes the subgrain and grain structure
of deformed steel at different points (near the surface,
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
at 1/4 from the surface, and in the middle) throughout
the thickness of rolled sheets based on the methods of
complex quantitative assessment using EBSD analy-
sis, exerted on the characteristics of strength resis-
tance, cold resistance, and crack resistance.

Another important criterion for the formation of a
ferrite-bainitic structure quasihomogeneous through-
out the thickness of sheet products based on the stand-
point of crystallographic and morphological similarity
of structural components consists in assessing EBSD
maps with overlaid images obtained for the volume
fractions of α-phase structural varieties with different
levels of crystal lattice distortion according to the crys-
tal curvature scale (GAM) [17, 32, 33]. To determine
of the level of structure isotropy throughout the thick-
ness of rolled products, a quantitative assessment was
performed for the identity of these mappings and the
average value of parameter GAMav.

An important approach to assessing the ferrite-
bainitic structure of cold-resistant low-alloy steels,
not taken into account earlier, that, however, deter-
mines stably reproducible serviceability parameters,
along with quantitative requirements for key structural
parameters, is normalizing the range of variation of
their values throughout the thickness of sheet products
characterizing a permissible level of heterogeneity and
anisotropy (differences between the minimum and
maximum values).

Figure 9 shows the effect of the parameters of the
ferrite-bainitic structure of sheet products 50–60 mm
thick based on low-alloy steel determined at various
points throughout the sheet thickness using EBSD
analysis exerted on the values of ductile-to-brittle
transition temperature Tkb, nil ductility temperature
NDT, and critical crack tip opening displacement
CTOD at testing temperature not higher than –40°С.
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Fig. 9. Effect of the ferrite-bainitic structure parameters of low-alloy steel rolled sheets 50–60 mm thick with strength categories
of 355–390 MPa after TMCP + AC determined using EBSD analysis exerted on serviceability parameters (Tkb, NDT, CTOD):
( ) near the surface, ( ) in a quarter of the sheet thickness, ( ) in the middle of the sheet thickness.
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It has been found that the guaranteed serviceability
parameters of sheet products based on low-alloy steels
belonging to strength categories of 355–460 MPa with
the Arc index after TMCP + AC can be achieved via
restricting the values of the structure parameters and
their maximum permissible difference ∆ throughout
sheet thickness:

–the fraction of low angle boundaries amounting
to 25–40% at ∆% LAB ≤ 15% (Fig. 9a);
INORGANIC MATE
–the fraction of high angle boundaries corre-
sponding to misorientation angles θ = 50°–62.5°, not
less than 20% at ∆% HAB ≤ 15% (Fig. 9b);

–the average size of structural elements Dav for a set
tolerance angle θt = 5° not more than 11 μm for ΔDav
≤ 5 μm (Fig. 9c);

–the maximum size of structural elements Dmax for
a set tolerance angle θt = 5° not more than 20 μm for
ΔDmax ≤ 5 μm (Fig. 9d);
RIALS: APPLIED RESEARCH  Vol. 10  No. 6  2019
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–the fraction of structural elements with a size D not
more than 5 and 10 μm for a set tolerance angle θt = 5°
not less than 20 and 65%, respectively, at Δ%D ≤ 5 μm
and at Δ%D ≤ 10 μm not more than 25% (Figs. 9e, 9f);

–the average value of the crystal curvature GAMav
not more than 0.65° at ∆GAMav ≤ 0.25° (Fig. 9g).

In this case, the best combination of cold and crack
resistance characteristics (Tkb = –20°C, NDT = –75°C,
CTODav = 1.20 mm at a testing temperature of
‒60°C) is obtained for sheet products wherein a fer-
rite-bainitic structure is formed having a high level of
homogeneity and isotropy throughout the thickness
according to different morphological and crystallographic
parameters: %LAB = 26.7–35.6% (∆%LAB = 8.9%),
%HAB = 27.1–30.8% at θ = 50–62.5°(∆%HAB =
3.7%), Dav = 5.8–7.9 μm at θt = 5° (∆Dav = 2.1 μm),
Dmax = 11.7–13.8 μm at θt = 5° (∆Dmax = 2.1 μm),
%D≤5 μm = 25.6–47.7% (∆%D≤5 μm = 22.1%), and
D≤10 μm = 77. 8–89.0% (∆%D≤5 μm = 11.2%) at θt = 5°,
GAMav = 0.47–0.54 (∆GAMav = 0.07°).

Economically Alloyed Steels with Yield Strength
not Lower than 500–750 MPa

As far as high-strength steels are concerned, for a
long time, the only requirement was to provide the
hardenability throughout the entire thickness of the
rolled sheet in order to form, after quenching, a finely
dispersed bainitic or bainite-martensitic structure
having a high dislocation density with a minimum
content (or a complete absence) of the ferritic compo-
nent. At the same time, the strength level is regulated
by means of a preset relationship between martensite
and bainite with different morphology, whereas visco-
plastic characteristics are adjusted primarily owing to
the uniformity of the structure according to size of
bainitic and martensitic areas. In the course of subse-
quent high-temperature tempering, temperature-time
conditions are provided for the formation and uniform
distribution of the strengthening zones of carbide
phase pre-precipitates and coherent precipitates
(cementite type, alloyed with chromium and molyb-
denum, or special carbides such as Cr7C3, Мо2С) [34].

So, for example, the structure of a 60-mm-thick
sheet steel based on steel with a strength category of
500 MPa with carbon equivalent Сeq= 0.59–0.61%,
manufactured using both Qrh + T and Q + T, is formed
by the areas of lath and granular bainite having differ-
ent dispersion level. In this case, after Q + T, the sizes
of bainitic crystallites do not exceed 30 μm, whereas
after Qrh + T, the size of the bainitic areas reaches
70 μm. This leads to a significant decrease in the cold-
resistance characteristics of sheet products with large
thickness made of high-strength steel (average values
of impact energy at a testing temperature of –60°C rang-
ing from 233 to 156 J, the values of ductile-to-brittle tran-
sition temperature Тkb ranging from –12 to 38°С).
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It should be noted that the use of precision scien-
tific and technological approaches to the development
of hot rolling modes makes it possible to provide a high
serviceability of plates made of economically alloyed
high-strength steels with the use of both technologies.

The authors of [35–38] have shown that, when
forming a bainitic or bainitic-martensitic structure, it
is important to form “efficient grains” separated by
large-angle boundaries. Just such crystalline elements
that can represent not only packets, but also individual
blocks, as well as structural elements with the bound-
aries of deformation origin and misorientation angles
between them θ ≥ 5°, determine a high cold resistance
and crack resistance of high-strength steels. How-
ever, this requires more detailed studies on the inter-
nal structure of bainite and martensite in chromium-
nickel-molybdenum steels (laths, packets and blocks
[38–41]), which has become possible with the devel-
opment and application of novel certification meth-
ods for the structure of high-strength steels using
EBSD analysis [17, 38, 42] in conjunction with the
results of TEM.

The authors of [7] proposed the idea for assessing
some structural parameters of economically alloyed
steel with a yield strength of at least 750 MPa deter-
mined by means of EBSD analysis. These parameters
include heterogeneity in the size of the former austen-
itic grains ∆D (the difference between the maximum and
average size of austenitic grains) and the average size and
the fraction of structural elements with a size less than
8 μm for preset tolerance angle θt = 5° [41–43].

These studies were performed for samples after
the simulation of various rolling modes using a
GLEEBLE 3800 plastometer; however, no compre-
hensive studies were performed up to date concerning
the effect of various parameters of packet-block bain-
itic and bainite-martensitic structure throughout the
thickness of sheet products based on economically alloyed
steels with a yield strength of at least 500–750 MPa
exerted on mechanical properties, as well as on cold
resistance and crack resistance thereof.

To provide guaranteed serviceability parameters of
sheet products with a thickness up to 60 mm made of
cold-resistant economically alloyed high-strength
steels with a bainitic and bainite-martensitic structure,
it is necessary to develop quantitative requirements for
the following key parameters and for their maximum
permissible difference throughout the entire thickness
of the sheets. They are: steel morphology and relation-
ships between the structural components (with assess-
ment of dislocation density and carbide precipitate
volume fraction in the bulk and along the boundaries
of grains and subgrains), as well as the fractions of low
angle and high angle boundaries (including estimates
of the fraction of boundaries corresponding to the
ranges of misorientation angles θ = 5°–15° and θ =
50°–62.5°). In addition, these parameters include
average size Dav and maximum size Dmax of structural
 10  No. 6  2019
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elements and the fractions of structural elements hav-
ing size D not greater than 1, 3, 5, and 10 μm for given
tolerance angles θt = 5° and θt = 15°, as well as the
average level of crystal lattice distortion GAMav (with
the assessment of EBSD maps of crystal lattice distor-
tion GAM).

As far as sheet products with a thickness of 61–
100 mm based on low-alloy steels and a thickness of
up to 60 mm based on economically alloyed steels are
concerned, these parameters require an additional
refinement after further structural studies.

CONCLUSIONS

A comprehensive approach is proposed to develop
requirements for choosing rational alloying and
microalloying, as well as for the formation of a preset
structure having an acceptable heterogeneity and
anisotropy level throughout the entire thickness of
sheet products. This makes it possible to assess key quan-
titative structure parameters and their maximum permis-
sible difference throughout the thickness (depending on
the manufacturing technology (TMCP + AC; Qrh + T;
Q + T) and depending on sheet thickness up to 100 mm
and on strength categories from 315 to 750 MPa) for
cold-resistant steels for the Arctic, including those
with the “Arc” index. These assessments could pro-
vide guaranteed characteristics of strength, cold resis-
tance (impact energy KV for temperatures amounting
up to –60 to –80°C, ductile-to-brittle transition tem-
perature Tkb, and nil ductility temperature NDT), and
crack resistance according to the criterion of critical
crack tip opening displacement (CTOD). The per-
formed studies significantly extend the understanding of
interrelations between the characteristics of the alloying
composition and the structure and properties of low-
alloy and economically alloyed steels obtained under dif-
ferent patterns of thermal deformation treatment.

To provide the formation of the required structural
state in low-carbon low-alloy and economically
alloyed steels with a yield strength of 315–750 MPa
throughout the entire thickness of sheet products up to
100 mm under the industrial conditions, it is necessary
to transform the thermomechanical and heat treat-
ment processes to a considerable extent taking into
account the capabilities of modern equipment with
automatic control and a high level of reproducibility of
precision technological techniques.
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