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Introduction

Rise of the strength parameters, impact toughness and 

cold resistance with simultaneous improvement of mate-

rial weldability is considered as the development direc-

tion for low-carbon microalloyed pipe steels. At the same 

time demand for rolled products with increased thick-

ness increases; it is required for manufacture of tubes with 

high operating pressure and for welded construction [1]. 

Reliability of such constructions is based, according to 

the up-to-date vision, on braking of extended tough de-

struction. To provide it, essential rise of impact toughness 

of the main metal used in constructions (especially at the 

temperatures of the upper threshold of cold brittleness) 

is required [2]. Resistance of large-diameter tubes to ex-

tended brittle destructions is guaranteed in the case of 

getting the positive results during drop weight tear testing 

(DWTT) with providing the part of tough component in 

the fracture of samples not less than 85%.

Combination of strength and tough-ductile proper-

ties, required for rolled heavy plates, can be achieved in the 

modern metallurgical practice by forming ferrite-bainite 

microstructure of rolled material with fine grain  size (ma-

trix element) and increased density of dislocations [1]. This 

ferrite-bainite microstructure of steel can be obtained on the 

condition of providing of austenite overcooling: introduction 

of the elements rising austenite stability (Mo, Cr, Ni, Cu) 

in steel and usage of accelerated cooling of rolled products 

[3, 4].

The technology of controlled rolling with consequent 

accelerated cooling includes subsequent refining of steel mi-

crostructural elements at the all process stages [5]. Intensive 

refining of austenite grain with its multiple complete recrys-

tallization occurs during the roughing stage of controlled 

rolling. As soon as possibilities of grain refining during re-

crystallization are restricted, creation of increased density 

of defects of crystalline construction (being the place of 

origination of α-phase during transformation) is provided by 

substantial summarized deformation (usually not less than 

70%) of non-recrystallized austenite during the finishing 

stage of rolling [4, 6]. Accelerated cooling provides essen-

tial overcooling of austenite, what results in γ → α transfor-

mation and rise of speed of origination of new grains and, 

consequently, increase of grain size is restricted. Forming of 

dispersed products via the shift transformation mechanism 

instead of products of pearlite transformation occurs during 

phase transformation of overcooled austenite [1]. 

To provide forming the fine-grained ferrite-bainite mi-

crostructure, low-alloyed pipe steel should have low car-

bon content (0,04–0,07%), increased manganese content 

(� 1,95%), additives of the elements rising austenite stability 

(Mo, Cr, Ni, Cu) and complex microalloying by carboni-

tride-forming elements Nb+Ti (+V)) � 0,15% [7, 8].

Lowered carbon content provides niobium transition 

in solid solution during slab heating before rolling (it is re-
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quired to expand the area where austenite recrystallization 

does not occur and, respectively, to work out steel structure) 

and facilitates improvement of steel impact toughness and 

weldability [1]. Part of niobium that did not extract during 

rolling in the austenite area leaves in solid solution and rises 

austenite stability in γ → α transformation; it also promotes 

forming of ferrite-bainite microstructure [3, 6]. Lowered 

carbon content and high steel purity for harmful impurities 

(S � 0,002%, P � 0,015%) provide good cold resistance and 

weldability of metal. 

The technology of controlled rolling with accelerated 

cooling for manufacture of cold-resistant rolled products 

with large thickness (41 mm and more) has its features. The 

main of them are technological problems connected with de-

formation of metal with essential thickness using high partial 

reduction as well as temperature gradient during accelerated 

cooling with consequent redistribution of these temperatures 

across sections of the plates [1]. Austenite decomposition 

in the modern low-alloyed steels can occur during phase 

transformation with forming 

of wide spectrum of prod-

ucts of intermediate (bainite) 

transformation with non-pol-

yhedral morphology [9–12].

Violations of the production 

technology lead usually to 

forming of non-optimal mi-

crostructure of rolled prod-

ucts, what finalizes first of all 

in deterioration during drop 

weight tear testing of metal 

cold resistance as the most 

structurally sensitive steel 

property [13–16].

The innovative tech-

nology for manufacture of 

ultra cold-resistant nano-

structured rolled plates is 

developing in the frame-

work of realization of the 

complex project aimed on 

creation of the high-tech 

production facilities. Heavy 

plates manufactured by this 

technology will be used to 

provide import substitution 

of materials, including cryo-

genic materials used in the 

conditions of extra low criti-

cal temperatures, increased 

corrosion activity and also in 

Arctic regions. The above-

mentioned complex project 

is realizing be the initiative 

of Magnitogorsk Iron and 

Steel Works with participa-

tion of Nosov Magnitogorsk 

State Technical University 

and “Termodeform-MGTU” researching complex.

The aim of this work is investigation of the relationship 

between microstructure and DWTT parameter for rolled 

heavy planes made of cold-resistant steel for manufacture 

of large diameter electric-welded and longitudinal-welded 

tubes.

Material and technique of investigation

The ingots of low-carbon alloyed steel with consequent 

varying of chromium, nickel and vanadium content have 

been melt in “Termodeform-MGTU” researching complex 

(tab. 1).

Reduction of ingots has been conducted in accordance 

with the procedures of controlled rolling, using the hydrau-

lic press. The ingots with size 300×100×60 mm have been 

preliminary heated up to the temperature 1120–1200 °С 

(tab. 2). Afterwards the ingots have been subjected to upset-

ting down to 165 mm, and the further interphase cooling 

Table 1. Chemical composition of the examined steel

No. of 
sample

Mass part,% not more or in the range Other 
elements Сeq РcmC Si Mn P S Cr Ni V

1

0.05–0.07 0.30 1.95 0.007 0.004

0.30 1.00 0.048

Сu, Mo, 
Nb, Ti

0.55 0.23

2 0.30 1.00 0.048 0.56 0.23

3 0.05 1.00 0.054 0.52 0.22

4 0.30 1.00 0.049 0.55 0.22

5 0.05 1.00 0.051 0.52 0.21

6 0.05 1.00 0.050 0.48 0.20

7 0.30 1.00 0.051 0.54 0.22

8 0.05 1.00 0.042 0.50 0.21

9 0.05 1.00 0.043 0.51 0.22

10 0.05 0.20 0.043 0.44 0.19

11 0.05 1.00 0.001 0.49 0.20

12 0.05 1.00 0.003 0.49 0.20

Remark. Calculation of carbon equivalent Сeq и Pcm is conducted via the formulas:

Mn Cr + Mo + V Cu + Ni

6 5 15
eqC C= + + + ;  5

20 30 60 15 10cm

Mn + Cr + Cu Si Ni Mo V
ВP C= + + + + + +

Table 2. Procedures of thermomechanical treatment

No. of 
sample

Heating 
tempera-
ture, °С

Thickness of 
rolled semi-
product, mm

Interphase cool-
ing

Initial tempera-
ture of the 2nd 

phase, °С

Finishing temper-
ature of acceler-
ated cooling, °С

1 1200

165

Air cooling 890

520–560

2 1120 Air cooling 930

3 1120 Air cooling 930

4 1200 Water cooling 860

5 1200 Water cooling 860

6 1200 Water cooling 860

7 1200 Water cooling 860

8 1200 Air cooling 860

9 1200 Water cooling 930

10 1200 Air cooling 860

11 1200 Air cooling 860

12 1200 Air cooling 860
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has been realized via two technolo-

gies: in air or using simulating plant 

for controlled water cooling in com-

bination with press (fig. 1). Then the 

ingots have been reduced to the size 

41×100×400 mm. The total amount 

of passes is 9–11, with the degree of 

partial deformations from 5 to 15%. 

The obtained rolled semiproducts 

have been subjected to accelerated 

cooling from 760–800 °С to 520–

560 °С with different cooling rates in 

the range 4–15 m/s.

Extension testings have been im-

plemented on longitudinal samples 

at room temperature according to 

ASTM A370. Testings for impact 

bending (DWTT test) has been 

conducted at the vertical impact 

tension machine DWT 40-5 at the 

temperature –55 °С according to 

API RP 5L3 (tab. 3). The results of 

fractures of DWTT samples are pre-

sented on the fig. 2. 

The complex of metallographic 

investigations has been executed in 

the Centre of collective use (TsKP) 

of the Scientific and research insti-

tute of Nanosteels at Nosov Magni-

togorsk State Technical Univer sity. 

The polished sections have been pre-

pared from samples according to the 

standard technique for microanalysis. 

This preparation has used pressing of 

samples in resin “Transoptic” at the 

automatic  press Simplimet 1000 of 

Buechler company.

Surface of polished section has 

been conducted to pickling in 4% so-

lution of nitric acid in ethyl alcohol 

via dipping of polished surface in the 

bath with reagent.

To reveal qualitative and quanti-

tative parameters of forming struc-

ture, the optical microscope Meiji 

Techno with usage of computer 

analysis system Thixomet PRO for 

images has been applied. The most 

typical pictures of microstructure 

for 1/4 of rolled plate thickness 

with DWTT parameters 0%, 35–

50% и 95–100% are presented on 

the fig. 3. 

Microstructure has been examined using scanning 

electron microscopy JSM 6490 LV in secondary electrons 

and with magnification more than 1000 times (fig. 4). 

Microhardness has been determined on hardness meter 

Buchler Mikromet via impression of a diamond pyramid 

with angle among the opposite planes 136° and in corre-

spondence with GOST 9450-60 for load 1 kg and loading 

duration 10 s. 

Table 3. Mechanical properties of the examined steel

No. of 
sample

Yield 
strength

σт, N/mm2

Relative 
elongation, 

A50,%

Tensile 
strength

σв, N/mm2

Part of tough component in fracture 
of DWTT samples at testing 

temperature – 55 °С,% 

1 590 35 655 0

2 580 40 680 0

3 580 45 670 0

4 525 55 720 90

5 570 50 670 50

6 520 55 670 95

7 530 50 690 85

8 540 58 670 90

9 565 45 660 35

10 510 63 590 100

11 515 57 640 95

12 590 50 700 0

а b

Fig. 1. Technological process of thermomechanical treatment

а b c d e
Fig. 2. The most typical fractures of DWTT samples: 
 а — 0%, b — 35%, c — 50%, d — 85%, e — 100%
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Results of investigation and their discussion

Quantitative analysis of microstructure has been 

conducted in order to determine relationships between 

structural components and cold resistance of 

rolled plates (table 3), and then the obtained 

results have been compared with the part of 

tough component in fracture of DWTT sam-

ples. 

Microstructure of the samples No. 1, 

2, 3, 12 (0% DWTT) is presented by 100% 

bainite. In the central part and on the surface 

we observe acicular ferrite with the islands of 

bainite-martensite component along grain 

boundaries; they have been revealed using 

scanning electron microscopy. The grain 

form is non-equiaxial and angular. 

Microstructure of the samples No. 1, 2, 

3, 12 (85–100% DWTT) is presented by the 

mixture of acicular ferrite (AF), granular 

ferrite (GF), polygonal (polyhedral) ferrite 

(PF) and quasi-polygonal ferrite (QPF). 

The carbon-containing phase is presented 

by degenerating pearlite (DP) consisting of 

dispersed mixture of ferrite, low-temperature 

pearlite and upper bainite (UB). Dispersed 

islands from DP+UB mixture are located on 

the boundaries of grains QPF and blocks GF 

and AF. The grain form is irregular (crooked) 

with slightly expressed sub-grain structure 

and increased density of dislocations.

Microstructure of the samples No. 5 and 9 

(35–50% DWTT) is presented by the mixture 

of acicular ferrite (AF) up to ∼50% and quasi-

polygonal ferrite (QPF) with relatively small 

number of the islands of carbon-containing 

phase along the grain boundaries. The grain 

form is non-equiaxial and angular.

Thereby combination of high strength and 

cold resistance for rolled heavy plates with 

large thickness can be provided via forming 

of dispersed steel microstructure consisting of 

acicular and quasi-polygonal ferrite. Presence 

of substantial part of bainite with different mor-

phology in microstructure leads to deteriora-

tion of the properties of rolled product during 

drop weight tear testing.

Conclusion

Analysis of obtained results of metal-

lographic investigations of low-carbon mi-

croalloyed steel after thermomechanical 

treatment testifies about the conclusion that 

high operating properties of pipe metal are 

provided by forming of dispersed steel mi-

crostructure consisting of acicular and quasi-

polygonal ferrite. Presence of substantial part 

of bainite with different morphology in microstructure 

leads to deterioration of cold resistance and, as a result, 

to decrease of the part of tough component in fracture of 

DWTT samples. 

Fig. 3. Optic microstructure of steel, ×500: 
 a, b — 0% DDTW; c — 35%; d — 50%; e — 85%; f — 100%

а b

c

e

d

f

Fig. 4. Microstructure of rolled plates (scanning electron microscope), 
bainite-martensite areas (BMA): 

 a, b — sample № 2; c, d — sample № 3

а b

c d
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Table 3. Quantitative parameters of microstructure of the examined steel

No. of sample
Average diameter (dav) 

of ferrite grains, μm
Average length (lav) 

of ferrite (bainite) aciculas, μm
Volumetric part (V) of acicular ferrite 

(bainite)  / (BMA),%

1/4 h* surface 1/4 h* surface 1/4 h* surface

1 5.43 2.82 15.3 7.52 65.37 / 8.63 65.1 / 1 2.2

2 4.44 3.89 11.3 9.3 58.3 / 10.9 80.9 / 10.1

3 5.03 6.66 3.72 7.35 79.5 / 6.5 92 / 0

4 8.29 2.83 18.6 5.52 50.7 / 12.5 53 / 7

5 4.42 – 7.69 (12.1) 76.43 / 8.8 93.58 / 6.42

6 4.14 2.38 – 8.22 - / 8.56 8.6 / 7

7 3.42 3.26 7.29 10.2 11.5 / 7.78 98 / 2

8 4.23 3.41 6.08 9.54 4 / 5.61 100 / 0

9 4.67 3.53 8.87 9.57 10 / 2 100 / 0

10 6.43 5.85 (7.24) (6.46) (20) / 0 (25) / 0

11 4.22 3.03 8.32 6.18 84.5 / 4.5 8 / 4

12 3.78 3.56 8.23 9.18 89 / 10 95.5 / 4.5

* h — thickness of rolled product




