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The scientists of Nosov Magnitogorsk State Technical University developed the new steel with 0.08C-1.50Mn-

1.20Cr-0.06Nb-0.04Ti alloying system. Phase transformations of undercooled austenite were examined via dilato-

metric analysis using Gleeble 3500 complex. Metallographic analysis of the structure, which is forming during 

continuous cooling, is carried out. Thermokinetic and structural diagrams of steel were built. The conditions of 

controlled rolling and accelerated cooling of the developed steel are suggested; they provide increased strength 

(&т=520-560 N/mm2, &в=600-673 N/mm2; '5=26-23.5 %; HBW 207-229), cold resistance down to -70 °С  

(KCV-70=252-245 J/cm2; KCU-60=330-295 J/cm2), as well as increased corrosion resistance in carbon dioxide and 

hydrogen sulfide environments (HIC, SSC). Providing of such favourable combination of properties makes it pos-

sible to use the new steel for manufacture of pipes of different strength classes in oil and gas industry, for operation 

in the Far North regions.
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Introduction

Manufacture of new steels with simultaneous combina-

tion of high strength and ductility as well as cold resistance 

at the temperature -70 °С and increased corrosion resist-

ance in H2S- and CO2-containing environments is required 

for operation of pipes and equipment at gas, gas-condensate 

and oil deposits in the Far North and Arctic regions [1-12].

It is known that the main concepts of development of 

high-strength low-alloy structural steels are formed in the 

following way [13]:

- lowering of carbon content in steel;

- lowering of content of harmful impurities and non-

metallic inclusions;

- replacement of solid solution strengthening by disper-

sion one;

- grain refinement via thermomechanical treatment and 

microalloying;

- forming of optimal metal structure using accelerated 

cooling mechanisms.

The scientists of Nosov Magnitogorsk State Technical 

University developed the new high-strength steel with 

0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti alloying system.  

It should provide the following complex of mechani-

cal properties: increased strength (&т 4 500 N/mm2,  

&в  = 580-950 N/mm2; '5 4�20 %; HBW, KCV-70 = 252-245 J/cm2; 

KCU-60 4�100 J/cm2). Additionally, customers of pipe steels 

for oil and gas industrial complex are interested in increased 

resistance against hydrogen and hydrogen sulfide cracking.

The chemical compositions, which were molten accord-

ing to the selected alloying system, were characterized by the 

following properties:

- restricted carbon content to provide optimal micro-

structure, which guarantees high cold resistance and resist-

ance against corrosion cracking in hydrogen sulfide environ-

ments (HIC, SSC);

- increased manganese content to provide stable level of 

mechanical properties due to solid solution strengthening 

with lower carbon content, without worsening its resistance 

against hydrogen cracking;

- increased chromium content to provide resistance 

against carbon dioxide corrosion;

- microalloying by niobium and titanium to create the 

required conditions for controlled rolling, and to reach high 

cold resistance values;

- high steel cleanness for impurities (sulfur and phos-

phorus).

Microstructure is the most important factor having influ-

ence on resistance against hydrogen and hydrogen sulfide 

cracking. It is caused by steel chemical composition (from 

one side) and by thermal deformation treatment, that steel 

is subjected in the process of sheets manufacture (from other 

side). So, it was found out that the most homogenous and 

dispersive are microstructure components and the most close 

are they to the state of thermodynamic equilibrium, the most 

resistant are they to the effect of hydrogen sulfide containing 

environments [14-18]. Pearlite strips can be nodes of cracks 

formation and propagation in the structures of ferrite-pearl-
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ite type, which are forming in low-alloy steels during cool-

ing with small speed. Analysis of cracked areas displays that 

cracks are forming either inside pearlite itself, or very close to 

a separation boundary between ferrite and pearlite [19, 20].

Ferrite-bainite structure, which is obtained in the process 

of accelerated cooling during thermomechanical treatment 

(controlled rolling with consequent accelerated cooling), 

is characterized by essentially smaller banded orientation 

and size of the elements of ferrite matrix in comparison with 

ferrite-pearlite structure. It is acknowledged that such struc-

ture has smaller number of possible points of origination of 

hydrogen cracks. The authors of the work [21] examined in-

fluence of cooling rate on steel resistance against hydrogen 

cracking. Carbon diffusion in austenite during the process of 

transformation decreases as a result of cooling speed increase 

and homogenous ferrite and low carbon bainite microstruc-

ture is forming in the case if final cooling temperature will 

be higher that temperature of martensite transformation.  

It leads to higher steel resistance against hydrogen cracking.

However, not all types of ferrite-bainite structures are 

favourable from the point of view of resistance against  

hydrogen (HIC) and hydrogen sulfide (SSC) cracking. 

When forming high-strength components (such as lath 

bainite, martensite, M/A component) in the areas of pri-

mary or secondary segregation of alloying elements, cracks 

can originate and propagate along consistent components 

of such structure.

The main requirements to structural state of steel, pro-

viding increased resistance against hydrogen and hydrogen 

sulfide cracking, can be formulated in the following way:

- absence of pearlite banding; 

- obtaining of ferrite-bainite structure without banding;

- absence of extended areas in solid structural compo-

nents (martensite, high-carbon bainite);

- absence of extended non-metallic inclusions (MnS, 

oxides).

Study of structural and phase transformations of over-

cooled austenite, mechanical and corrosion resistance 

properties of the steel with 0.08C-1.50Mn-1.20Cr-0.06Nb-

0.04Ti alloying system is the aim of this work.

Material and testing technique

Melting and rolling of the experimental samples of hot-

rolled coiled sheets of the steel with 0.08C-1.50Mn-1.20Cr-

0.06Nb-0.04Ti alloying system were conducted on the base 

of the scientific and production complex “Engineering 

center Termodeform MGTU”. Hot rolling was carried out 

using hydraulic press P6334 (roughing stage) and labora-

torial reversing tot rolling mill 500 duo (finishing stage), 

which ic combined with the unit for accelerated cooling. 

Critical points were determined via the method of 

differential scanning calorimetry (DSC), using the sen-

sor of synchronous thermal analysis STA Jupiter 449 F3 

(NETSCH), doen to the temperature 1000 °С with speed  

10 °С/min in the argon environment (argon purity 99,998 %), 

as well as via dilatometric analysis using the research com-

plex Gleeble 3500.

Mechanical tests were carried out according to the stand-

ard techniques:

- stretching testing according to the GOST 1497;

- impact bending testing at lowered temperatures accord-

ing to the GOST 9454;

- hardness measuring via Brinnell according to the GOST 

9012.

Corrosion resistance of rolled products was determined 

via the following parameters:

- resistance against hydrogen cracking (HC) according 

to the technique of NACE TM-0284 standard, using the 

testing solution A with determination of cracking sensibility 

coefficient (CSR), crack length coefficient (CLR) and crack 

thickness coefficient (CTR);

-resistance against sulfide corrosion cracking under stress 

(SCCS) according to the technique of NACE TM-0177 

standard, using the testing solution A via the method A and 

according to the standard ASTM G39 for 4-point bending 

in the A medium;

- speed of general corrosion of rolled products in СО2-

containing environment via the technique noted in the sup-

plement 4 ТТТ-01.02.04-01 (version 3.0);

- speed of general corrosion of rolled products in 

H2S-containing environment via the 

technique of NIPTs NefteGazServis  

No. 966814-006-593377520-2014.

To provide microanalysis accord-

ing to the standard technique, polished 

micro-samples were prepared via press-

ing of samples in «Transoptic» resin at 

automatic press Simplimet 1000, in the 

Buеchler samples preparation line. To 

reveal microstructure, the surface of pol-

ished samples was subjected to pickling in 

4 % solution of nitric acid in ethyl alcohol 

via dipping of polished surface in a bath 

with reactant. Qualitative and quantita-

tive analysis were carried out via a light 

microscope Axio Observer (Zeiss) with 

magnification 50-100 folds, using the 

software Thixomet PRO for processing 

Fig. 1. Experimental curve of differential scanning calorimetry of steel during heating 
with rate 10 °С/min
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of metallographic images, as well as via scanning electronic 

microscope (SEM) JSM 6490 LV.

Results and discussion

Critical points during heating, which were determined 

via the method of differential scanning calorimetry (DSC), 

were found for the examined chemical compositions, they 

made Ас1 – 735 °С and Ас3 – 869 °С (Fig. 1).

Based on analysis of the results of complex dilatometric, 

metallographic analyses and hardness measurement, regu-

larities of structural and phase transformations, occurring in 

the steel 0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti during con-

tinuous cooling were established, and the structural diagram 

(Fig. 2) and thermokinetic diagram (CCT) of undercooled 

austenite (Fig. 3) were built. 

According to the obtained data, the following conditions 

should be implemented to provide the aimed microstructure 

and specified complex of properties:

- heating before rolling should be carried out up to the 

temperature Theat = 1180-1200 °С, for maximally complete 

dissolution of carbonitrides and transition of alloying ele-

ments in solid solution; 

- the temperature of deformation termination in the 

finishing stage and starting of accelerated cooling should 

be higher than the temperature of ����
 transformation by 

30-40 °C (Тcr > 870 °С) to obtain homogenous austenite 

structure, to provide absence of ferrite-pearlite banding and 

to prevent forming of polygonal ferrite and origination of 

bainite banding during accelerated cooling;

- speed of accelerated cooling, which is required for ob-

taining ferrite-bainite structure, should exceed 10 °С/s;

- the temperature of finishing of controlled accelerated 

cooling (CAC) should be selected, taking into account the 

condition of obtaining the required complex of properties: 

1) Тcac=620-660 °С; 2) Тcac=520-540 °С.

Metallographic investigations displayed that the steel 

0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti is characterized by 

forming of dispersive and homogenous (along cross section) 

microstructure after controlled rolling and accelerated 

cooling (CRaAC) according to the selected procedures. 

This microstructure consists mainly of bainite (80 %) and 

small amount of quasi-polygonal ferrite (20 %) (Fig. 4, a 

and b). At the same time, the researches, which were con-

ducted via SEM, showed that bainite component presents 

granular bainite in the form of 
-phase with “islands” 

of martensite-austenite component (when subjected to 

processing via the following procedure: Тcr > 870 °С and  

Тcac = 620-660 °С) (Fig. 4, c and e). When another 

technological procedure was applied (Тcr > 870 °С and  

Тcac = 520-540 °С), there lathe bainite was also identified 

in bainite component. Lathe bainite consists of elongated 


-phase lathes, which are organized in packages, and of 

areas with residual austenite, which are enriched by car-

bon or martensite (M/A), on lathe boundaries (Fig. 4, d  

and f), what is explained by lower final temperature of  

accelerated cooling.

The results of mechanical testing of laboratorial samples 

of the examined hot-rolled coiled steel, which were pro-

cessed according to the above-mentioned procedures, are 

presented in the Table 1. 

The suggested CRaAC procedures for the steel 

0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti guarantee high cold 

resistance at the testing temperatures down to minus 70 °С, 

at the same time PTC KCV-50 in fracture makes 100 %.  

At the same time, high corrosion resistance of steel is provid-

ed (Table 2); corrosion rate in carbon dioxide and hydrogen 

sulfide environments does not exceed 0.1 and 0.3 mm/year 

respectively. Additionally, the positive results were obtained 

during testing for hydrogen cracking resistance (CLR=0; 

CTR=0; CSR=0) and sulfide cracking corrosion resistance 

under stress, according to the NACE TM0177 standard 

(method A: for &в 80 % of &0,2) and ASTM G-39 standard 

(four-point bending). 

Thus, the steel 0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti 

after CRaAC meets the requirements in mechanical prop-

erties of the most often used strength classes of pipe products 

for the noted procedures.
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Fig. 2. Structural diagram of the steel 0.08C-1.50Mn-1.20Cr-
0.06Nb-0.04Ti
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Fig. 3. Thermokinetic diagram of transformation of overcooled 
austenite in the steel 0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti 
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Conclusion

Phase and structural transformations for the new steel 

with 0.08C-1.50Mn-1.20Cr-0.06Nb-0.04Ti alloying system 

were examined, structural diagram and thermokinetic de-

composition diagram for undercooled austenite were built.

It was established that steel microstructure presents 

homogeneous dispersive ferrite-bainite structure after 

controlled rolling and accelerated cooling via the follow-

ing procedures: 1) Тcac=620-660 °С; 2) Тcac=520-540 °С. 

Volumetric part of quasi-polygonal ferrite in the structure 

does not exceed 20 % in both cases. For the first procedure, 

bainite component in steel makes mainly granular bainite, 

while for the second procedure, the structure contains granu-

lar and lathe bainite approximately in equal correlation.

It is shown, that the complex of properties (&0.2=520-

560 N/mm2, &в=600-673 N/mm2; '5=26-23.5 %;  

HBW 207-229) is provided in the steel 0.08C-1.50Mn-

1.20Cr-0.06Nb-0.04Ti after CRaAC via the noted proce-

dures. This complex of properties corresponds to the most 

required different strength classes of pipe steels and guarantees 

high cold resistance down to -70 °С (KCV-70=252-245 J/cm2) 

Fig. 4. Steel microstructure after CRaAC via the procedures: 
1) Тcr > 870 °С and Тcac = 620-660 °С (a, c, e) and 2) Тcr > 870 °С and Тcac = 520-540 °С (b, d, f)
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and increased corrosion resistance in carbon dioxide and 

hydrogen sulfide environments. 

Providing of such favourable combination of strength, 

increased corrosion and cold resistance at the temperatures 

down to -70 °С makes it possible to use the new steel for 

manufacture of pipes of different strength classes in oil and 

gas industry, for operation in the Far North regions.
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Table 1. Results of mechanical testing 

No.
Temperature procedures CRaAC Mechanical properties

Тheat.,
°С

Тcr, 
°С

Тcac, 
°С

σ0.2,
N/mm2

σв, N/
mm2

δ5,
% σ0.2/σв

KCV-70,
J/cm2

KCU-60,
J/cm2

PTC
KCV-50, % HB

1 1200 >870 620-660 520 600 26 0.87 252 330 100 207

2 1200 >870 520-540 554 673 23.5 0.82 245 295 100 229

*PTC – Part of tough component

Table 2. Results of corrosion testing

No. Тheat,
°С

Тcr,
°С

Тcac,
°С

ВР (HIC), % Total corrosion rate, 
mm/year СКРН (SSC), %

CLR CTR CSR CO2 H2S Method А
Method of 4 point 

bending.
ASTM G39

1 1200 >870 620-
660 0 0 0 0.078 0.260 720 h

80 % of 415
720 h

without cracks

2 1200 >870 520-
540 0 0 0 0.081 0.212 720 h

80 % of 415
720 h

without cracks
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