
UDC 669-176:669.017.3

STRUCTURAL AND TEXTURAL STATES OF STEEL 06G2MB STRIPS

AFTER CONTROLLED THERMOMECHANICAL TREATMENT

S. I. Platov,1 M. L. Krasnov,2 N. V. Urtsev,3 S. V. Danilov,4 and M. L. Lobanov4

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 1, pp. 56 – 61, January, 2020.

Orientation microscopy (EBSD) is used to study structural and textural states through the thickness of pipe

steel strips after a controlled thermomechanical treatment. It is shown that texture formation in the form of a

selection of components (3 – 7) with a large number of versions of crystallographic orientations, arising with

shear phase transformations in accordance with the orientation ratios, suggests presence within the steel struc-

ture of elements limiting the number of possible ��-phase orientations. It is proposed that these elements are

special boundaries formed during hot rolling close to boundaries RSU �3 and �11 between deformed auste-

nite grains.

Key words: pipe steels, thermomechanical controlled processing (TMCP), bainite, martensite, ori-

entation microscopy, texture, orientation ratios, special boundaries.

INTRODUCTION

Production of metal semiproducts and functional compo-

nents as a rule is implemented in the form of directional de-

formation and heat treatment, and leads to formation within

them of a volumetric (integral) texture. Presence of a texture

gives objects a certain level of orientation-dependent physi-

cal and mechanical properties and control of them by occur-

rence and development makes it possible to optimize

well-known and to develop new technology [1 – 4]. Forma-

tion of an integral material texture proceeds due to summa-

tion of the results of processes implemented at a sub-micron

level: dislocation sliding during deformation, and movement

of intercrystalline boundaries during crystal lattice transfor-

mations [5].

The orientation of two neighboring crystals (local tex-

ture) determines the structure of a boundary between them

and its mobility [6]. Therefore, the local texture determines

the possibility and directionality of a process of both struc-

tural (recrystallization) and phase transformations. Descrip-

tion of these processes in “the language of crystallography”

at a minimum signifies an understanding of atomic mecha-

nisms of transformations, and makes it possible to control

these mechanisms to the maximum due to intentional ac-

tions.

Use of high-strength steels capable of operating under

complex climatic conditions is one of the most promising

ways of improving the economic efficiency of main pipelines

as a result of increasing the operating pressure within them

[7, 8]. An advantage of using high-strength pipes is a reduc-

tion in their metal content [7 – 9]. A marked improvement in

low-alloy pipe steels of strength classes X52 – X65 and

X70 – X80 and higher towards X1000 was made it possible

in the middle of the 1970s in view of development and intro-

duction into industrial production of thermomechanical con-

trolled processing (TMCP) combining controlled rolling in

the austenitic region and subsequent accelerated controlled

cooling into a process that implements � � �-shear transfor-

mation [7, 10, 11]. Achievement of high-strength classes is a

consequence of a change-over from ferrite-pearlite structures

to products of shear transformations, i.e., predominantly bai-

nite, whose stable preparation provides control of super-

cooled austenite stability due to alloying and use of con-

trolled accelerated cooling [12 – 15].

It has been shown in [15, 16] that in spite of the

multivariant nature of orientations of the BCC-lattice arising

during shear transformation of austenite, strips (sheets) sub-

jected to TMCP have presence of an expressed crystallo-

graphic texture. It has been shown in [15, 17] that a marked

role in processes of pipe steel failure for main pipelines is

Metal Science and Heat Treatment, Vol. 62, Nos. 1 – 2, May, 2020 (Russian Original Nos. 1 – 2, January – February, 2020)

55

0026-0673/20/0102-0055 © 2020 Springer Science+Business Media, LLC

1
G. I. Nosov Magnitogorsk State Technical University, Magnito-

gorsk, Russia (e-mail: psipsi@mail.ru).
2
Magnitogorsk Metallurgical Combine, Magnitogorsk, Russia.

3
ITTs Ausferr, Magnitogorsk, Russia.

4
B. N. El’tsin Ural Federal University, Ekaterinburg, Russia

(e-mail: m.l.lobanov@urfu.ru).

DOI 10.1007/s11041-020-00512-5



played not by the integral texture of a component, but one of

its weak components, i.e., (001)[110]. In order to develop

cracks presence of quite extensive regions with the corre-

sponding orientation over its length is important, exceeding

the critical crack size.

The aim of the present work is revelation of features of

structural and textural condition formation in industrial strips

of low-carbon low-alloy steel prepared using TMCP.

METHODS OF STUDY

The specimens studied were cut from the central region

of industrial strip of low-carbon low-alloy pipe steel type

06G2MB (wt.%: about 0.05 C, � 2.0 Mn, about 0.2 Mo,

about 0.05 Nb, balance Fe and unavoidable impurities), in-

tended for manufacturing pipes of considerable diameter of

strength classes K60, K65 (X70, X80). The temperature for

the end of isothermal hot rolling during TMCP was close to

the Ac
3
temperature for this steel and was about 830°C.

Specimens were prepared for total thickness h of strip

(25 mm) and had the following mechanical properties: �
y
=

550 	 10 MPa, �
r
= 680 	 10 MPa, 


5
= 23 	 2%; 


r
=

10.5 	 0.5%; KCU – 60 = 3.70 	 0.3 mJ�m2; KCU – 40 =

3.84 	 0.06 mJ�m2.

In specimens over the whole thickness h metallographic

microsections were prepared in plane RD-TD (where RD is

rolling direction during TMCP, TD is the transverse direction

to RD), and at differences distances R
h
from the strip surface

(along the normal direction to the rolling plane, ND) the

microstructure and texture were tested (see Table 1).

Electron microscope study of the structure was per-

formed in a Tescan Mira 3 with an auto-emission cathode

with an accelerating voltage of 20 kV. In order to determine

the orientation of individual grains and to analyze the local

texture an Oxford Instrument EBSD HKL Inca analysis sys-

tem was used. Test areas had a size of 1000 � 1000 �m, and

the scanning step was 100 nm. The error for determining

crystal lattice orientation was < 	 1° (on average 	 0.6°).

Low-angle boundaries between local volumes were plotted

on orientation maps with misorientations from 2 to 15°, and

with misorientations not less than 15° high-angle boundaries

were provided.

The high accuracy of orientation identification and corre-

spondingly local misorientations during performance of BSD

analysis (> 95% recognition for all test regions) made it pos-

sible to use the Oxford Instrument software for determining

parameters of the specimen microstructure: average crystal-

lite size (X
av

�D
av
) (see Table 1). D

av
was determined as the

diameter of a circle of equivalent crystallite average area. As

crystallite an object was adopted bounded on all sides by

boundaries with a misorientation angle not less than 15°.

Analysis of special boundaries between individual grains

was accomplished by plotting them on orientation maps tak-

ing account provision in the software of the Brandon stan-

dard criterion 	 
�. For each value boundary is comprised a

specific value: 
� = 15°�(�n)1�2, where �n is number of co-

incident angles with superimposition of three-dimensional

crystal lattices. A study of the texture was conducted using

construction orientation distribution functions (ODF). Dur-

ing analysis of orientations a coordinate system was adopted

whose axes were connected with the hot-rolling direction

during TMCP (X � RD), normal to its plane (Y � RD) and

with the transverse direction (Z � TD), which coincides with

the axis of rolls so that all directions for a regular trio of

vectors.

RESULTS AND DISCUSSION

In both surface and central layers of specimens a record

was made of the extent of regions with almost parallel
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TABLE 1. Microstructure and Texture Parameters Through Steel 06G2MB Thickness after TCMP

Area nominal

No.
R
h
, mm

R
h
, proportion

of h

Amount

of tempered

martensite, %

Bainite properties

D
av
, �m X

av
�D

av Texture main components

1 1.5 0.06 6.8 	 0.6 1.2 	 0.1 2.06 Strong: two of {110}�112�; weak:

two of {110}�110�

2 2.6 0.13 6.1 	 0.5 1.4 	 0.1 2.12 Strong: two of {112}�110�; weak:

two of {110}�112�

3 5.7 0.22 6.0 	 0.5 1.6 	 0.1 2.35 Strong: (001)[110]; weak: two

of {110}�112�

4 6.5 0.25 7.6 	 0.6 1.5 	 0.1 2.23 Strong: two of {112}�110�; weak:

two of {111}�112�

5 9.9 0.38 7.5 	 0.6 1.3 	 0.1 2.34 Strong: two of {112}–{113}�110�;

weak: two of {111}�112�; two

of {111}�110�; one of (001)[110]

6 10.8 0.42 9.4 	 0.7 1.4 	 0.1 2.14 �

7 12.7 0.49 9.3 	 0.7 1.4 	 0.1 2.13 �



boundaries extended in the RD with thickness of 5 – 30 �m

(Fig. 1a – e). It is apparent that these regions corresponded to

deformation as a result of controlled rolling of austenite

grains.
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Fig. 1. Steel 06G2MB microstructure after TMCP at a different distance from strip surface; a – c, j, k ) 1.5 mm; d – f, l,

m ) 10.8 mm; a, d, g ) orientation contrast in back-scattered electrons; b, e, h ) orientation maps (EBSD) in color with

ND Y(in Fig. 1b a stereographic triangle is given with color differentiation of crystallographic directions); c, f, i ) orienta-

tion maps (EBSD) in color with TD Y; j, l ) intercrystalline boundary distribution with respect to misorientation angle;

k, m ) RSU boundary spectra.



Within specimen surface layers (R
h

� 2 mm) alternation

was observed for extended regions corresponding to de-

formed austenite grains with two different structures

(Fig. 1a – c). A bundle structure typical for martensite was

rarely recorded, consisting of fine laths. The main proportion

was occupied by a region consisting of coarser individual

(not bindle) crystallites characterized by extension along the

RD of irregular forms having a size of up to 30 �m with D
av

� 1.2 �m (see Table 1).

At a distance from the surface R
h

� 3 mm within the

structure martensite bundles almost disappear. This structure

is represented by non-equiaxed crystals somewhat extended

along the RD, and with fine “shaded” inclusions at their

boundaries (Fig. 1d ). At high magnification (Fig. 2) it is seen

that these inclusions are not precipitates, but are characte-

rized by presence of an inherent structure apparently consist-

ing of several phases.

The average sizes of crystallites of the main structural

component increased somewhat to D
av

� 1.6 �m at distance

from the surface of about 6 mm. With a subsequent increase

in R
h
the average diameter of crystallites varied insignifi-

cantly (see Table 1). It is important to note that within central

areas of a specimen (0.4h � R
h

� 0.5h) within the structure it

also possible to observe comparatively large uniform areas

extended along the RD (D
X
> 100 �m) corresponding to de-

formed austenite grains, without high-angle intercrystalline

boundaries (Fig. 1g – i ). Apparently it is possible to confirm

that in this case � � �-transformation proceeds with replace-

ment of one deformed austenite grain by one ferritic (bai-

nitic) grain, or by a collection of bainitic grains having al-

most the same crystallographic orientation (Fig. 1h and i ).

From the surface towards the center there is an increase

in both the volume fraction and size of “dark” inclusions

(Fig. 1a, d, and g ). Results of orientation microscopy make it

possible to confirm that inclusions are tempered martensite

bundles with carbide precipitates between laths. These areas

correspond to austenite enriched with carbon, whose decom-

position during cooling is subsequently realized. Differences

in the microstructure of surface and central layers are con-

nected with a reduction in cooling rate during TMCP from

the surface towards the center of strip.

For the whole specimen cross section spectra of

intercrystalline boundaries corresponded to the structure ob-

tained as a result of shear phase transformations (Fig. 1j – m )

in accordance with orientation relationships (OR), intermedi-

ate between Kurdyumov–Zaks (K-Z) and Nishiyami–Was-

serman (N-W) OR. The main proportion of high-angle

boundaries is concentrated at misorientation angles from 49

to 60° (see Fig. 1j and l ). With the spectrum of special

boundaries RSA-boundaries �3, �11, �25b, �33c, �41c

(Fig. 1k and m ) were predominantly recorded. A small num-

ber of RSA boundaries was also observed �7, �9, �17b,

�29b, �31b, �39b, �43c, and �45c. According to analysis

conducted in [19] occurrence of a considerable number of

them is connected with implementation of relaxation pro-

cesses (polygonization and the start of primary recrystalli-

zation) in a BCC-lattice. It is apparent that all structures re-

corded through the strip thickness after TMCP should be

considered as predominantly bainitic with inclusions of tem-

pered martensite.

The texture of a central layer revealed by the EBSD

method, i.e., at a distance from the surface of 0.3h – 0.5h

(Fig. 3; Table 1) consists of a discrete collection of compo-

nents: two strongly expressed orientations of {112}�110�,

dispersed through {113}�110�; comparatively weak, i.e., two

of {111}�110�, two of {111}�112� and (001)[110]. This coin-

cides with the TMCP texture provided in [15, 16, 20, 21].

The surface layer texture differs considerably from that of

the central layer. It consists of a component corresponding to

the central area turned by 90° around the RD. The ratio of

central and surface textural components is typical with defor-
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Fig. 2. Steel 06G2MB microstructure in reflected electrons at different distances from strip sur-

face: a) 1.5 mm; b ) 12.6 mm.



mation of metal hot rolled texture with cubic lattices

[22, 23]. This ratio is due to implementation in the surface

and central areas of material rolled at high temperature of

different stressed states as a result of the considerable magni-

tude of friction between rolls and strip. The texture of layers

at a distance of 0.2h – 0.3h from surface contains compo-

nents typical both for the surface and within central layers

(see Table 1; Fig. 3c ).

Formation of a TMCP texture in the form of a compara-

tively small selection of components: 3 – 7 (see Table 1) with

multi-variance of crystallographic orientations arising in

steels with shear phase transformation; n � m > 100 {where n

is the number of stable deformation orientations of the

BCC-lattice (7 – 9) [24]; m is the number of orientations of

BCC-lattice formed in accordance with K-Z OS (24 orienta-

tions) or N-W OS (12 orientations) [24, 25]}, suggests pre-

sence within the structure of some elements limiting the

number of possible orientations of ��-phase, According to

data in [16, 18] these elements are special boundaries formed

during hot rolling close to boundaries of RSC �3 and proba-

bly �11 between deformed austenite grains.

Use of special boundaries as “carriers” of structural-tex-

tural inheritance is entirely correct. Only for similar bound-

aries is it possible to describe their movement at the level of

slip and dislocation sliding. Also presence and movement of

special boundaries quite simply explains formation and de-

velopment of local textures in polycrystalline materials dur-

ing structural transformations [19, 26 – 28]. It should be em-

phasized that in a BCC-lattice, according to both theoretical

calculations ad experimental observations, special bound-

aries �3 and �11 exhibit minimum surface energy [5], they

may be substrates for generation of new phases or a new

grain. It should also be noted that special boundaries close to

the phase transition temperature may a source of transforma-

tion dislocations.

CONCLUSIONS

It has been demonstrated that the fineness of marten-

site-bainite structures in the surface and central areas of strip

of low-carbon low-alloy steel is determined by the cooling

rate for steel layers during TMCP. Formation of a TMCP

structure in the form of a comparatively small collection of

components (3 – 7) with multivariance of crystallographic

orientations arising in steel with shear phase transformations

in accordance with Kurdyumov–Zaks OR or Nishiyami–

Wassereman OR (> 100) suggests presence within the struc-

ture of elements limiting the number of possible orientations

of ��-phase. These elements are formed during hot rolling of

special boundaries close to the RSA boundaries �3 and �11

between deformed austenite grains.
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Fig. 3. Steel 06G2MB texture after TMCP in the form of ODF

(EBSD). Euler angle spatial sections are provided with �
2
= 0°,

�
2
= 45°: a, b ) standard networks for ODF sections with �

2
= 0°

and �
2
= 45° respectively with application of ideal orientations

in the form of elementary crystallographic cells (form with TD);

c, d ) ODF of region at distance from surface R
h =

1.5 mm;

e, f ) R
h
= 5.7 mm; g ) R

h
= 9.9 mm; h, i ) R

h
= 12.7 mm.
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