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EFFECT OF COOLING RATE ON THE STRUCTURE OF LOW-CARBON
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The method of orientation microscopy (EBSD) is used to study the structure and texture of low-carbon low-al-

loy pipe steel after thermomechanical controlled processing (TMCP) and subsequent quenching at cooling

rates 100 – 700 K�sec.
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INTRODUCTION

Cross-country large-diameter pipes for transporting gas

and oil are produced from sheets fabricated from high-strength

low-carbon low-alloy steels [1, 2]. An obvious advantage of

the use of high-strength pipes is reduced metal intensity

(wall thickness) [1, 3]. A breakthrough improvement of the

structural strength of low-alloy pipe steels occurred in the

middle 1970s due to the development and integration of

thermomechanical controlled processing (TMCP), which

combines controlled rolling and subsequent controlled acce-

lerated cooling [3 – 7]. It should be noted that commercial

application of TMCP in Russia reached a new level after in-

stallation of special rolling mills 5000 by the “Severstal’ ”

(Kolpino), “VMZ” (Vyksa) and “MMK” (Magnitogorsk)

Companies.

Transfer from steels of strength classes X52 – X65 to

X70 – X80 (K60 – K65) and to X100 (� K80) corresponded

to transition from ferrite-pearlite microstructures to struc-

tures with dominance of products of shear transformation

(primarily bainite) formed due to controlling the stability of

supercooled austenite by alloying and application of accele-

rated cooling [2, 4, 7 – 10].

The new level of production of articles with specified

functional properties and predictable structures requires con-

trol of the parameters of the production processes in accor-

dance with the kinetics of the physical properties occurring

in the material [9 – 13].

The aim of the present work was to study the laws of

structure formation in low-carbon low-alloy steel under con-

tinuous cooling accompanied by a � � � shear transformation.

METHODS OF STUDY

Various rates of cooling of samples including those

matching the parameters of commercial production were sim-

ulated in an original bench designed at the “Ausferr” RTC and

consisting of a heating furnace with a mechanism for with-

drawal and fixation of samples, a unit for temperature mea-

surement, a unit for air cooling with a pneumatic system, and a

unit for control and recording the information [14].

We studied samples cut from a commercial sheet of

a low-carbon low-alloy steel of type 06G2MB (about

0.05% C, � 2.0% Mn, about 0.2% Mo, about 0.05% Nb, the

remainder Fe and inevitable impurities) used for making

large-diameter pipes of strength class K60, K65. The sam-
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ples had the form of plates 20 � 70 mm in size, the thickness

of which was varied from 0.25 to 1.10 mm. Such sizes of the

samples provided a heat exchange in one preferred direction

under heating and cooling.

The samples were heated in the bench furnace to the

austenitization temperature of 980°C (without dissolution of

carbide phases (chiefly NbC) precipitated under the indus-

trial TMCP) and held for 30 min. The rate of cooling of the

samples was controlled by their thickness and by the pres-

sure in the air cooling system. After some tests, we obtained

a set of samples cooled in the temperature range from 980°C

to the effective temperature of the start of phase transforma-

tions t
0tr

at a rate (dT�d�) in the range of 100 – 700 K�sec

(see Table 1 and Fig. 1). The experimentally obtained

thermograms were also used to determine the effective tem-

peratures t
tr
of the end of the phase transformations, the time

intervals of their implementation �

tr
, and the heat effects Q

tr
.

The samples were used to prepare metallographic speci-

mens in the ND – RD plane (where RD is the rolling direc-

tion in the TMCP and ND is the direction normal to the roll-

ing plane) for studying the microstructure and the texture.

The electron microscope study of the structure was per-

formed using a Tescan Mira3 scanning microscope with an

autoelectronic cathode at an accelerating voltage of 20 kV.

To determine the orientation of individual grains and to ana-

lyze local textures, we used an EBSD HKL Inca attachment

with an Oxford Instruments system for analysis. The scan-

ning step was 0.1 	m. The error in the determination of the

orientation of the crystal lattice was at most 
 1° (
 0.6° on

the average). The low-angle boundaries between local vo-

lumes were plotted on the orientation maps at misorienta-

tions from 1 to 6° (lines with a thickness of 1 pixel); at mis-

orientations of at least 15° we plotted high-angle boundaries

(lines with a thickness of 3 pixels). In the range of 7 – 15°,

we also plotted low-angle boundaries but with a somewhat

greater thickness (lines with a thickness of 2 pixels).

The high accuracy of the identification of the orienta-

tions, and hence of the local misorientations in the EBSD

analysis (over 95% recognition for all the domains studied),

allowed us to use the Oxford Instruments software for deter-

mining the parameters of the microstructure of the speci-

mens, i.e., the mean size of the crystallites (D
m
) and their

elongation over the ND (X
m

�D
m
) (see Table 1). The size D

m

was determined as the diameter of a circle equivalent to the

mean area of the crystallites. A crystallite was an object sin-

gled out on all the sides by boundaries with misorientation

angles of at least 7°.

The special boundaries between individual grains were

analyzed by plotting them on the orientation maps with al-

lowance for the standard Brandon criterion 
�� employed in

the software. This criterion has a specific value for each

boundary, i.e., �� = 15°�(n )1�2, where n is the number of

coinciding sites under superimposition of three-dimensional

crystal lattices. The texture was studied by plotting the distri-

bution functions of the misorientations (DFM).

Analyzing the orientations, we used a coordinate system,

the axes of which were correlated to the hot rolling direction

in the TMCP (X � RD), to the normal to its plane (Y � ND),

and to the perpendicular direction (Z � PD) coinciding with

the axis of the rolls, so that the three axes formed a right-

hand triple of vectors.

RESULTS AND DISCUSSION

The microstructure and the texture of steel 06G2MB af-

ter cooling from the austenitic range at various rates are pre-

sented in Fig. 2.

After cooling at a high rate (v
cool

= 693 K�sec) the speci-

mens had a lath structure typical for martensite and repre-
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TABLE 1. Thermophysical and Structural Parameters for Various Cooling Modes of Samples from Steel 06G2MB

Mode dT�d�, K�sec t
0tr

, °C t
tr
, °C �

tr
, sec Q

tr
, kJ�kg D

m
, 	m X

m
�D

m

1 693
� 680 � 400 � 1.0 � 31 0.97 
 0.03 2.19

2 449 692 494 2.0 113 1.2 
 0.1 2.15

3 202 671 367 4.8 118 1.5 
 0.1 2.07

4 166 662 337 6.6 114 1.7 
 0.1 2.00

5 110 673 366 8.6 108 1.8 
 0.1 1.90

1000

800

600

400

200

0

t, °C

0,1 1 10 100
�, sec

1
2

3
4

5

Fig. 1. Variation of the temperature of samples from steel 06G2MB

as a function of the time at various cooling rates: 1 ) v
cool

=

693 K�sec; 2 ) 449 K�sec; 3 ) 202 K�sec; 4 ) 166 K�sec;

5 ) 110 K�sec.



sented by alternating plates with a thickness from 0.5 to

2 �m and a length of up to 10 �m (Fig. 2a ). We observed

2 – 3 crystallographic directions of the crystallites within one

martensite lath (Fig. 2b and c). Lowering of vcool to

449 K�sec caused formation of a much less homogeneous

structure in which the martensite laths were accompanied by
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Fig. 2. Microstructure and texture of steel 06G2MB in the form of orientation maps (EBSD) after cooling from the

austenitic range at various rates (the stereographic triangle with color differentiation of the crystallographic orienta-

tions is given in Fig. 2b ): a, b, c) v
cool

= 693 K�sec; d, e, f ) 449 K�sec; g, h, i ) 202 K�sec; j, k, l ) 110 K�sec; a, d, g,
j ) orientation contrast (BC); b, e, h, k ) colored maps with ND; c, f, i, l ) colored maps with RD.



comparatively large individual (outside the laths) crystallites

with nonequilibrium shapes (Fig. 2d – f ) and a maximum

size of about 20 	m.

At the cooling rates of 202 and 166 K�sec martensite

laths were virtually absent. The structure was represented by

not equiaxed crystallites with irregular geometry and maxi-

mum size of up to 20 	m with small “dark” inclusions on

their boundaries (Fig. 2g – i ). It could be seen at a high mag-

nification that these inclusions were inhomogeneous precipi-

tates and had an own substructure resembling a lath one.

Further decrease of the cooling rate to 110 K�sec and a

lower temperature made the crystallites of the main structure

more equiaxed (Fig. 2j – l ). The boundaries of the crystal-

lites tended to be “straightened.” The volume fraction and

the sizes of the “dark” inclusions increased. The orientation

microscopy (Fig. 2k and l ) allows us to classify these inclu-

sions as martensite laths, where the carbon-enriched austen-

ite decomposed in the last turn.

The observed variation of the sizes and shapes of large

crystallites formed at v
cool

= 449 K�sec and lower cooling

rates in the section corresponding to the plane of the lap al-

lows us to assume that most of them should be shaped as

lens- or disc-like plates in a three-dimensional space.

When the samples were cooled at a rate of 693 K�sec,
the spectra of the intercrystallite boundaries corresponded to

a martensitic structure (Fig. 3a – c) [15, 16]. All the high-an-

gle boundaries were concentrated within misorientation an-

gles from 49 to 60° (Fig. 3b ). The spectra of the special

boundaries corresponded to only CSL-boundaries, i.e., 3,

11, 25b, 33c, and 41c. It has been shown in [15] that

the appearance of this spectrum is a result of a shear phase

transformation according to the orientation relations (OR) in-

termediate between the Kurdyumov–Sachs (K-S) OR and

Nishiyama–Wasserman (N-W) OR.

Lowering of the cooling rate to 449 K�sec, which causes

appearance of coarse out-of-lath crystallites in the structure,

did not affect substantially the spectra of the intercrystallite

boundaries (Fig. 3d – f ). At a lower cooling rate causing for-

mation of more “equilibrium” structures with “dark” inclu-

sions, we observed a comparatively little number of high-an-

gle boundaries with misorientation angles from 35 to 48°

(Fig. 3h ). In the spectra of the CSL-boundaries (Fig. 3g and

i ) we observed appearance of special boundaries, the most

manifested of which were 7, 9, 17b, 29b, 31b, 33a,

39b, 41c, 43c, and 45c. By the data of [17], the ap-

pearance of most of them is connected with implementation

of relaxation processes (cell formation and start of primary

recrystallization) in a bcc lattice.

It is interesting that the crystallographic textures of the

samples cooled at substantially different rates and thus hav-

ing different microstructures have turned out to be close

enough (Fig. 4). In the first approximation, this texture may

be considered as a set of � ((�110� � ND) and � (�111� � RD)

components. A more detailed analysis allows us to say that

this texture has been formed by a set of limited components,

i.e., (001)[110] and couples from the families {113}�110�,

{112}�110�, {111}�110�, {111}�112�. The intensity and the

degree of scattering of the texture components could change

at random noticeably depending on the place of imaging and

was virtually uncorrelated to the cooling rate of the samples.

It should be mentioned that this texture after a double phase

recrystallization (�
B

� � � �

M
or �

M
+ �

B
or �

B
) repro-

duces quite accurately the texture of a sheet with dominantly

bainitic structure after the TMCP [12, 16].

Analysis of the crystallographic interdependence of the

texture components of a bcc lattice after a heat treatment

with supposedly earlier existing orientations of the �-phase

shows that all of them may be obtained in accordance with

the orientations of the texture of the rolled austenite

{112}�111�, {110}�111�, {110}�112�, {110}�001� intermedi-

ate between the K-S OR and the N-W OR [18 – 21]. This

matching stipulates implementation of kind of texture inheri-

tance under phase transformations in the material. The main

components of the texture of the austenite (stable orienta-

tions under deformation of the fcc lattice) transform into a

discrete set of orientations of a bcc lattice under the TMCP

[20, 21]. During subsequent heating, the orientations of the

bcc lattice transform into an austenite texture coinciding with

the texture of the �-phase under the isothermal hot deforma-

tion during the TMCP. Hardening of the newly appearing

austenite results in formation of structure by a shear phase

transformation mechanism with the corresponding set of tex-

ture components of the bcc lattice [16].

The inheritance of texture observed in the samples after

the TMCP implies the presence of components responsible

for it [21], in our case the components “preserved” during

processing of the material. By the data of [12, 16], these

components are the special boundaries close to the

CSL-boundaries 3 and, probably, 11 between the de-

formed austenite grains, which have formed under the hot

rolling. The relative arrangement of these boundaries in the

structure of the material is fixed additionally by precipitates

of carbide phases.

The use of special boundaries as “carriers” of structure

and texture inheritance seems to be justifiable. Only for such

boundaries is it possible to describe their motion at the level

of dislocation slip and climb. The presence and motion of

special boundaries explains simply enough the formation and

development of local textures in polycrystalline materials

during structural transformations [22, 23]. It has been shown

in [17] that formation of nuclei of a shear transformation is

much easier on the boundaries of deformation and recrys-

tallization twins, i.e., when nucleation occurs on the 3 spe-

cial boundary. It should be stressed that according to theore-

tical computations and experimental observations the special

boundaries 3 and 11 in a fcc lattice possess a minimum

surface energy [23], i.e., may serve substrates for nuclei of a

new phase or new grains [24]. It should also be noted that the
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special boundaries near the temperature of phase transition

may be sources of transformation dislocations.

It is obvious that within the approach described all the

structures observed in the samples cooled at

v
cool

< 449 K�sec should be treated as largely ferritic ones.

Note that the temperature of the thermodynamically equilib-

rium (“diffusion”) � � � transformation (A
3
) computed us-

ing the ThermoCalc software for the steel studied is about

820°C. According to the thermograms (Fig. 1), the effective

temperatures of the start of phase transformations for all the

cooling rates range within 670 – 700°C (see Table 1), i.e.,

match the range of diffusion transformation. A considerable

part of the transformations occurs at 620 – 670°C, i.e., under

conditions close to isothermal ones (Fig. 1). The time of the

transformations at any v
cool

is several seconds (see Table 1),

which is typical of the shear transformation mechanism. The

heat effect of the transformations computed from the thermo-

grams is 110 – 120 kJ�kg (see Table 1) [14]. Its value is

twice higher than the effect of the martensitic transformation

for low-carbon steels [25].

It seems that the “behavior” of the transformation imple-

mented in the steel at various cooling rates is mainly deter-
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Fig. 3. Intercrystallite boundaries detected by orientation microscopy (EBSD) in the microstructure of

specimens of steel 06G2MB cooled at various rates: a, b, c) v
cool

= 693 K�sec; d, e, f ) 449 K�sec; g, h, i )

distribution of boundaries with respect to misorientation angles �; c, f, i ) spectra of CSL-boundaries.



mined by the time of metastable existence of the austenite,

i.e., by the time of cooling from A
3
to t

0tr
during which the

carbon atoms are redistributed among local regions of the

�-phase. With allowance for the opinion that nuclei of the

phase transformations (including “diffusion” ones) form on

special boundaries, we may assume that in the case of a

martensitic transformation carbon atoms are not redistributed

substantially over the grain boundaries. The nuclei (or “sub-

strates”) for the shear phase transformation are small (match-

ing the thickness of plates in the martensite laths) regions of

high-angle boundaries having a structure close to a special

(crystallographic) one. When the time of existence of the

austenite in metastable condition is longer, the length of the

segments of the boundaries with special structure increases

substantially (at most to the distance between ternary junc-

tions). Accordingly, any high-angle boundary becomes a po-

tential source for one nucleus (one orientation) of a shear

(“bainitic”) or even ferritic (“diffusionless”) phase transfor-

mation.

Thus, the results of the present work give us grounds to

assume that the differences in the mechanisms of martensitic,

bainitic and ferritic (“diffuionless”) phase transformations in

steels are mainly reduced to the size of the regions of special

boundaries of type 3, which are “activated” in the process

of redistribution of carbon in the austenite.

CONCLUSIONS

1. An � � � transformation in specimens of low-carbon

low-alloy steel subjected to thermomechanical controlled

processing with cooling rates of 100 – 450 K�sec from the

austenitic range starts at 700 – 670°C and develops by a

shear mechanism. The transformation yields a chiefly

bainitic structure with inclusions of martensite regions. With

growth of the cooling rate, the size of the bainite grains de-

creases, and the sizes and the volume fraction of the mar-

tensite inclusions increase.

2. The structure formed as a result of TMCP exhibits tex-

tural heredity after the subsequent heat treatment. The tex-

tural heredity manifests itself in the fact that a treatment in-

volving double phase recrystallization �

TMCP
� � � �

HT
re-

produces the TMCP texture. The carriers of the structural in-

heritance are special boundaries close to CSL-boundaries 3

and 11. The initial special boundaries form between stable

orientations of the austenite grains in the process of hot roll-

ing under the TMCP.
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