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A B S T R A C T

A technique to assess microstructural anisotropy assessing by the thickness of the plate steel 

based on the texture analysis of the image has been developed. This technique provides for 

the anisotropy assessment at two dimensional levels: in the short-distance and long-distance 

neighborhoods, which characterize the elongation along the rolling direction of fine and 

coarse structural constituents, respectively. 

The practical approval results of this technique in the study of the microstructural heteroge-

neity of ferritic-bainitic steels over the thickness of 25–70 mm hot-rolled plates have been 

presented. It has been shown that the proposed anisotropy criteria in combination with the 

volume fraction of coarse packet-block regions of lath bainite as well as regions of bainite 

without an internal developed subgrain structure adequately estimate the microstructural het-

erogeneity over the thickness of plate steel and can be used for a detailed interpretation of the 

two-stage thermomechanical processing technology with accelerated cooling including taking 

into account the metallurgical inheritance of the slab.

© KAZAKOV A. A., KISELEV D. V., SYCH O. V., KHLUSOVA E. I., 2020

Introduction and problem statement

Cold-resistant steels for the manufacture of complex 

marine equipment operate in the Artic climate; therefore, 

they must guarantee the prevention of brittle fracture at 

temperatures down to –40 to –60 °C. Until recently, the 

main criterion for evaluating the cold resistance of these 

steels was the impact energy, estimated at low test temper-

atures on specimens with a cross section of 10×10 mm cut 

at the surface and from the middle of the plate. To make a 

judgment about the cold resistance of the plate through-

out the entire thickness and thus assess the characteristics 

of its performance as a whole, static and dynamic tests are 

carried out on full-thickness specimens [1, 2].

The critical temperatures of brittleness and fracture 

toughness determined during these tests are «structurally 

sensitive» and depend on the development of structural 

heterogeneity throughout the thickness of the plate steel; 

therefore, its quantitative assessment can become an ob-

jective basis for interpreting these properties, as well as 

evaluating the performance of thermomechanical pro-

cessing and development ways to improve it. Such an as-

sessment is especially important for cold-resistant ship-

building ferritic-bainitic steel with a yield strength not less 

355–460 MPa for the Arctic application, which is sup-

plied in thicknesses up to 100 mm, and in accordance with 

the new «Rules ...» of the Russian Maritime Register [3] 

can be supplied with a thickness of up to 150 mm.

Despite the rather large experience in the manufac-

ture of plate from low-alloy steels at Russian and for-

eign industrial enterprises, the tasks of a comprehensive 

quantitative assessment of the microstructure based 

upon the thickness of hot-rolled plate steel has not yet 

been solved, and the search for the relationship between 

the technological parameters of production and the pa-

rameters of the microstructure, on the one hand, and the 

performance characteristics, on the other hand, remain 

relevant [4, 5].

In this regard, the purpose of this work is the develop-

ment and practical approval of a quantitative methodol-

ogy for a comprehensive assessment of the microstructur-

al heterogeneity throughout the thickness of 25–70 mm 

hot-rolled plates made of low-alloy cold-resistant steels 

with guaranteed performance.

Development of a technique for assessing
the anisotropy of the microstructure

The technique for assessing the anisotropy of the mi-

crostructure is based on the texture analysis of images 

[6, 7], more precisely, on the construction of gray-level 

co-occurrence matrices, the elements of which represent 

the conditional probability Pd,α(i,j) of the appearance of 

a pixel with a gray level i at a distance d in the direction 

α from pixel with   a gray level j. Such matrices are built in 

eight directions from each pixel.
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The homogeneity coefficient is calculated for each 

matrix:
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The anisotropy coefficient Ka is calculated as the coef-

ficient of variation of the Hd,α values   calculated for differ-

ent directions:
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Earlier [6, 7], when studying the microstructure of 

pipeline steel plates, the value of d was chosen equal to 100 

pixels, and the study of the microstructure was carried out 

at a magnification of ×200. The anisotropy coefficient, 

calculated at these values   of d and the magnification, 

that best correspond to the visual expert assessment of 

the previously investigated structures of pipeline steels, in 

particular, it reliably separated the structures of specimens 

cut in the longitudinal and transverse directions of roll-

ing, and also adequately described the mechanical prop-

erties of pipeline steel plates [7]. At such a distance d, the 

anisotropy of coarse structural constituents is estimated, 

since it is calculated within a radius of 25 μm from each 

pixel of the studied image. Let’s call it “the anisotropy in 

the long-distance neighborhood” and denote it by Ka100.

To assess the anisotropy of all fine constituents of the 

microstructure visible with the light optical microscope 

at the selected magnification, the anisotropy was calcu-

lated at the smallest value of the parameter d equal to one 

pixel. Let us call it “the anisotropy in the short-distance 

neighborhood” and denote it by Ka1.

Fig. 1 shows the values   of the anisotropy coefficients 

Ka1 calculated for structures specially made with a graphi-

cal editor to test this technique. 

These synthesized structures were prepared with three 

different anisotropies and two different sizes of structural 

constituents, which made it possible to simulate anisot-

ropy studies at different magnifications or one magnifi-

cation, but for structural constituents of different sizes.

As follows from these results in Fig. 1, such a technique 

gives comparable values   of the anisotropy coefficients in 

the short-distance neighborhood (Ka1) at different sizes 

of structural constituents or the same sizes, but in images 

obtained at different magnifications.

The index of the anisotropic inhomogeneity accord-

ing to Saltykov [8] or the anisotropy index according to 

ASTM E1268 [9] was chosen as an arbitration value for 

assessing the reliability of the anisotropy coefficient Ka1 

found in this way. The anisotropy index AI is determined 

by the directional secant method using the formula:

N
AI

N
⊥=
‖

,

where N⊥ and N|| are the number of intersections of the 

boundaries of structural constituents with secants, per-

pendicular and parallel to the rolling direction, respec-

tively.

Fig. 1. Coefficient of anisotropy in the short-distance neighborhood Ka1 using synthesized microstructures
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In order to ensure the operation of the directional se-

cant algorithm and define AI, it is necessary to select the 

boundaries of the structural constituents on real grayscale 

images. For this, the images obtained at a magnification 

of ×200 were processed using the adaptive binarization 

algorithm, which consists in the automatic selection of 

the binarization threshold for each pixel of the image ac-

cording to the gray-level histogram for its local neighbor-

hood shown in Fig. 2.  

The size of the neighborhood was set in such a way 

that all visible boundaries were fully identified, but extra 

boundaries did not appear, which would become artifacts. 

The binarization threshold was determined by the 

Otsu method [10]. Fig. 3 shows the dependence 

of the anisotropy coefficient Ka1 versus the ani-

sotropy index AI. 

These values   were obtained for images with 

a size of 500×500 μm cut from the full-scale 

(6 mm2) panoramic images of microstructures of 

plate steels with a thickness of 25, 50 and 70 mm. 

As follows from Fig. 3, the coefficient of anisot-

ropy in the short-distance neighborhood Ka1, 

found by the new technique, correlates well with 

the anisotropy index AI, calculated according to 

ASTM E1268.

If the above solution is found to determine 

the anisotropy in the short-distance neighbor-

hood Ka1, which “works” well for different sizes of 

structural constituents or for the same sizes, but in images 

obtained at different magnifications, then to determine 

the anisotropy in the long-distance neighborhood Ka100, 

one should choose the magnification and representative 

measurement area for adequate assessment of the micro-

structure of the plates.

For a reasonable choice of these values, the following 

methodological work was carried out. The measurements 

were carried out using a successive series at different mag-

nifications from ×50 to ×500 on several panoramas of dif-

ferent areas in each series. Panoramas were built on cross 

sections from plate 50 mm thick made of a low-alloy steel 

with a guaranteed yield strength of 420–460 MPa in the 

place near the plate surface where the metal structure was 

sufficiently homogeneous. On each of four large 

panoramas of the same area (6 mm2), but built 

at different magnifications (×50, ×100, ×200, and 

×500), small panoramas of different areas were 

cut out, on each of which Ka100 was determined.

As an example, Fig. 4 shows a large panorama 

with an area of   6 mm2 (a) and its fragment with an 

area of   0.25 mm2 (b). Both panoramas were built 

at ×200 magnification.

Based on the results of the obtained measure-

ments, the average values   of the anisotropy coef-

ficient in the long-distance neighborhood Ka100 

and the error of its measurement, estimated by the 

confidence interval CI, were determined (Fig. 5). 

As follows from these results, at all investigated 

magnifications, the panorama area used to deter-

mine the anisotropy in the long-distance neigh-

borhood has practically no effect on its average value, 

especially for magnifications ×200 and ×500 (Fig. 5, a).

The confidence interval of measurements CI decrea-

ses with an increase in the area of   the panorama on which 

these measurements were performed (Fig. 5, b): CI < 3% 

for all magnifications if the measurement area reaches 

4 mm2 or more. The ×200 magnification provides the 

smallest scatter and the smallest measurement error, and 

building a panorama with an area of   4 mm2 with this mag-

nification is less laborious than with ×500 magnifications. 

The ×200 magnification was used earlier; therefore, such 

Fig. 2. Adaptive binarization of images of real microstructure: 
a — a grayscale original image (etching with 4% nital);

b — a binarized image

а b

а b

Fig. 4. Panoramic image of a microstructure with an area 
of   6 mm2 (a) and a fragment of this panorama with an area 
of   0.25 mm2 (b), ×200 (etching with 4% nital)

Fig. 3. The anisotropy coefficient in the short-distance 
neighborhood Ka1 versus the anisotropy index AI 
according to ASTM E1268
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a choice will preserve the continuity of measurements of 

the microstructure of industrial hot-rolled plates carried 

out in different years [6].

Thus, on the basis of panoramic quantitative metal-

lography using the Thixomet image analyzer, a technique 

for assessing the microstructural anisotropy of the plate 

steel at two dimensional levels: Ka1 — in the short-dis-

tance and Ka100 — in the long-distance neighborhoods, 

has been developed.

Approval of the technique for quantitative assessment 

of through thickness microstructural heterogeneity of 

plates made of low-alloy steel with a guaranteed yield 

strength of 420–460 MPa

Hot-rolled plates with a thickness of 25, 50 and 70 mm 

were made from continuously cast slabs using the tech-

nology of two-stage thermomechanical processing which 

includes:

1) reheating of slabs, excluding significant growth of 

the primary austenite grains;

2) high-temperature (rough) stage of rolling according 

to the optimal method of deformation distribution over 

individual passes, providing austenite grain refinement 

due to recrystallization processes [11–13];

3) intermediate cooling-down of the semifinished 

rolled stock of optimal thickness at a defined ratio of in-

tegral deformations at the rough and finishing stages of 

rolling;

4) finishing stage of rolling at a temperature above the 

critical point Аr3 according to a regulated temperature and 

deformation schedule, which ensures development of a 

grain structure in the austenite due to the processes of 

fragmentation and polygonization [14–15]; and,

5) accelerated cooling at a controlled rate to a given 

temperature within the bainite range, which ensures the 

inheritance of the structure of partially recrystallized 

and fragmented austenite during the γ → α transforma-

tion [16].

With an increase in the thickness of the plate steel, it 

becomes more and more difficult to ensure the uniformity 

and completeness of the main structure-forming process-

es in the surface and central layers. For hot-rolled plates 

70–100 mm thick, the temperature difference between 

the surface and the center can reach 100 °C [17], which, 

together with a low deformation rate and subsequent slow 

cooling, burdened by the metallurgical inheritance of the 

equiaxed zone of the slab, leads to the formation of an 

anisotropic ferrite-bainitic structure with large areas of 

lath morphology bainite formed within the former non-

recrystallized austenite grains.

Before presenting the results of a quantitative assess-

ment of microstructural heterogeneity and discussing its 

behavior across the thickness of various plates in relation 

to the technology of their production, we will consider the 

metallographic features of the microstructure at specific 

points of the studied steel plates.

Microstructures analyses of steel plates
25 and 50 mm thick 

The ferrite constituent in the structure of a low-alloy 

steel is represented by a quasi-polygonal ferrite shape, and 

the bainitic constituent is represented by granular bainite, 

bainite of lath morphology and bainite which does not 

have an internally developed subgrain structure [18]. 

For the convenience of further description, the last two 

types of bainite are named by a short conventional defi-

nition — “non-granular” bainite. The combination of 

these two types of bainite into one type is also justified 

by the fact that selective etching with an aqueous solu-

tion of sodium metabisulfite simultaneously reveals both 

of its morphological forms: bainite of lath morphology 

and bainite which does not have an internally developed 

subgrain structure.

A quasi-homogeneous ferritic-bainitic structure 

is generated over the thickness of the hot-rolled plate 

25 mm. In the near-surface layer (Fig. 6, a), the dis-

persed microstructure consists of granular bainite and 

quasi-polygonal ferrite with single regions of lath bainite 

and bainite that does not have an internally developed 

subgrain structure; the volume fraction of “non-gran-

ular” bainite is about 2%. At a distance of up to 7 mm 

from the surface of the plate (see Fig. 6, c), still quasi-

homogeneous but already coarser structure is represent-

ed by granular and “non-granular” bainite, the volume 

fraction of the latter reaches 10%. From the surface 

layers to the center of the plate, the fraction of “non-

granular”  bainite increases from 2–3 to 13–18%, and its 

Fig. 5. The average value (a) and measurement error (b) 
of anisotropy in the long-distance neighborhood 
(Ka100) versus the panorama area
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length increases from 250 μm (Figs. 6, a and c) to 500 μm 

(Fig. 6, e) at a distance of 7–8 mm from the surface and 

in the middle third of the plate, correspondingly.

Examples of through-thickness changes in the micro-

structure of the 50 mm steel plate are shown in Figs. 6, b, 
d and f.

In the near-surface layer of the plate (see Fig. 6, b), a 

dispersed ferritic-bainitic microstructure is generated con-

sisting of quasi-polygonal ferrite and bainite of granular 

and lath morphologies. Bainite, which does not have an 

internal subgrain structure, is practically not formed here. 

In the region corresponding to a quarter 

of the plate thickness (see Fig. 6, d), the 

ferrite constituent, represented by qua-

si-polygonal ferrite, becomes coarser 

[19] and allotriomorphic ferrite appears 

along the boundaries of the former non-

recrystallized austenite grains.

A feature of the middle third struc-

ture of a plate 50-mm thick is the gen-

eration of a coarse uneven-grained 

ferritic-bainitic structure, consisting 

of quasi-polygonal ferrite and bainite 

of granular and “non-granular” mor-

phologies. Here, the fraction of bainite, 

which does not have an internally de-

veloped subgrain structure, increases. 

This suggests the occurrence of self-

tempering in the α-phase (Fig. 6, f). 

Allotriomorphic ferrite is still preserved 

here at the boundaries of the former 

austenite grains. 

In plate steel 50 mm thick, the 

length of the “non-granular” bainite 

regions increases from 250 μm near 

the surface to 500 μm in the center 

of the plate. The volume fraction of 

“non-granular” bainitic regions also 

increases from 2–3% near the surface 

to 8–10% in the center of the plate.

Microstructure of plate steel
70-mm thick 

As known [20], with an increase in 

the thickness of plate steel, its struc-

tural heterogeneity increases. At the 

near-surface layer of this steel plate, 

at a depth of up to 8 mm, it exhibits 

all the structural constituents found 

in the previous plates at deeper loca-

tions: allotriomorphic ferrite along the 

boundaries of former austenite grains 

and bainite, which does not have an 

internally developed subgrain structure 

(Fig. 7, a). 

At a quarter of the plate thickness, 

at a depth of 8 mm to 20 mm from the 

surface, the microstructure contains all the same con-

stituents, but they become coarser (Fig. 7, b) due to a 

decrease in the plastic deformation intensity in combi-

nation with a higher temperature and lower cooling rate 

in comparison with the previous layer [21]. Along the 

boundaries of subgrains of the bainitic α-phase, carbide 

particles are precipitated, which indicates the occurrence 

of auto-tempering processes. The volume fraction of the 

“non-granular” type bainite varies within a narrow range 

of 2–5% from the surface itself up to 20 mm deep inside 

the plate.

а

d

b

e

c

f
Fig. 6. Microstructure of plates 25 mm thick (a, c and e) and 50 mm thick (b, d 

and f): 
 a and b — near the surface; c and d — at quarter thickness; e and f — 

in the center of plates (etching with 4% nital)
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In the central part of the plate at a distance of 

20–35 mm from its surface, low deformation combined 

with high temperatures, low cooling rate, burdened by 

the metallurgical inheritance of the equiaxed zone of 

the continuously cast slab, enhance the heterogeneity of 

the ferritic-bainitic structure, and tempering processes 

intensify. In such a structure, transformed from practi-

cally non-recrystallized austenite, the volume fraction of 

“non-granular” type bainite increases to 11–21 %, and its 

distribution is of random nature (Figs. 7, c and d).

Quantification and interpretation of microstructural 
heterogeneity  of plate steels 25-, 50- and 70-mm thick

As was shown earlier on the example of low-alloy pipe-

line steels [6, 7], it is the large regions of bainite of lath-type 

morphology with a size of more than 100 μm that reduce 

all mechanical properties: impact strength, tensile strength 

and ductility of the steel, as well as steel resistance to brittle 

fracture at low climatic temperatures, estimated according 

to the results of dynamic tests with a drop-weight tear test 

(DWTT). Therefore, we measured the volume fraction of 

“non-granular” bainite larger than 100 μm.

The anisotropy coefficients in the short-distance 

(Ka1) and long-distance (Ka100) neighborhoods were es-

timated on panoramic images of   4 mm2 area at a mag-

nification of ×200 after etching a cross section with 4% 

nital. After repolishing this cross section and its repeated 

etching with an aqueous solution of sodium metabisulfite

(10 g per 100 g of water), the volume fraction of “non-

granular” bainite (Vb) was determined in the same area. 

The technique of selective etching with sodium meta-

bisulfite followed by analysis in polarized light has been 

described in detail in a patent [22].

For all steel plates, Vb and Ka100 increased from the 

surface to their center according to approximately the 

same nonlinear laws (Fig. 8), while the Ka1 anisotropy 

decreased in the same direction, but according to an an-

tisymmetric law (Fig. 9).

Using general considerations about the reasons for the 

steel structure evolution during the conversion of a con-

tinuously cast slab into hot-rolled plate, it is possible to 

explain the general trends in the change of the structural 

parameters that increased for Vb and Ka100 and decreased 

for Ka1, as well as interpret some details of their nonlinear 

behavior over the thickness of the plates.

The distribution of microstructural characteristics 

Vb, Ka100, Ka1 over the thickness of the plate is directly 

related to the metallurgical inheritance of the continu-

ously cast slab, on the one hand, and such features of hot 

rolling as the non-uniform distribution of temperature, 

deformation and cooling rates in its individual structural 

zones during the technological conversion of the slab into 

hot-rolled plate, on the other hand.

Indeed, the structure formation during two-stage 

thermomechanical treatment (TMT), which is most 

а а

b

b

c d
Fig. 7. Microstructures near the surface (a), at quarter thickness (b) 

and  in the center (c and d) of 70 mm plate steel (etching 
with 4% nital)

Fig. 8. Distribution of the volume fraction 
of “non-granular” bainite Vb (a) 
and the anisotropy coefficient Ka100 (b) 
for plate thickness of 25-mm (1), 
50-mm (2) and 70-mm (3)
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widespread in the manufacture of shipbuilding steels, oc-

curs under conditions of significant temperature-defor-

mation inhomogeneity, which increases with an increase 

in the thickness of plate steel [17]. This heterogeneity 

from external impact during TMT is superimposed on 

the internal structural heterogeneity inherited from the 

continuously cast slab. 

Therefore, when interpreting the nature of the Vb, 

Ka100 and Ka1 distributions over the thickness of the plate 

steel, one should take into account the cumulative effect 

of all the above factors on the formation of its microstruc-

tural heterogeneity.

Thus, the large columnar crystal zone of the slab, 

located near its surface, is directly affected by the most 

intense plastic deformation realized under the rolls; 

therefore, despite the colder surface of the plate, there is a 

significant refinement of the grain and subgrain structure 

of austenite and, as a consequence, the “non-granular” 

bainite fraction is minimal (see Fig. 8, a), and the ani-

sotropy for such a microstructure, estimated by the coef-

ficient Ka100, is low (see Fig. 8, b).

Moving towards the center of the plate, its tempera-

ture becomes higher, and the stress, weakened by the 

“dumping” of the surface layers of the first third of the 

plate thickness, becomes less. Under such temperature-

deformation conditions, the shear stresses arising from 

the movement of the metal in adjacent layers of the steel 

plate during hot deformation decreases. Therefore, the 

fraction of the structure with a developed subgrain struc-

ture decreases from the surface of the plate to its center, 

and the fraction of “non-granular” bainite and its anisot-

ropy increases (see Fig. 8).

Note that the nonlinear increasing curves of the “non-

granular” bainite fraction Vb and the coefficient Ka100 over 

the plate thickness are very similar (see Fig. 8). This in-

dicates that the Ka100 coefficient describes the anisotropy 

of coarse “non-granular” bainitic regions, which occur 

within the former non-recrystallized austenite grains, 

elongated along the rolling direction, under the temper-

ature-deformation conditions mentioned above.

Let us focus on the central third of a plate formed from 

the central part of a continuously cast slab, which con-

sists of a zone of large equiaxed crystals. In this zone, the 

branched skeletons of first and second order dendrites do 

not have a preferential growth direction, and the density 

of the dendritic structure of the central part of the slab is 

lower than in the zone with large columnar crystals, where 

the second-order axes are degenerate or completely ab-

sent. Therefore, during hot deformation, the “soft” rheol-

ogy of the equiaxed crystals behavior with a low density 

of dendritic structure in the slab center is significantly 

different from the “hard” rheology of the large columnar 

crystals behavior with a high density of dendritic structure 

near the plate surface.

All the factors described above: a relatively high tem-

perature in combination with a low stress, a low cooling 

rate and the inheritance of the slab central zone caused 

the formation of the most elongated non-recrystallized 

austenite grains along the rolling direction in the central 

third of the plate, and, as a consequence, the generation 

of a structure with the largest volume fraction and length 

of “non-granular” bainite and large ferrite grains (see 

Fig. 8, a).

The Ka1 coefficient describes the anisotropy in the 

short-distance neighborhood for all fine structural con-

stituents, distinguishable at a magnification of ×200. 

Therefore, it is an “integral structural indicator” of the 

plastic deformation intensity and other thermo-deforma-

tion parameters at any specific point of the plate along its 

thickness.

Thus, under the influence of the largest stresses, there 

is the highest anisotropy Ka1 in the near-surface layers of 

plates 25 and 70 mm thick, and the higher the thinner the 

plate (see Fig. 9). The plate 50 mm thick, due to the con-

trolled cooling-down of the surface, has a rising branch 

of the Ka1 – curve from the surface to a depth of 10 mm. 

The cooling effect no longer works deeper, therefore, for 

this and other plates, the intensity of plastic deformation 

from the surface to the center decreases, and Ka1 drops, 

reaching minimum values   in the center of each plate. The 

thicker the plate, the lower the Ka1 curve is (see Fig. 9). 

In the central part of the plate, inherited from the large 

equiaxed zone of the slab, the Ka1 anisotropy is the low-

est and remains practically constant, since, along with 

the above-mentioned metallurgical inheritance, this part 

of the plate is minimally “worked out”. The thicker the 

plate, the lower Ka1 and the wider the plateau of its mini-

mum values: per 2.5, 5 and 10 mm on each side from the 

center of the plates 25-, 50- and 70-mm thick, respec-

tively (see Fig. 9).

Note that the “integral structural indicator” Ka1 

(see Fig. 9) explains the trend in the Ka100 and Vb curves 

trend (see Fig. 8), which are similar for 25- and 70-mm 

plates and different for the 50-mm thick plate. The above-

mentioned difference of producing a 50-mm plate made 

it possible to obtain extremely flat distribution curves for 

Ka100 and Vb over the thickness of this plate, providing its 

unique characteristics of microstructural inhomogeneity.

Thus, the reasonable parameters for continuously 

cast slabs reheating, temperature-deformation rolling 

Fig. 9. Distribution of the anisotropy coefficient Kа1 

by plate thickness of 25-mm (1), 50-mm (2) 
and 70-mm (3)

K
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schedules and parameters of accelerated cooling, selected 

considering the peculiarities of the distribution of these 

parameters over the intermediate section of the billets 

with an increase in the thickness of the steel plates and 

ensuring the successive grain and sub-grain refining of 

the austenitic structure at each stage of the technological 

stream, provide a ferritic-bainitic structure with an ani-

sotropy coefficient Ka100 not exceeding 1.2, over the entire 

thickness of hot-rolled plates 25- to 70-mm thick. Such 

structural heterogeneity is acceptable and ensures a high 

level of all standard mechanical properties (Table 1), as 

well as cold resistance characteristics (Table 2).

Conclusions

The panoramic quantitative metallographic technique 

for microstructural anisotropy assessment by the thick-

ness of the plate steel based on the textural analysis of 

the images has been developed. The technique specifies 

the assessment of anisotropy at two dimensional levels: 

in the short-distance Ka1 and in the long-distance Ka100
 

neighborhoods to describe fine and coarse structural con-

stituents, respectively.

Coefficient Ka100 describes the anisotropy of coarse 

packet-block regions of lath bainite and bainite regions 

that do not have a developed internal subgrain structure, 

conventionally called “non-granular” bainite, as well as 

coarse ferrite grains.

Coefficient Ka1 describes the anisotropy of all fine 

structural constituents distinguishable at ×200 magnifi-

cation; therefore, it is an “integral structural indicator” 

of the plastic deformation intensity and other thermal-

deformation parameters at the corresponding specific 

point of the plate along its thickness.

The proposed anisotropy coefficients in combination 

with the volume fraction of “non-granular” bainite larger 

than 100 μm, Vb, adequately assess the ferritic-bainitic 

structure inhomogeneity of low-alloy plate steels along 

the thickness and can be used for its detailed interpreta-

tion with account taken of features relating to both two-

stage thermomechanical processing with accelerated 

cooling and the metallurgical inheritance of the slab.   

Parameters Vb and Kа100 increase according to the 

same nonlinear laws from the surface of plate steel to 

its center, and the anisotropy Ka1 decreases in the same 

direction, but according to the inversely symmetric law:

the large columnar crystals zone of a continuously 

cast slab, located near its surface, is under the most in-

tense plastic deformation. Therefore, despite the colder 

surface of the plate, there is a significant refinement of 

the austenite grain structure and, as a consequence, the 

“non-granular” bainite volume fraction, Vb, and anisot-

ropy Ka100 are minimal;

from the surface to the center of the steel plate, the 

temperature becomes higher, and the stress, weakened by 

the “dumping” of the surface layers, is less; therefore, the 

shear stresses arising from the movement of the metal in 

adjacent layers of the plate during its hot deformation de-

crease, and the “non-granular” bainite fraction, Vb, and 

anisotropy Ka100 increase;

in the central zone of the steel plate, a relatively high 

temperature in combination with a low intensity of plastic 

deformation, affecting large equiaxed crystals inherited 

from the slab, caused the formation of the most elongat-

ed non-recrystallized austenite grains along the rolling 

direction, and, as a consequence, the formation of the 

largest volume fraction of predominantly “non-granular” 

bainite with the highest anisotropy;

under the influence of severe plastic deformations in 

the near-surface layers of the steel plate, the anisotropy of 

all the smallest constituents of the structure, Ka1, is great-

est and decreases as the intensity of plastic deformation 

decreases from the surface to the center of the plate, while 

the overall level of Ka1 is higher, the thinner the plate.

Table 1. Mechanical properties of steel plates 25–70 mm thick from low-alloy steels with a guaranteed yield strength of 420–460 MPa

Guaranteed yield strength
Thickness of plate 

metal, mm
Yield strength, 

MPa
Tensile strength,

MPa
Elongation, %

Reduction in the direc-
tion of thickness, %

Fracture 
type, %

Actual results 25 502 597 22.0 82 100

50 465 600 25.0 83 95

70 465 590 24.5 68 100

420 MPa Requirements of GOST R 52927 
and RMRS [3]

Not less 420 530–680 Not less 18
Not less 35 Not less 90

460 MPa Not less 460 570–720 Not less 17

Table 2. Cold resistance characteristics of steel plates 25–70 mm thick from low-alloy steels with a guaranteed yield strength of 420–

460 MPa

Thickness 
of plate metal, 

mm

Impact energy at test tem-
perature –60 °С, KV–60, J

Impact energy after strain aging and test 
at temperature –60 °С, KVA–60, J

Ductile-brittle tran-
sition temperature 

[1–2], °С

Temperature of 
zero plasticity 

NDT, °СSurface Mid-thickness Surface

Actual results

25 274–282 – 160–195 –65 –75

50 280–331 250–275 330–336 –35 –80

70 236–299 260–265 217–325 – –

Requirements for steel with index 
“Arc40” RMRS [3] Not less 80

Not higher 
–40/–15

(25/50 mm)

Not higher 
–55/–65

(25/50 mm)
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