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Abstract: Thermomechanical Controlled Processing (TMCP), the initial microstructure and mechan-
ical properties of rolled products made of high-strength steels, have a significant influence on the
properties and reliability of welded structures for low temperature and cryogenic service. This paper
systematizes advanced research trends in the field of metallurgy and weldability of high-strength
cold-resistant and cryogenic steels. The classification and properties of high-strength steels are given
and TMCP diagrams and phase transformations are considered. Modern methods of improving the
viscoplasticity of rolled steel and welded joints are analyzed. The problems of the weldability of
high-strength steels are reduction of impact toughness at low temperatures, hydrogen embrittlement,
anisotropy, and softening of welded joints in the heat-affected zone. The authors propose a systemic
concept and methods for improving the metallurgy and weldability of high-strength steels for low
temperature and cryogenic service.

Keywords: metallurgy; high-strength cold-resistant and cryogenic steels; thermomechanical con-
trolled processing; weldability

1. Introduction

High-strength cold-resistant and cryogenic steels are widely used for icebreakers, gas
carriers, hydrogen storage, hydrocarbon production and transportation, wind turbines,
offshore platforms, railroads, and the automotive industry. The history of traditional
high-strength steel (HSS) metallurgy began with the creation of low-alloy Si-Mn ferritic–
pearlitic steels with a carbon content of <0.2% [1–3]. The micro-alloying of V, Nb, Ti,
and Thermomechanical Controlled Processing (TMCP) allowed the achievement of a fine-
grained microstructure, increasing strength and impact toughness with a decrease in carbon
content < 0.15% [1–3].

Subsequent development of TMCP and the application of accelerated cooling with
tempering allowed for obtaining ferritic–bainitic and ferritic–martensitic microstructures
of steels with reduced carbon content <0.1%. This microstructure has a fine-dispersed
morphology with distributed and dispersed carbides and carbonitrides, and has a high
impact toughness. Micro-alloying, optimization of TMCP, microstructure refinement,
dispersion hardening, refining, and reduction of the anisotropy of rolled steel are used
to improve plasticity and impact toughness of high-strength steels. Modern HSS have
bainitic, bainitic–martensitic, martensitic–bainitic, and martensitic microstructures with
low carbon content up to 0.05–0.02%. The production and development of high-strength
steels are closely related to welding metallurgy and weldability, as arc and laser welding
are used to make structures.

Research on the metallurgy and weldability of high-strength steels is actively developing
all over the world. The main trends are increasing strength and impact toughness of steels,
improving quality, and reducing the cost of alloying in steelmaking [4–7]. Among traditional
and advanced high-strength steels for low-temperature and cryogenic service, about 15 groups
of low- and high-alloy steels should be distinguished, as shown in Figure 1.
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DP (Dual-Phase)—two-phase steels; CP—complex phase steels; D—duplex steels; TRIP 
(Transformation-Induced-Plasticity)—metastable steels with induced plasticity; M—
martensitic steels; TWIP (Twinning-Induced Plasticity)—austenitic high-manganese 
steels with induced plasticity; Mn-TRIP—medium-manganese TRIP steels; Q&P 
(Quenching and Partitioning)—martensitic–austenitic steels; CFB—carbide-free bainitic 
steels; A—austenitic steels; SA—superaustenitic steels; L-IP—lightweight steels with 
induced plasticity; Mn—high-manganese austenitic steels; HEA—high-entropy alloys. 

Advanced steels have high strength, corrosion resistance, and high viscoplasticity at 
low temperatures, and can be considered as alternatives to Ni-, Ti-, Al-, and Cu-alloys for 
low temperature and cryogenic service, including hydrogen storage systems, as shown in 
Figure 2. 
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Figure 1. Mechanical properties of HSS and AHSS (Advanced High-Strength Steels) high-strength
cold-resistant and cryogenic steels.

Figure 1 contains the following designations: C-Mn—pearlitic steels; HSLA—high-strength
low-alloy steels; F-B—ferritic–bainitic steels; B-M—bainitic–martensitic steels; DP (Dual-Phase)—
two-phase steels; CP—complex phase steels; D—duplex steels; TRIP (Transformation-Induced-
Plasticity)—metastable steels with induced plasticity; M—martensitic steels; TWIP (Twinning-
Induced Plasticity)—austenitic high-manganese steels with induced plasticity; Mn-TRIP—
medium-manganese TRIP steels; Q&P (Quenching and Partitioning)—martensitic–austenitic
steels; CFB—carbide-free bainitic steels; A—austenitic steels; SA—superaustenitic steels; L-IP—
lightweight steels with induced plasticity; Mn—high-manganese austenitic steels; HEA—high-
entropy alloys.

Advanced steels have high strength, corrosion resistance, and high viscoplasticity at
low temperatures, and can be considered as alternatives to Ni-, Ti-, Al-, and Cu-alloys for
low temperature and cryogenic service, including hydrogen storage systems, as shown in
Figure 2.
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The scientific novelty of this paper consists in the analysis of problems of weldability
and the systemic concept formulation of a relationship between the steelmaking, weldabil-
ity and manufacturing of welded structures for low temperature and cryogenic service. The
weldability of high-strength steels is linked to steelmaking, thermomechanical processing,
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and the microstructural design of steels, based on a three-level system of processes, as
shown in Figure 3.
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Figure 3. Multi-level system of processes for the manufacturing of welded structures.

The high quality of the manufacturing of welded structures is based on the quality in
levels: steelmaking, welded joint, and welded structure. The most serious problem is the
anisotropy and microstructure chemical-heterogeneity due to welding thermal cycle on
level II. The anisotropy degree of the weld microstructure depends on the susceptibility of
the initial microstructure of the rolled steels to the welding thermal cycle.

In our opinion, advanced current trends, and methods in the field of metallurgy and
weldability for improving the mechanical properties, microstructure, and viscoplasticity of
high-strength steels and welded joints can present as system, as shown in Figure 4.
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Figure 4. System of advanced trends and methods in the metallurgy and weldability of high-strength
steels for welded structures for low temperature and cryogenic service.

The system of advanced trends and methods is based on the metallurgical relationship
between the steelmaking and the manufacturing of welded structures.

The purpose of this work is to analyze and systematize the advanced trends and
methods in the field of metallurgy and weldability of high-strength cold-resistant and
cryogenic steels to achieve the high quality of welded structures.
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2. Properties of High-Strength Steels
2.1. High-Strength Low-Alloy Steels

High-strength low-alloy steels (HSLA-steels) have the chemical composition, %: 0.04–
0.25 C; 1–2 Mn; 0.4–3.5 Ni; <0.5 alloying elements Si, N, Cr, Mo, Ca, Al, REM, Zr. The
formation of intermetallics, carbides, and carbonitrides through the alloying of Cu, Ti, V,
and Nb is used for the dispersion hardening of the ferrite matrix. Reducing the grain size
increases impact toughness while maintaining a high yield strength of over 460 MPa. The
main method of production of these steels is TMCP [1].

High-strength steels are divided into six categories [8,9]: weather-resistant with phos-
phorus and copper alloying; micro-alloyed ferritic–pearlitic steels with less than 0.1%
of the carbides and carbonitrides Nb, Ti, and V for dispersion hardening, grain refine-
ment, and transformation temperature changes; low-alloy steels of controlled rolling from
pearlitic C-Mn steels; low-carbon low-alloy bainite steels with acicular ferrite [10]; two-
phase martensitic–ferritic steels with high impact toughness; steels with controlled form of
nonmetallic inclusions with the alloying of Ca, REM, Zr, and Ti.

Hwang et al. [11] proposed the TMCP diagram of HSLA steel, %: 0.07 C; 0.25 Si; 1.9 Mn;
0.5 Ni; 0.6 Cr; 0.25 Mo; 0.06 Nb; 0.03 V; 0.015 Ti to achieve a strength of 980–1050 MPa and
KV−70 of 50 J. According to the TMCP diagram, the process consists of heating to 1150 ◦C, slow
cooling to 600 ◦C, and accelerated cooling from 600 ◦C during thermomechanical rolling in the
recrystallization region and non-recrystallization region, as shown in Figure 5a.
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Cochrane [9] presented the CCT diagram for typical boron-containing HSLA steel, %:
0.05 C; 0.25 Si; 1.92 Mn; 0.067 Nb + Ti; 1.1 (Mo + Cr + Ni) and proved that the microstructure
of the steel includes bainitic ferrite (BF), acicular ferrite (AF), grain boundary ferrite (GB),
and martensite (M) at a cooling rate of 1–100 ◦C/s with a hardness of 252–334 HV, as shown
in Figure 5b.

According to GOST R 52927-2015, used for shipbuilding and offshore structures
in arctic conditions (rolled normal, increased- and high-strength steel for shipbuilding.
Specifications in Russian), HSLA-steels for shipbuilding E, F, D 420–500 with index Arc
(Arctic) have a strength of 530–770 MPa with impact energy KV−60 of minimum 80 J.
Thermomechanical processing with accelerated cooling, hardening, and tempering are
used for the production of cold-resistant steels. The steels have chemical composition, %:
0.008–0.12 C; 0.45–1.6 Mn; 0.1–0.4 Si; <1.3 Cr; <0.65 Cu; 0.55–2.15 Ni; <0.18 Mo; <0.005 S;
<0.1 P, and micro-alloying elements: Al, Ti, V, and Nb, as shown in Table 1.
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Table 1. Chemical composition of steels according to GOST R 52927-2015, wt%.

Steel C Mn Si Cr Cu Ni Mo

D,E,F420W
F420WArc

D,E,F460W
F460WArc

0.08–0.11 1.15–1.6 0.1–0.4 <0.2 0.3–0.6 0.65–1.05 <0.08

D,E,F500WF
500WArc 0.08–0.12 0.45–0.75 0.2–0.4 1.05–1.3 0.35–0.65 1.85–2.15 0.1–0.18

Depending on the steelmaking technology, these steels have a bainitic–martensitic
structure with finely dispersed Mo, Nb, and V carbides, lath, tempered martensite, lower,
upper, and granular bainite. The isotropy of microstructure along the thickness of rolled
steel is achieved by complex alloying up to 5%. Among the stronger steels, it is necessary
to mention steel F690 with index arc of yield strength not less than 690 MPa and KV−60 of
minimum 80 J.

The analogues of Russian steels for shipbuilding are VL420, VL460, and VL500 offshore
steels according to DNVGL-OS-B101 of Rules of DNV GL with KV−60 of minimum 42, 46,
and 50 J, respectively, with a chemical composition of, %: 0.18–0.2 C; 0.1–0.55 Si; 1.6–1.7
Mn; <0.2 Cr; 0.4–0.8 Ni; <0.35 Cu; <0.08 Mo with the O content of 30–50 ppm, as shown in
Table 2.

Table 2. Chemical composition of steels according to DNVGL-OS-B101, wt%.

Steel C Mn Si Cr Cu Ni Mo

VL D,EW420,
460, 500 <0.2 <1.7 0.1–0.55 <0.2 <0.35 <0.4 <0.08

VL FW420,
460, 500 <0.18 <1.6 0.1–0.55 <0.2 <0.35 <0.8 <0.08

Shipbuilding steels D,E,FQ43, D,E,FQ47, and D,E,FQ51, according to the Rules of
Materials and Welding of American Bureau of Shipping, have a KV−60 minimum of 41, 46,
51 J, respectively, with the chemical composition, as shown in Table 3.

Table 3. Chemical composition of steels according to Rules of Materials and Welding of ABS, wt%.

Steel C Mn Si Cr Cu Ni Mo

D,E,FQ43
D,E,FQ47 0.14–0.2 1–1.7 0.6–0.8 0.3–2 0.5–0.55 0.8–3.5 0.1–0.7

D,E,FQ51 0.16–0.18 1–1.7 0.6–0.8 0.5–2 0.5–0.55 <3.5 0.5–0.7

Steels for heavy transport and machines are S690QL high-strength martensitic–bainitic
steels with a KV−60 minimum of 27 J according to EN 10025-6, with the chemical compo-
sition, %: 0.2 C; 0.6 Si; 1.6 Mn; 0.8 Cr; 0.3 Cu; 2 Ni; 0.7 Mo and S700MC steel with KV−60
minimum of 40 J according to EN 10149-2 with the chemical composition, %: 0.12 C; 0.25 Si;
2.1 Mn; <0.22 (Nb, V, Ti); 0.015 Al (data of SSAB, Stockholm, Sweden). Analogues are steel
12KhGN2MA (in Russian) with a yield strength of 690 MPa and KV−70 minimum of 50 J,
steel 18KhGNMFR (in Russian) with a yield strength of 950 MPa and KV−40 minimum of
30 J.

High-strength steels for the pipe industry with strength grades X70, X80, X100, and
X120 with an impact energy of KV0 and a minimum of 27 J, according to API Spec 5L
Specification for Line Pipe (USA), have a bainitic and bainitic–martensitic structure and
have the chemical composition, %: 0.1–0.12 C; 0.45–0.55 Si; 1.6–2.1 Mn; <0.15 (Nb, V,
Ti); <0.5 Cu; <0.5 Ni; <0.5 Cr; <0.5 Mo; <0.004 B. Analogues are pipe steels X70 and
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X80, according to GOST ISO 3183-2015 (in Russian) with an impact energy of KV0 and a
minimum of 40 J (data of CHTPZ, Chelyabinsk, Russia) with the chemical composition, as
shown in Table 4.

Table 4. Chemical composition of steels according to GOST ISO 3183-2015, wt%.

Steel C Mn Si Cr Cu Ni Mo

X70 <0.12 <1.7 <0.45 <0.5 <0.5 <0.5 <0.5

X80,
X100,
X120

<0.1 <2.1 <0.55 <0.5 <0.5 <0.5 <0.5

2.2. Rail Steels

R260 and R350HT pearlitic rail steels, according to EN 13674-2011, have the strength
of 880–1175 MPa and the chemical composition, %: 0.62–0.8 C; 0.7–1.2 Mn; 0.15–0.58 Si;
<0.03 V; <0.15 Cr; <0.009 N; <0.004 Al. According to GOST R 51685-2013 (in Russian), rail
steels are produced in 13 categories with the tensile strength of at least 900–1280 MPa,
at a KCU-60 minimum of 15–25 J/cm2. Accelerated cooling, quenching, and tempering
are used to produce rail steels. The steels have the chemical composition, %: 0.71–0.95 C;
0.75–1.25 Mn; 0.25–0.6 Si; 0.08–0.15 V; 0.2–1.25 Cr; 0.01–0.02 N; <0.02 S; <0.02 P; <0.004 Al;
and elements: Cu, Ni, and Ti, as shown in Table 5.

Table 5. Chemical composition of rail steels according to GOST R 51685-2013, wt%.

Steel C Mn Si Cr V Ni Cu

90KhAF 0.83–0.95 0.75–1.25 0.25–0.6 0.2–0.6 0.08–0.15 <0.2 <0.2
76KhAF 0.71–0.82 0.75–1.25 0.25–0.6 0.2–0.8 0.08–0.15 <0.2 <0.2
76KhF 0.71–0.82 0.75–1.25 0.25–0.6 0.2–0.8 0.08–0.15 <0.2 <0.2

76KhSF 0.71–0.82 0.75–1.25 0.25–0.6 0.5–1.25 0.08–0.15 <0.2 <0.2
90AF 0.83–0.95 0.75–1.25 0.25–0.6 <0.2 0.08–0.15 <0.2 <0.2

The residual content of oxygen is <20 ppm and of hydrogen < 2.5 ppm. Depending on
the steelmaking technology, these steels have a pearlitic structure with bainite, martensite,
and nonmetallic inclusions. Refining the melt process, micro-alloying, grain refinement,
and the improvement of microstructure morphology are used to improve the cold resistance
and toughness of pearlitic rail steels [12,13].

As an alternative to pearlitic rail steels, bainite rail steels based on TMCP are success-
fully developed [14,15]. Low-alloy bainitic rail steels have the chemical composition, %:
0.04–0.5 C; 0.35–2 Mn; 0.25–1.98 Si; 0.1–2.98 Cr; 0.25–0.8 Mo; <0.003 B; <0.1 Nb; <4 Ni; <0.11
Cu; <0.03 Al; <0.03 Ti [16]. Hajizad et al. [17] proposed the TMCP diagram of B360-HT
bainitic rail steel, %: 0.269 C; 0.51 Cr; 1.547 Mn; 1.36 Si; 0.033 V; 0.148 Mo; 0.006 N with
the tensile strength of 1879 MPa. According to the TMCP diagram, the process consists of
heating to 900 ◦C with a holding time of 600 s, accelerated cooling from 900 ◦C at cooling
rate of 50 ◦C/s, holding time of 3600 s at 330 ◦C, and accelerated cooling in a salt bath.

Liu [18] presented the CCT diagram for of Q345C micro-alloyed bainitic rail steel for
high-speed railroads in China, %: 0.138 C; 0.292 Si; 1.333 Mn; 0.006 P; 0.001 S; 0.005 Cu
0.006 Ni; 0.012 Cr; 0.002 V; 0.013 Nb; 0.022 Al; 0.011 Ti and proved that the microstructure
of the steel includes perlite (P), ferrite (F), bainite (B), and martensite (M) at a t8/5 cooling
time of 6000-3 s with a hardness of 160–405 HV.

2.3. Duplex Steels

Duplex steels are classified into two groups: low 0.01–0.08% and high 0.3–0.5% carbon
content. The composition of duplex steels includes, %: <2.5 Mn; <2 Si; 18–28 Cr; 2.5–8 Ni;
1–4 Mo; 0.05–0.33 N; <2.5 Cu [19], as shown in Table 6.
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Table 6. Chemical composition of low carbon duplex and superduplex steels, wt%. Data from [19].

Steel C Mn Si Cr Ni Mo Cu N

2304 0.03 2.5 1 21.5–24.5 3–5.5 - 0.05–0.6 0.05–0.2
Uranus 50 0.04 2 1 20.5–22.5 5.5–8.5 2–3 1–2 0.2

2205 0.03 2 1 22–23 4.5–6.5 2.5–3.5 - 0.08–0.2
44LN 0.03 2 1 24–26 5.5–6.5 1.2–2 0.14–0.2
DP3 0.03 1 0.75 24–26 5.5–7.5 2.5–3.5 0.2–0.8 0.1–0.3
329 0.08 1 0.75 23–28 2.5–5 1–2 - -
2507 0.03 1.2 0.8 24–26 6–8 3–5 0.5 0.24–0.32

Zeron 100 0.03 1 1 24–26 6–8 3–4 0.5–1 0.2–0.3
DP3W 0.03 1 0.8 24–26 6–8 2.5–3.5 0.2–0.8 0.24–0.32
AF918 0.025 - 0.8 24–26 6.5–8 3–4 1.2–2 0.23–0.33

Duplex steels have balanced alloying for equal volume fractions of ferrite and austen-
ite, which provides optimal mechanical properties and high resistance to intergranular and
stress corrosion. Duplex steels have higher strength and viscoplasticity than ferritic steels.
The tensile strength reaches 620–1000 MPa and elongation is at least 15–30%, with high
impact toughness to minus 45–70 ◦C.

The problem with duplex steels is embrittlement, which is divided into types: em-
brittlement due to carbide network, especially in austenite and in high carbon alloys;
embrittlement due to α’-phase formation or 475 ◦C ferrite embrittlement; embrittlement
due to σ-phase formation, especially in ferrite. The study of super duplex steel 2510 SDSS,
%: 0.02 C; 0.44 Si; 0.37 Mn; 25.3 Cr; 9.9 Ni; 4 Mo; 0.018 P; 0.001 S; 0.275 N showed a
significant effect of Cr, Mo, W, and Si on Time Temperature Transformation (TTT) and
on the formation of dispersed phases: M7C3, M23C6, Cr2N, CrN, δ-, σ-, χ-, γ2-, π-, and ε-,
α’-phases [20]. Duplex steels have excellent mechanical properties at low temperatures, as
shown in Figure 6.
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Sandvik Materials Technology; No. 6—EB-welding of SAF 2205. Data from [22].

2.4. High-Manganese Cryogenic Steels

High-manganese cryogenic steels have excellent viscoplasticity and mechanical prop-
erties at low temperatures. Weldability depends on the welding thermal cycle, initial
microstructure, and chemical-heterogeneity of grain boundaries. Simulation of thermal
cycles for Mn-steel, %: 0.43 C; 0.2 Si; 23.8 Mn; 4.2 (Cu + Cr) with the tensile strength of
810 MPa, elongation of 45%, and KV−196 of 201 J showed that the steel has a high impact
energy of 163–204 J at a temperature of minus 196 ◦C [23]. For steels, %: 20 Mn; 4 Al; 0.3
C and 27 Mn; 4 Al; 0.3 C, the tensile strength is 660–1196 MPa, elongation is 49–77%, and
the impact energy KV−196 is 100–180 J [24]. The alloying of 0.3–0.6% of V in the steel, %:
0.58 C; 0.5 i; 23 Mn; 1.9 Al at +20 ◦C leads to a change in the tensile strength from 804 to
867 MPa and elongation from 62% to 57% [25]. At the test temperature minus 196 ◦C, the
strength changes from 1409 to 1527 MPa, elongation from 75% to 60%, and the impact
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energy KV−196 from 155 to 121 J. The alloying of 1% of nickel or copper into 22 Mn-0.45
C-1 Al-steel at minus 196 ◦C leads to a slight decrease in the strength from 1375 to 1322
MPa, to an increase in elongation from 79% to 87%, and to an increase in impact energy
KV−196 from 118 to 133 J [26].

2.5. High-Entropy Alloys

Advanced high-entropy alloys, an alternative to cryogenic steels, have the highest
plasticity at low temperatures and in cryogenic service in corrosive environments. HEA
theory is based on thermodynamic modeling. The entropy of HEA increases with the
number of alloying elements. High-entropy alloys have five or more alloying elements
with content from 5 to 35 at. pct [27,28]. HEAs are classified as single-phase, multiphase,
and amorphous with low and high densities of 2.6–6.7 g/cm3 with the maximum tensile
strength of <1500 MPa and elongation of <75% [29,30]. The mechanical properties of HEA
are superior to cryogenic nickel alloys and austenitic steels [31]. The metallurgy, weldability,
and welding technologies of HEA are developing intensively [27,28].

2.6. Austenitic and Superaustenitic Steels

Traditional austenitic steels have the composition, %: 0.02–0.08 C; 1–2 Mn; 0.5–3 Si;
16–25 Cr; 8–20 Ni; <2 Mo; <0.16 N, as shown in Table 7.

Table 7. Chemical composition of austenitic and superaustenitic steels, wt%. Data from [32].

Steel C Mn Si Cr Ni Mo Others

304 0.08 2 1 18–20 8–12 - -
308 0.08 2 1 19–21 10–12 - -
316 0.08 2 1 16–18 10–14 2–3 -
321 0.08 2 1 17–19 9–12 - 0.7 Ti
347 0.08 2 1 17–19 9–13 2–3 1 Nb

316LN 0.02 1 0.4 17 13 2.2 0.13 N
317LMN 0.02 1 0.4 18.5 15.5 4.5 0.16 N

Nitronic 30 0.02 8 0.5 16 2.25 - 0.23 N
Nitronic 32 0.08 18 0.5 18 - 1 0.5 N; 1 Cu
Nitronic 40 0.04 9 0.5 20 6.5 - 0.28 N
Nitronic 50 0.04 5 0.4 22 12.5 2.25 0.3 N; 0.2 Nb

254SMo 0.01 0.5 0.4 20 18 6.25 0.2 N; 0.75 Cu
AL-6XN 0.02 1 0.5 21 24.5 6.5 0.22 N

The high-manganese austenitic steels have the composition, %: 0.02–0.15 C; 0.5–4
Si; 5–18 Mn; 16–22 Cr; <12.5 Ni; <3.5 Mo; 0.13–0.5 N. Superaustenitic steels have the
composition, %: 0.01–0.02 C; 0.5–1 Mn; 0.4–0.5 Si; 20–25 Cr; 15–25 Ni; 4–8 Mo; 0.2–0.6 N.
Austenitic and super-austenitic steels have excellent viscoplasticity, mechanical properties
at cryogenic temperature, and corrosion resistance in different aggressive environments.
The problem of weldability of austenitic steels is high sensitivity to the welding thermal
cycle, grain growth, and hot cracking. Another problem is nitrogen porosity and losses in
nitrogen content, especially in laser and beam welding [32].

3. Properties of Advanced High-Strength Steels

Metallurgical innovations are implemented in the development and production of
advanced high-strength steels [33,34]. AHSS production is based on TMCP [35,36]. The
models and technologies for AHSS are aimed at the automotive industry, therefore, the
steels are up to 4 mm thickness. However, the thermophysical-mechanical principles of
TMCP, thermodynamic models, and metallurgical technologies of AHSS-making can be
applied to steelmaking of higher thicknesses.

Advanced high-strength steels have strengths of more than 500 MPa and a complex
microstructure of ferrite, martensite, bainite, and residual austenite [37]. The first gener-
ation of AHSS includes dual-phase DP steels with F-M microstructure with the tensile
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strength of up to 1400 MPa, complex phase CP steels with F-B + P-M-A microstructure
with a tensile strength of up to 1300 MPa, martensitic steels with the tensile strength of up
to 1600 MPa, TRIP steels with induced plasticity at martensitic transformation of residual
austenite during the plastic deformation with F-M/B + A, and a microstructure with the
tensile strength of up to 1000 MPa [38]. The second generation includes austenitic high-
manganese TWIP steels with induced plasticity through twinning with the tensile strength
of up to 1650 MPa, lightweight L-IP steels with induced plasticity with the tensile strength
of up to 1150 MPa, and superaustenitic high-manganese steels with the tensile strength
of up to 1150 MPa with elongation of up to 60%. The third generation of AHSS includes
ultra-high-strength Mn-TRIP steels, Q&P steels with martensitic-austenitic microstructure,
and ultra-high-strength carbide-free CFB steels.

3.1. Dual-Phase Steels

Dual-phase steels have a ferrite matrix and 10–40% of the martensite volume fraction. The
tensile strength of DP steels is 500–1200 MPa, and the elongation is up to 30%. The typical
chemical composition of DP steels includes, %: 0.08–0.18 C; 1.6–2.4 Mn; 0.4–0.7 Si, as well as
micro-alloying with the elements: Al, Mo, Cr, B, Nb, V, and P, as shown in Table 8.

Table 8. Chemical composition of dual-phase steels, wt%. Data from [37].

Steel C Mn Si

DP 450 0.08 1.6 0.4
DP 500 0.14 1.6 0.4
DP 600 0.14 2.1 0.4
DP 780 0.17 2.2 0.6
DP 980 0.11 2.9 0.7

DP 1180 0.18 2.4 0.6

The kinetic transformations in DP steels depend on the alloying system [39]. DP steels
have an extremely high impact toughness at low temperatures. Cao et al. [40] studied
a DP steel with the chemical composition, wt. %: 0.05–0.2 C; 5 Mn; 3–4 Al with the
tensile strength of 1000–2000 MPa at impact energy KV−40 of 50–450 J. Mazaheri et al. [41]
proposed the TMCP diagram of DP steel, %: 0.17 C; 0.4 Si; 1.15 Mn; 0.95 Cr; 0.035 S; 0.025
P with the tensile strength of 850–1400 MPa and elongation of up to 15%. According to
the TMCP diagram, the process consists of heating to 880 ◦C with a holding time of 3600 s,
accelerated cooling from 880 ◦C to 770 ◦C, holding at 770 ◦C with a time of 6000 s, rolling at
room temperature, heating to 790 ◦C with a holding time of 600 s with accelerated cooling,
as shown in Figure 7a.
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Bräutigam-Matus et al. [42] presented the typical CCT diagram during cooling from
800 ◦C on the basis of dilatometric curves of DP steel, %: 0.18 C; 1.80 Mn; 0.015 P; 0.002
S; 0.007 N; 0.33 Si; 0.08 Cu; 0.05 Ni; 0.43 Cr; 0.03 Nb; 0.015 Mo; 0.026 Ti; 0.004 V; 0.0007 B
and proved that the microstructure of the DP steel includes perlite (P), ferrite (F), bainite
(B), and martensite (M) at a cooling rate of 0.1–100 ◦C/s < of 177–358 HV, as shown in
Figure 7b.

3.2. TRIP Steels

TRIP steels contain 0.1–0.4% C and alloying elements Si, Al, Ti, Ni, V. The typical
composition of TRIP is 590, 690, 780, wt. %: 0.175–0.25 C, 2 Mn, 2(Al + Si) [37], as shown in
Table 9.

Table 9. Chemical composition of TRIP steels, wt%. Data from [37].

Steel C Mn Al + Si Al + Mn Si + Cr + Mo

TRIP 590 0.175 2 2 - -
TRIP 690 0.2 2 2 - -
TRIP 780 0.25 2 2 - -
TRIP 700 0.2 - - 2.9 0.4

The typical composition of TRIP 600, 700, 800, wt. %: 0.15–0.25 C, 1.5 Mn, 1.5(Al + Si),
<0.5(Cr + Mo), <0.05(Ti + Nb), <0.006 N, <0.04 P, <0.01 S [43]. Aluminum alloying increases
plasticity and elongation up to 18–38%; alloying C, Cu, Si, and Nb reduces plasticity but
increases the tensile strength up to 600–800 MPa.

The microstructure consists of a ferritic or bainitic matrix and a 5–20% volume fraction
of metastable residual austenite, which transforms into martensite during plastic defor-
mation. High plasticity allows the use of TRIP steels in bending and stamping, which is
important for the automotive industry. Martensitic transformation during deformation
occurs at a high rate, which is important for the strength of the auto body under impact
load. Unlike DP steels, the microstructure of TRIP steel has bainite and residual austenite,
which transforms into martensite during deformation.

Wu et al. [44] proposed the TMCP diagram of TRIP steel, %: 0.233 C, 1.365 Si, 1.54
Mn, A1 0.080, 0.004 S, 0.007 P with the tensile strength of 824 MPa and elongation of
37%. According to the TMCP diagram, the process consists of heating to 1120 ◦C with
austenization, slow cooling from 1120 ◦C to 840 ◦C with multistage rolling at 1060, 1000,
920, and 840 ◦C, and accelerated water-cooling. Grajcar et al. [45] presented the typical
CCT diagram of TRIP steel, %: 0.24 C, 1.55 Mn, 0.87 Si, 0.4 Al, 0.034 Nb, 0.023 Ti and proved
that the microstructure of the TRIP steel includes perlite (P), ferrite (F), bainite (B), and
martensite (M) at a cooling rate of 1–298 ◦C/s with a hardness of 232–482 HV.

3.3. Complex Phase Steels

Complex phase (CP) steels have an ultradispersed ferritic–bainitic microstructure with
a small amount of martensite, residual austenite, and pearlite. These steels contain less
than 0.25% C as well as alloying elements similar to TRIP and DP steels, but additionally
have minor alloying with Nb, Ti, and V for dispersion strengthening, as shown in Table 10.

Table 10. Chemical composition of CP steels, wt%. Data from [37].

Steel C Mn Si

CP 600 0.1 1.6 0.4
CP 800 0.1 2 0.25

CP 1000 0.18 2.4 0.6
CP 750 0.25 1.4 0.4

MS 1200 0.15 1.5 0.25
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Typical hot-rolled steel CP 800, %: 0.1 C; 2 Mn; 0.25 Si contains 42% of ferrite, 40% of
bainite, 13% of martensite, and 5% of residual austenite. The tensile strength is 800–1300
MPa with elongation of up to 35%. Mesplont [46] proposed the TMCP and CCT diagram
of CP steel, %: 0.14 C; 1.72 Mn; 0.0285 Ti; 0.0035 B; 0.005 N with the tensile strength of
800–1300 MPa and elongation of 14–24%. According to the TMCP diagram, the process
consists of heating to 1270 ◦C with a holding time of 3600 s, hot rolling at a temperature of
1150–850 ◦C, accelerated cooling from 850 ◦C to 550 ◦C, and slow cooling from 550 ◦C to
room temperature. According to the CCT diagram, the microstructure of DP steel includes
perlite (P), ferrite (F), bainite (B), acicular ferrite (AF), and martensite (M) at a cooling rate
of 0.1–25 ◦C/s [46].

3.4. Superaustenitic Manganese Steels

Superaustenitic manganese steels contain, %: 0.01–0.15 C; 0.5–18 Mn; 0.13–0.5 N; 0.4–4
Si; <1 Cu; 5–24 Ni; 16–22 Cr; <0.2 Nb; 1–6 Mo. Zhang et al. [47] presented thermodynamic
modeling of UNS S32654 steel (654 SMO), %: <0.02 C; 2–4 Mn; 0.45–0.55 N; 0.5 Si; 0.3–0.6
Cu; 21–23 Ni; 24–25 Cr; 7–8 Mo. The stable phases in the austenitic matrix of this steel are:
M23 C6, Cr2N, σ-phase. The metallurgy, weldability and welding technologies of Mn-steels
are developing intensively [47].

3.5. TWIP Steels

TWIP steels have an austenitic structure and high manganese content, %: 22–31 Mn;
0.9–4.1 Al; 0.2–0.55 Si; 0.01–0.17 C; <1(Cr + Mo); <0.05 Nb, as shown in Table 11.

Table 11. Chemical composition of TWIP steels, wt%. Data from [37].

Steel C Mn Si Cr + Mo Al Nb

TWIP 1 0.08 28 0.28 <0.01 1.6 <0.001
TWIP 2 0.08 25 0.24 <0.01 1.6 0.05
TWIP 3 0.08 27 0.52 <0.01 4.1 0.05
TWIP 4 0.17 28.1 0.54 <0.01 0.9 <0.001
TWIP 5 0.11 23.9 0.448 1 3.5 <0.001

TWIP Fe-24Mn 0.0163 24.3 - - - -
TWIP Fe-30Mn 0.0163 30.79 - - - -

TWIP steels have the tensile strength of up to 900–1000 MPa, elongation of up to
50–60%, and a lower density due to Mn and Al. TWIP steels are divided into two groups:
without carbon and with carbon. Modeling of TWIP steel, %: 27.36 Mn; 0.09 C 3 Al; 1.92 Si;
1.73 Cr; 0.85 Ni; 0.29 Mo; 0.2 Cu; 0.03 Ti; 0.018 B; 0.02 S; 0.012 N showed the presence of
various phases: M23C6, M (C, N), MB2C32, M3B2, M3B2, Ti4C2S2, and inclusions of AlN and
MnS [48]. Demeri [37] presented the typical thermal cycles of TMCP for TWIP Fe-24Mn
steel. According to the TMCP diagram, the process consists of heating to 900 ◦C with a
holding time of 7200 s, slow cooling from 900 ◦C to 25 ◦C, and accelerated cooling in dry
ice at the minus 78.5 ◦C or liquid nitrogen (N) at the minus 195.7 ◦C with a holding time of
3600 s, as shown in Figure 8.
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3.6. Mn-TRIP—Steels

Mn-TRIP are cryogenic medium manganese steels with 4–10% The Mn content belongs
to promising ultra-high-strength steels of the third generation weldability research, which
is at the beginning. Mn-TRIP steels have high residual austenite content, elongation of at
least 25%, and tensile strength range of up to 1000–1700 MPa, and a high impact energy
due to TMCP and complex micro-alloying with elements C, Ni, Si, Al, N, and B, as shown
in Figure 9.
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Data from [51].

Kozłowska et al. [49] presented the typical TMCP diagram of Mn-steel, %: 0.16 C-
4.7 Mn-1.6 Al-0.2 Si. According to the TMCP diagram, the process consists of heating
to 1200 ◦C with an austenization, slow cooling from 1200 ◦C to 660 ◦C with multistage
hot rolling at 1050, 898, and 660 ◦C, and accelerated cooling from 660 to 400 ◦C for the
formation of bainite, holding time of 300 s at 400 ◦C, and slow cooling from 400 ◦C to 25 ◦C
for the formation of bainite–austenite microstructures.

3.7. Q&P Steels

To produce Q&P steels with martensitic–austenitic microstructure, full or partial
austenization is used. Initial martensite is produced by quenching austenite or a mixture
of austenite and ferrite below the MS temperature with equal carbon volume content in
martensite and austenite. As a result of isothermal one- or two-step holding, the residual
austenite is gradually enriched in carbon. The basic concept of the Q&P process involves
separation of carbon by diffusion across the martensite/austenite interface to stabilize the
residual austenite, as shown in Figure 10.
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martensite transformation start; (Mf) is martensite transformation finish. Data from [52,53].

A new method of asymmetrical thermomechanical processing of Q&P steel, %: 0.2 C;
1.5 Mn; 1.3 Si; 0.2 Al allowed achieving a tensile strength of up to 1023 MPa, with elongation
of 35% [54]. Especially important when introducing ultra-high-strength Q&P steels is the
effect of hydrogen embrittlement, due to the high hydrogen solubility in the austenitic
matrix and high diffusion coefficient in martensite. This complex effect negatively affects
the cold resistance of welded joints and requires further study [55].

3.8. CFB Steels

Carbide-free bainitic (CFB) steels are extra-high-strength TRIP steels with lath bainitic
ferrite in residual austenite without carbides. An increase in strength and plasticity is
achieved due to the ultradispersity of the bainitic ferrite plates and the TRIP effect. The
strength of CFB steels reaches 1200–2000 MPa with elongation of 10–25%. The elements
used for complex alloying, %: 0.3–0.98 C; <2 Mn; <3.5 Si; <1.5 Cr; <1 Co; <1 W, as well as Al,
Ti, Cu, V, Mo, N, and B. [56,57]. Chen et al. [58] proposed the TMCP and CCT diagram of
CFB steel, %: 0.25 C; 1.54 Si; 1.84 Mn; 0.23 Mo; 0.032 Nb; 0.019 Ti; 0.51 Cr; 0.14 Cu; 0.0025 B;
0.0028 N with a tensile strength of 1298 MPa. According to the TMCP diagram, the process
consists of heating to 115 ◦C with a holding time of 300 s, hot rolling at a temperature of
1050 and 900 ◦C, and slow cooling from 900 ◦C to room temperature at a cooling rate of
0.05–10 ◦C/s, as shown in Figure 11a.
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According to the CCT diagram, the microstructure of CFB steel includes ferrite (F),
grain boundary ferrite (GB), lath bainite (LB), and martensite (M) at a cooling rate of
0.05–10 ◦C/s, as shown in Figure 11b.

4. Problem of Fracture of Steels at Low Temperatures

The main tasks in manufacturing welded structures for low temperature services
are to increase reliability and durability and reduce weight and cost. Relevant tasks
are increasing the viscoplasticity of steels, reducing the sensitivity to embrittlement and
hydrogen cracking, and increasing the cyclic loads at low temperatures. Pous-Romero [59]
studied the critical temperature of ductile-brittle transition and the ductile fraction in
low-temperature tests of ASTM SA508 Gr.3 low-alloy hull steel, %: <0.25 C; 1.2–1.5 Mn;
0.45–0.6 Mo; 0.4–1 Ni; <0.25 Cr; 0.15–0.35 Si and proved that the impact energy decreases
from 230 J at plus 50 ◦C to 120 J at a critical temperature of minus 50 ◦C and to 10 J at minus
100 ◦C with 0% of ductile fracture.

Most fractures in steels occur during the formation and propagation of cracks initiating
in local stress concentrations, in dislocation clusters, and at intergranular and interphase
boundaries, as well as at nonmetallic sharp-edged shape inclusions [60].

Brittle fractures typically involve little energy absorption and occur by splitting (chip-
ping) as the crack propagates through the atomic plane. Ductile fractures occur during
formation of microporous coalescence, in which the initiators of fracture are dispersed
inclusions and carbides distributed in the viscous matrix. Decohesive fractures occur
during the microfracture along grain boundaries, which have a lower strength than the
grain. A decrease in the strength of intergranular boundaries occurs during segregation of
brittle and harmful impurities, as well as during the corrosive influence.

The effect of temperature on impact toughness is determined by Charpy tests. Fracture
toughness decreases with a temperature reduction and the occurrence of an embrittlement
of steels. The brittle fracture of steels occurs at a critical low temperature in the ductile-
brittle transition temperature range. A significant number of physical and analytical
models have been developed to describe fracture micromechanics [61]. Microstructural
factor, volume, size, and distribution of dispersed phases, intermetallics, nonmetallic
inclusions, impurities of S, P, absorption of H, O, N, diffusion of H, S, C, and phase
transformations during heat input in welding and heat treatment are important in the
models and mechanisms of fractures.

4.1. Hydrogen Embrittlement of Steels

The term “Hydrogen Embrittlement” refers to a sharp decrease in the viscoplasticity
of materials under the influence of hydrogen. A characteristic feature of hydrogen embrit-
tlement is the reduction of maximum elongation and reduction in the area in mechanical
static tensile testing of samples. It is important to note that embrittlement is not detectable
by Charpy tests because the hydrogen embrittlement mechanism is activated at a certain
ratio of hydrogen atom diffusion rate and rate of dislocation motion.

Hydrogen embrittlement and hydrogen-assisted cracking (HAC) is a serious prob-
lem in welded structures made of bainitic, martensitic, ferritic, and duplex steels [62,63].
Hydrogen embrittlement and cracking also occurs in austenitic chromium-nickel steels
during the long-term operation of vessels under pressure in hydrogen-containing media,
at pressures from 140 to 240 atm [64,65]. AHSS also exhibit high sensitivity to hydrogen
embrittlement, thus this effect requires further study [66].

A complex phenomenon in DP and TRIP steels for welded structures for low tem-
perature and cryogenic service is the effect of plasticity reduction under the influence
of hydrogen [67]. Begic Hadipasic et al. [68] found a decrease in elongation under the
influence of hydrogen in DP steel from 24% to 20% and in TRIP steel from 45% to 30%.
These data are confirmed in tests of TRIP-800 steel [69,70]. TWIP steels also show high
sensitivity to hydrogen embrittlement. A study of the steels, %: 18 Mn-0.6 C and 18 Mn-1.2
C showed a decrease in elongation from 70% to 32% at hydrogen charging [71]. Cryogenic
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nickel alloys for liquid gas storage are also subject to hydrogen embrittlement, especially
when alloyed with hydride-forming elements: Ti, Zr, V, Nb, La, Ce, and Th [72].

All welded structures for low temperature and cryogenic service are subject to
hydrogen-containing corrosion. Welded joints absorb hydrogen from coated electrodes,
flux-cored wires, welding fluxes, oxide layers, shielding gases, and high atmospheric hu-
midity. During welding, water and molecular hydrogen dissociate into atoms in the plasma,
which are actively adsorbed on the surface of the weld pool. After metal crystallization,
hydrogen is absorbed in the weld metal and forms solid interstitial solutions with the
crystal lattice of the ferrite and austenite matrix. Hydrogen can easily diffuse through
crystalline microstructures because it has a small atomic radius.

HAC occurs in the microstructure after a critical level of local yield stress, which
sharply decreases with diffusible hydrogen content. Therefore, when modeling the HAC
mechanism, the mutual influence of three factors is considered: local hydrogen concentra-
tion, local stress, and local microstructure [73,74].

4.2. Mechanisms of Hydrogen Embrittlement

One of the first adsorption mechanisms of hydrogen embrittlement was developed in
1928 by the Academician of the USSR Academy of Sciences P.A. Rehbinder. Based on the
Rehbinder effect, the Hydrogen-Enhanced Decohesion (HEDE) mechanism was developed.
HEDE is based on the reducing of the decohesion energy and stress for the tip opening
crack with a critical concentration of diffusible hydrogen [75–77], as shown in Figure 12.
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The Hydrogen-Enhanced Local Plasticity (HELP) mechanism, which was developed
in the studies of Sofronis, Birnbaum, and Lynch, was a significant advance in the microme-
chanics of hydrogen embrittlement [79–81]. According to the HELP mechanism, hydrogen
in solid solution blocks elastic interactions and stresses, which promotes the movement of
dislocations and increases local plasticity. The Adsorption-Induced Dislocation Emmission
(AIDE) mechanism or the theory of dislocation movement under the influence of hydrogen
adsorption was developed by Lynch [81] and in nonlinear long-wavelength models of
concentration of hydrogen by Polyanskiy, Belyaev, and Porubov [82,83].

5. Improvement of Viscoplasticity of Steels

Theoretical foundations for improving the viscoplasticity of steels are based on the
studies by R. Hadfield, J. Chipman, A. Samarin, A. Baikov, E. Bain, A. Cottrell, H. Bhadeshia,
N. Liakishev, and I. Gorynin [84–87]. TMCP and the formation of nonmetallic inclusions
leads to residual stresses at the interface between the inclusion and the steel matrix, due to
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different coefficients of thermal expansion and mechanical properties. The local stresses in
the nonmetallic inclusions of Mg-Al-O, Al-Ca-O-S, and TiN, especially with sharp-edged
shapes, can reach 750–2000 MPa, which leads to the fracture of brittle inclusions and the
appearance of cracks [88].

As shown by the Electron Backscatter Diffraction (EBSD) analysis, parameters of
TMCP and the hardening of Cu-containing HSLA steels can lead to coagulation and
irregular distribution of Cu precipitates. This reduces the isotropy of rolled steel and
the weldability of high-strength steels, especially with errors in welding parameters [89].
The composition, morphology, and micromechanical properties of nanoparticles smaller
than 1 nm, including Cu precipitates, NiAl, Ni2AlMn, Ni2AlTi, Ni3Ti, NbC, and Mo2C
intermetallics should be considered to improve impact toughness at low temperatures
and weldability. For the isotropy of high-strength steels, the development of a synergistic
combination of nanoparticles in the nanoscale hardening mechanism is required [90].

Reducing the ductile-brittle transition temperature to minus 120 ◦C and improving
the weldability of high-strength cold-resistant steels can be achieved through developing
methods of the microstructural design of rolled products and welded joints based on X-ray
microstructure tomography [91,92]. An important field is the physical thermomechanical
modeling to build CCT diagrams to determine the optimal concentrations of alloying
elements, Cr, Nb, V, Ni, Ti, Mo, and N [93]. An increase in the viscoplasticity of steels is
also achieved through the refinement of the primary austenitic grain, through the control
of solubility and distribution of dispersion carbides, nitrides, and complex carbonitrides,
VC, VN, TiC, TiN, Nb (C, N), and NbTi (C, N) [94,95].

Optimization of the TMCP of austenitic cold-resistant stainless steels, application of
cold rolling, and annealing for grain refinement have great potential for the improvement of
viscoplasticity. The application of the TMCP reversion method for AISI 304L ultradisperse
steel [96–98] allowed achieving a tensile strength of 1010–1640 MPa with an elongation of
40–59% and excellent weldability during laser welding. High mechanical properties have
products made of AISI 316L cryogenic steel from SLM (Selective Laser Melting) technology.
The tensile strength of SLM samples at a temperature of minus 196 ◦C reached 1355–1510
MPa with an elongation of 35–54% [99].

The key importance for the development of AHSS is the study of hardening mecha-
nisms, the determination of dependence between dispersive precipitations and microstruc-
ture refinement, studies of thermodynamics, solubility, and crystallography of precipita-
tions [100]. The future development of second- and third-generation ANSS is connected
to the development of the mechanisms of nanometer hardening, synergistic effect of dis-
persion precipitations, and volume isotropy of rolled steel [101]. The solution to these
problems is possible through the application of neural network technologies in material
science and metallurgy [102,103].

6. Weldability of High-Strength Steels

Laser welding of boron-containing ultra-high-strength steel Docol PHS CR 2000 leads
to the formation of a softening layer in the heat-affected zone (HAZ) when heating in
the temperature range Ac1-Ac3. The microstructure of this layer consists of tempered
martensite, and tensile strength is 33% lower compared to that of the base metal [104]. In
addition to the softening effect, a hardening effect may occur in the HAZ. During hybrid
laser-arc welding of S960QL steel, the hardness in HAZ increases to 436 HV with 383 HV
in the weld metal and 350 HV in the base metal [105].

Kang et al. [106] studied the MAG welding of DP590 GA, SAE 1008, HSLA HR 420,
DP600 HR, Boron, Boron-HSLA, DQSK, TRIP780 GI, and DP780 GI steels and dissimilar
joints. Typical weld fractures during cyclic tests occur along the weld metal, in HAZ, and in
areas of high stress concentration. Steel thickness, stress concentrators in the structure, and
the shape of the welds have a significant influence on the fracture of samples during cyclic
tests. The main problem in the welding of DP steels is also the hardening and softening
effect in the heat-affected zone. During laser welding of 0.15C-1.7Mn-steel, softening
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in the low-temperature HAZ (LT-HAZ) reached 20% due to martensite tempering. In
the high-temperature HAZ (HT-HAZ), strength increased up to 28% due to martensite
formation compared with base metal [107]. Formation of a martensitic layer near the weld
metal and softening results in fractures under static, impact, and cyclic dynamic loads. As
the tensile strength of DP steel increases up to 1000 MPa, the softening increases up to
25–78% [108–110]. During laser welding of DP 980, the softening layer strength decreases
by 41%, which is the main cause of fractures under cyclic and vibration loads [111].

To control the welding thermal cycle and microstructure of DP 590 steel, the change
in laser pulse frequency can be used [112]. Twin-spot laser welding is used to reduce the
cooling rate and hardening when welding DP, CP, and TRIP steels [113,114]. Changing
the ratio of power of two laser beams allows one to optimally distribute the heat input,
reducing the width of HAZ, the volume of martensite, and the weld hardness by 10%.
These effects are important for improving the isotropy of welded joints. Martin-Root [115]
investigated the laser welding of CP 980 steel. The hardness in the HT-HAZ increased from
460 to 520 HV.

Laser, arc, and resistance welding are also promising for welding TWIP steels [116–119].
The problem of Mn-TWIP steels is also high sensitivity to the welding thermal cycle. This results
in weld metal softening of up to 20–40%, due to microstructural phase transformations [120,121],
and a softening of up to 35% in HAZ [122]. Ma et al. [122] performed the TIG and laser welding
of 25 Mn-3 Al-3 Si steel. The weld hardness during TIG welding increased to 360 HV and
during laser welding to 420 HV with the base metal hardness of 320 HV. The HAZ hardness
during TIG welding decreased to 230 HV and during laser welding to 290 HV. Elongation when
testing samples for base metal, laser, and TIG welding was 95%, 67%, and 48%, respectively.
The fracture of samples after laser welding during cyclic tests occurred along the base metal,
and after TIG welding, fractures occur in red along the weld metal.

Kalacska et al. [123] analyzed the properties of dissimilar joints made of TRIP 800 and
TWIP 1000 steels after MIG welding with AWS 307 filler wire. On the TRIP 800 side, the
hardness in HAZ increased from 250 HV to 500 HV. On the TWIP 1000 side, the hardness in
HAZ decreased from 250 HV to 220 HV. Weldability analysis confirms the serious problem
of hardening and softening in the weld and in HAZ when welding the second-generation
AHSS, as shown in Figure 13.
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Excellent mechanical properties are achieved during hybrid laser-MAG welding of
AHSS as well as when welding dissimilar joints of AHSS with AISI 316 steel [124]. Similar
problems with softening in HAZ occur when welding third-generation steels [125]. Laser,
resistance welding, and friction-stir welding are used to weld Mn-TRIP steels [126–128]. To
develop welding technologies for AHSS, the finite element method is used, which allows
predicting the fusion zone, HAZ, the distribution of temperature fields, and mechanical
stresses and strains during the welding thermal cycle.
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7. Improvement of Viscoplasticity of Welded Joints

Welded structures are operated at low temperatures often in hydrogen-containing and
corrosive environments. Weldability of steels is complicated by grain growth, hydrogen
embrittlement, occurrence of HAC, and decreased impact toughness at low tempera-
tures [129]. The main methods of welding high-strength steels are MIG and MAG welding
with solid wire. These methods ensure a minimum content of diffusible hydrogen in the
weld metal [130]. Application of hybrid laser-arc welding of HSLA steels with a thickness
of over 40 mm also allows obtaining high impact toughness at a temperature of minus
50 ◦C [131]. A hybrid laser-arc welding of HT780 steel with MGS-80 wire allowed the
achievement of the impact energy of 100–150 J at minus 40 ◦C [132]. Hybrid laser and
plasma welding increases the productivity, weld quality, and corrosion resistance of du-
plex steel welds [133]. A heat treatment after laser welding of 0.3 C-1 Cr-1 Si steel [134]
and controlling intermetallic formation during laser welding of NiTi/316L improves the
viscoplasticity of welded joints [135].

The microstructural state of the weld and HAZ is the most important factor in the
mechanism of hydrogen embrittlement, HAC occurrence, and reduction of impact tough-
ness [136]. A fine-grain microstructure in welding is achieved through an optimal thermal
cycle of heating and cooling [137], through reduction of impurities and segregation at grain
boundaries [138].

Another effective metallurgical solution is microstructure refinement through the
mechanism of heterogeneous nucleation of nonmetallic inclusions and acicular ferrite by
forming refractory oxides, sulfides, and nitrides in a weld pool [139]. An effective method
of microstructure refinement and removal of impurities is the application of welding
consumables with rare-earth elements [140].

Refractory REM oxides and sulfides, such as REM2O3 and REM2S3, are nonmetallic
inclusions of spherical shapes, similar to titanium oxides TiO, TiO2, and Ti2O3 [141]. REM
oxides and sulfides have high melting temperatures, ◦C: La2O3 (2304); Y2O3 (2439); Ce2O3
(2250); ThO2 (3350); La2S3 (2110); Y2S3 (1925); Ce2S3 (2450); Th2S3 (2300). Therefore, the
formation of these compounds in the weld pool increases the number of crystallization
nuclei. This process contributes to the refinement of microstructure as well as to the
nucleation of acicular ferrite [142]. Nonmetallic spherical inclusions of TiO, TiO2, and
Ti2O3 are also effective centers of acicular ferrite nucleation [143]. However, REMs are
more active in the reactions of desulfurization and deoxidation of the weld pool [144].

REM borides play an important role in the mechanism of hardening and refinement
of the microstructure; they contribute to the formation of refractory boron carbides and
the nitrides B4C and BN [145]. The alloying of boron has a positive effect on the properties
and microstructure of cold-resistant and cryogenic austenitic steel with a low residual
nitrogen content of up to 0.04% and boron of up to 0.004%. This effect is associated with the
solubility of boron in γ-Fe and α-Fe, reduction of impurities of sulfur S and phosphorus P,
and the formation of borides Me2B, Me5B3, Me3(C, B), Me23(C, B)6, and FeMo2B4 [146].

The formation of free fluorine when introducing fluorides of Ca, Mg, K, and Li into
welding consumables is of great importance in welding metallurgy. Fluorine reduces
the content of diffusible hydrogen in weld metal due to the formation of the HF com-
pound [147]. High effectiveness of fluorine and fluorides in hydrogen removal is due to the
reactions of fluorine and fluorides with the H atom, H2 molecule, and H2O water vapor in
the liquid slag and in the plasma of the welding arc [148]. The addition of LaF3, LaB6, and
SF6 lead to the improvement of the thermophysical properties of plasma and the quality
of arc additive manufacturing products, using G3Si1, 316L, AlMg5Mn1Ti, and CuCr0.7
wires [149]. The addition of activating fluxes of Li3AlF6-TiO2-SiO2 and CaF2-BaF2-SrF2 in
the laser welding of steel leads to an increase in the penetration depth up to 33–46% and in
productivity up to 45% [150].

In steels and welds, there are the harmful oxides, FeO, SiO2, and MnO, the sulfides, FeS
and MnS, as well as diffusible elements, S, H, and N, which reduce the impact toughness,
plasticity of welds, and increase sensitivity to the formation of HAC. The alloying of REM
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and boron reduces the concentration of the detrimental impurities, S, O, and N. As a result
of the interaction, nanodispersed refractory REM oxides, sulfides, and boron nitrides BN
are formed, which are the nuclei of primary crystallization. The increase in the number of
refractory crystallization nuclei leads to the refinement of large crystallites, dendrites, and
microstructures of primary austenitic grains. Parshin et al. [151] proposed the models of
dendritic crystallization at the boundary of the “weld pool—base metal” transition without
limitation of crystallite growth and with limitation of crystallite growth in the formation of
additional crystallization nuclei based on REM oxides and sulfides.

A similar mechanism of dendritic crystallization with crystallization nuclei made
of oxides and sulfides is considered in works [152–155]. The alloying of boron into the
TWIP steel reduced the size of the austenitic grain from 770 to 344 µm in the columnar and
equiaxial zones of the primary crystallites [48]. The formation of nonmetallic spherical
inclusions reduces the sensitivity of steels to crack initiation and propagation. After
primary crystallization of HSLA steels, secondary recrystallization with pearlitic and
bainitic transformation occurs. At that, inside the austenitic grains on the surface of
refractory nonmetallic inclusions, intragranular acicular ferrite can nucleate, which inhibits
the cracks propagation and increases its trajectory. Parshin et al. [151] proposed the models
of crack propagation trajectory in the prior-austenitic grain without acicular ferrite and
with acicular ferrite nucleated on a spherical nonmetallic inclusion.

Thus, oxides and sulfides of rare-earth metals and boron nitride contribute to the
refinement of primary austenitic microstructures and the nucleation of acicular ferrite in
high-strength steels [156–158]. Increasing the volume of acicular ferrite and refinement of
weld microstructure is a requirement for increasing impact toughness, reducing the critical
temperature of ductile-brittle transition, and reducing sensitivity to the occurrence of
HAC. Similar solutions are relevant for underwater wet welding of high-strength steels, as
offshore welded structures and pipelines are often located in the Arctic Ocean [146,159,160].

8. Conclusions

1. The analysis of research in the field of metallurgy and weldability shows the
significant potential of advanced steels for low temperature and cryogenic application. For
cold-resistant welded structures HSLA, bainitic, duplex, 1.5–5% Ni steels, and all AHSS
steels are recommended. For cryogenic welded structures austenitic Cr-Ni-N-, Mn-, 9% Ni-,
Mn-TRIP, and TWIP steels are recommended. For the high quality of welded structures it is
necessary to improve weldability and reduce the sensitivity of HSS and AHSS steels of the
welding thermal cycle to low temperature and hydrogen embrittlement. The future of the
welding of cold-resistant and cryogenic steels lies in microstructure control, reducing the
anisotropy of the welded joint-based low heat input in the arc, laser, and hybrid welding
with filler REM-containing wires.

2. As for the evolution of TMCP, metallurgy, and welding of high-strength steels,
it is necessary for the application of physical and thermodynamic modeling to achieve
synergistic effects in the microstructural design. For the manufacturing of isotropic rolled
steel, it is necessary to achieve the synergistic effect of the first level considering the
microstructure, TMCP parameters, and physical and mechanical properties. For the manu-
facturing of welded structures, it is necessary to achieve the synergistic effect of the second
level considering the structural design, welding metallurgy, microstructure, and welding
thermal cycle.

3. Metallurgical processing of high-strength steels for welded structures for cold-
resistant and cryogenic service should be based on a special microstructural design. Met-
allurgy and microstructural design of steels should take into consideration the influence
of welding thermal cycles and stresses and repetitive phase transformations in the weld
metal and in the heat-affected zone. The distribution and morphology of microstructural
phases and nonmetallic inclusions in the matrix are of key factors to achieve high impact
toughness and perfect nanometer isotropy of rolled products. Neural network control of
TMCP parameters, melting technologies, refining, O2, H2 removal, micro-alloying, devel-
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opment of metallurgical fluxes, and slags with rare-earth elements have great potential in
the field of fundamental metallurgy.

4. In the field of material science and metallurgy of welding, the fracture microme-
chanics, models of diffusible hydrogen embrittlement, crystallization kinetics, phase trans-
formations, mechanisms of hardening, and formation of nonmetallic inclusions have great
potential. The development of welding consumables with REM, neural network control
of the welding thermal cycle, reduction of the softening of welds, increase of the isotropy
of welded joints, and monitoring of stresses are very important. Bionic design, weight
reduction, application of self-heating, and self-diagnosing are necessary in the design of
welded structures for low temperature and cryogenic service.
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