
The effect of controlled rolling and accelerated cooling production parameters on the structure and properties

of plates 25 mm thick or more of strength category X70 is studied. A change is shown for the proportion of

structural components in steel X70 with a ferrite-bainite microstructure in relation to CR regime. The presence

in the steel microstructure of areas of bainitic ferrite, forming at the boundaries of coarse austenite grains as

a result of austenite nonuniformity, leads to a reduction in the proportion of ductile component in the fracture

of a DWTT specimen. An effect is revealed for an increase in the volume fraction of bainitic ferrite on plate

cold brittleness during DWTT. The amount of reduction at the end of the roughing rolling stage should be less

than 13–14% in order to prevent a difference in austenite grain size. CR regimes with limited intensity make

it possible to obtain a steel microstructure consisting mainly of quasipolygonal ferrite with a minimum

number of areas of bainitic ferrite, which is favorable for steel DWTT properties.

Keywords: low-alloy steel, microstructure, cold resistance, controlled rolling, accelerated cooling, bainitic

ferrite, quasipolygonal ferrite.

High-strength rolled product for gas pipelines of considerable diameter is produced by controlled rolling technology

followed by accelerated cooling (CR + AC), the main aim of which is formation of a finely dispersed rolled product microstruc-

ture [1–3]. Rolled product should have the required level of cold resistance during drop-weight tear testing (DWTT), which

guarantees steel resistance to extended brittle failure. A standard requirement in contemporary specifications is provision of not

less than 90% ductile component in a specimen fracture with a test temperature of –20°C (B(DWTT–20) ≥ 90%).

According to contemporary ideas, rolled product cold resistance during DWTT is provided by forming a finely dis-

persed microstructure with a high proportion of large-angle boundaries [4, 5]. The finely dispersed rolled product microstruc-

ture may be obtained with phase transformation of austenite, being an increased number of areas for α-phase generation 

(specific effective austenite grain surface (Sv
eff) [6]), which relates to: austenite grain surface, strain bands, sub-boundaries,

separation of excess carbonitride phases [6, 7]. An increase in Sv
eff is provided by significant overall deformation of unre-

crystallized austenite, for which rolled product for the CR roughing stage should exceed the final sheet thickness by not less

than a factor of 3.5–4 [1]. A number of researchers note a requirement for high partial reductions in the CR roughing stage,

not only in order to prepare grains with a flat shape, but also for creation of structural defects within the body of a grain.

However, for good working of unrecrystallized austenite an obligatory condition is preparation of uniform fine-grained

austenite structure in the course of successive repeated recrystallization in the CR roughing stage [1, 4, 7].

For semifinished rolled product of considerable thickness, problems may arise with carrying out considerable partial

reduction both at the end of the roughing stage and in the CR finishing stage due to limitations with respect to power param-

eters of a rolling mill. A situation when even with the use of contemporary high-power equipment the amount of reduction dur-

ing rolling may be limited, is typical for production of sheet of considerable width and thickness from slabs of double length.
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During production of thick rolled plate of high strength category, one of the main problems of structure formation

is a requirement for achieving a medium cooling rate providing the formation of a uniform fine grained ferrite-bainite

microstructure. With an increase in plate thickness there is an increase in the difference in cooling rates of the central part of

plates and areas at their surface. During phase transformation in contemporary low-alloy steels, decomposition of austenite

may occur with formation of a broad spectrum of intermediate (bainitic) transformation products of non-polyhedral mor-

phology [8–11]. Disruption of production technology, as a rule, leads to formation of non-optimum rolled product microstruc-

ture, which in turn worsens metal cold resistance in the course of a DWTT test, as the most structure-sensitive steel property.

The aim of research was to determine the effect of CR + AC technology parameters on rolled product cold resistance

for strength category X70 with a thickness of more than 25 mm in the case of limitations with respect to the amount of max-

imum permissible deformation in the CR rolling stage, and also the possibility of reducing the negative effect of the differ-

ence in austenite grain size on rolled product cold resistance during DWTT by preparing a ferrite-bainite microstructure with

the ultimate combination of structural components after accelerated cooling.

Results are presented for a study of the dependence of cold resistance of thick plate of strength class K60 on

CR + AC technology parameters and steel microstructure, carried out previously by the authors in [12]. Plates with a thick-

ness of 26.4 mm, intended for manufacture of pipes of strength category K60 (X70) 1220 (48″) in diameter with a pressure

of 11.8 MPa, were produced at the MMK 5000 mill from steel type X70. The content of elements was, wt.%: C 0.07–0.10;

Si 0.15–0.30; Mn 1.50–1.70; S ≤ 0.003; P ≤ 0.01; N2 ≤ 0.007; other elements Ni, Ti, Nb, V; Ce = 0.41.

Test rolled product was produced with variation of the main technology parameters. Heating temperature Th was deter-

mined proceeding from provision of transfer of Nb into solid solution. Rolled product thickness exceeded the final thickness by

a factor of five to six. Rolling was completed in the single-phase γ-region with a change in temperature of the final roughing

stage Tcr within the limits of about 40°C. Accelerated cooling was accomplished also from the lower part of the austenitic region,

with completion in the bainitic transformation region with Teac ≈ 550–610°C and a cooling rate of vcool ≈ 12–22°C/sec.

Mechanical properties of rolled product were determined by standard procedures in transverse specimens, selected

from the center of semifinished rolled product of double length. During DWTT, specimens of the total sheet thickness with

an impressed notch (GOST 30456) were used. Microstructure was studied by an optical method (OM) and scanning electron

microscopy (SEM), magnification ×(1800–3500). Etching of microsections for OM and SEM was accomplished in 2–4%

alcoholic HNO3 solution.

The effect of CR + AC regimes on rolled product properties. Sheets had high strength properties (σ0.5 ≈ 550–570 N/mm2

and σu ≈ 640–660 N/mm2) and good impact strength with a change in Th, Tcr, and Teac over quite wide limits. The main diffi-

culties consisted in achieving the required amount of ductile component in a specimen fracture for DWTT B(DWTT–20) ≥ 90%,
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Fig. 1. Dependence of the proportion of ductile component in the fracture of

DWTT specimens at –20°C on the amount of reduction in successive passes

of the CR roughing stage.



and also relative elongation δ5 ≥ 22.5%. Results of testing rolled sheet showed that in the case in question the slab heating

temperature, sheet thickness, and Tcr did not have a specific effect on metal properties during DWTT.

The amount of deformation in the CR roughing stage governs the possibility of total austenite recrystallization,

which leads to its grain refinement. In the case in question, a dependence was revealed for the proportion of ductile compo-

nent in a DWTT specimen fracture on the amount of single reductions in subsequent passes of the CR roughing stage (Fig. 1).

It may be seen that in order to obtain the required B(DWTT–20) ≥ 90% properties it is necessary to provide reduction not less

than ε = 13–14% at the end of the rolled product roughing stage.

A reduction in Tcr with retention of its value in the austenitic region leads to improvement of metal properties dur-

ing DWTT (Fig. 2), which is explained by an increase in the number of areas of ferrite grain generation, retained at the instant

of phase transformation, and correspondingly preparation of a finer ferrite grain size [3, 6, 7].

The end of AC with Teac below a temperature of 575–580°C (with fixed vcool = 14–16°C/sec) led to a reduction in

metal properties during DWTT (Fig. 3). With an increase in Teac combined both with low and with relatively high values of

Tcr made it possible to obtain the required values of B(DWTT–20) ≥ 90% and a more uniform microstructure. The effect of a

change in Teac on strength properties was insignificant.

Use of a cooling rate vcool ≥ 16°C/sec (with Teac = 560–600°C and stable uniform conditions) made it possible to

increase rolled product strength properties by approximately 20 N/mm2. However, there was a reduction in metal properties
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Fig. 2. Dependence of the proportion of ductile component in the fracture

of a DWTT specimens on Tcr.

Fig. 3. Effect of interrupted AC temperature on plate cold resistance during DWTT.



during DWTT: ductility δ5 by about 4–5%, and impact strength KCV–20 and KCV–40 by about 50–70 J/cm2. Metal proper-

ties during DWTT–20 were provided with AC with a limited cooling rate vcool ≥ 16°C/sec (Fig. 4).

Consequently, for production of thick rolled plate from slabs of double length, giving limited values of reduction in

the roughing rolling stage, at the end of the roughing stage it is necessary to provide reduction ε not less than 13–14%, and to

use a reduction in Tcr and a “milder” AC regime, providing a relative slow vcool and increased Teac. After this correction of pro-

duction technology, the required rolled product properties were obtained for steels compositions of both versions (see Table 1).

Effect of structural component morphology on rolled product cold resistance. In the course of studying microstruc-

tural components for low-carbon steel, it was considered successively in a sequence of a reduction in transformation tem-

perature: polygonal (polyhedral) ferrite (PF), quasipolygonal ferrite (QuPF), granular ferrite (GF), acicular ferrite (AF), and

bainitic ferrite (BF). PF is an entirely diffusion (pearlitic) transformation product. QuPF is a high-temperature product of

bainitic transformation in low-carbon steel, having regular (curved) grain boundaries, a weakly defined sub-grain structure,

and increased dislocation density with respect to PF. GF is designated as a structure having ferrite crystals of plate-like

equiaxed shape and localized distribution of islands of carbon-containing phase between ferrite crystals. AF is considered as

a microstructure consisting of elongated unequiaxed ferrite crystals with clearly expressed sub-granular structure and arrange-

ment of islands of carbon-containing phase. BF has packets of laths of ferrite crystals within the limits of previous austenite

grains, and in essence it is a low-carbon upper bainite of lath morphology.

Carbon-containing phase in the steels in question is normally degenerated pearlite (DP), consisting of a dispersed

mixture of ferrite and low-temperature pearlite (with small distance between cementite plates), and also upper bainite (UB).

Dispersed islands of a mixture of DP and UB are arranged at boundaries of QuPF grains and blocks of GF and AF.

σy, N/mm2 σu, N/mm2 δ5, % σy/σu KCV–20, J/cm2 KCV–40, J/cm2 B(DWTT–20), %

540–560/550 620–650/638 22.8–25/23.6 0.84–0.88/0.86 231–260/246 179–224/202 90–95/92

Specified requirements

515–615 590–700 ≥22.5 ≤0.90 ≥200 ≥100 ≥90

Note. Minimum and maximum values in the numerator, average values in the denominator.
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Fig. 4. Dependence of the proportion of ductile component in the fracture

of DWTT specimens at –20°C on the cooling rate during AC.

TABLE 1. Mechanical Properties of Test Plate of Strength Class K60 26.4 mm Thick
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Fig. 5. Microstructure (×500) of K60 plate 26.4 mm thick, 1/4 of thickness, Tcr ≈ 800°C: a) vcool ≥ 18°C/sec,

Teac ≈ 555°C; b) vcool ≤ 16°C/sec, Teac ≈ 600°C.

Fig. 6. Plate microstructure (SEM), 1/4 of thickness, Tcr ≈ 800°C (a, b – vcool ≥ 18°C/sec, Teac ≈ 555°C;

c – vcool ≤ 16°C/sec, Teac ≈ 600°C): a) BF region, ×1800; b) cementite interlayer in BF region, ×5000;

c) QuPF with acicular ferrite fractions, ×1500.



The microstructure of the test steels consisted of QuPF as the main structural component, and also AF and GF, and

a relatively small proportion of PF (Figs. 5 and 6). Carbon-containing phase of mixtures of DP + UB have the from of fine

islands at ternary junctions of grains.

The form of the rolled product microstructure and the presence within it of different structural components depend-

ed strongly on AC regime. The microstructure of plates, whose AC was carried by a more intense regime at a sufficiently high

rate (vcool ≥ 18°C/sec) and up to a cut-off temperature in the central region of bainitic transformation (Teac = 550–560°C) had

presence of areas of BF with a size up to 100 μm, arranged within the limits of previous austenite grains (see Fig. 5a, Fig. 6a).

The SEM method was used to reveal between these areas quite coarse layers of cementite, arranged at the boundaries of BF

laths (see Fig. 6b). In the case of AC for rolled product by a “mild” regime providing a slower cooling rate (vcool ≤ 16°C/sec)

and higher cut-off temperature (Teac = 580–600°C), the proportion of QuPF and PF in the steel structure increased, and fields

of BF were significantly less and had a smaller size, i.e., not more than 20 μm (see Fig. 5b, Fig. 6c). It should be noted that

an increase in the proportion of PF steel microstructure was also observed with a reduction in Tcr due to activation of the start

of ferrite transformation during deformation and a reduction in temperature for the start of AC.

With the aim of determining the effect of structural components on rolled product cold brittleness, the proportion of the

main components of the steel matrix and the dimensions of the revealed areas of BF were analyzed, after which the results

obtained were compared with the proportion of ductile component in a fracture of DWTT B(DWTT–20) specimens. Determination

of the proportion of main components in a steel matrix was carried out from photographs of metallographic microsections (×500)

by the Glagolev point method (with counting of nodes of a network of 10 × 10). The dimensions of the BF region were deter-

mined from the results of studies by the SEM method, and here length L and width H of areas were measured.

An increase in sheet AC rate within the test limits (≈12–22°C/sec) with stable similar CR + AC technology param-

eters (Teac = 560–585°C, which for thick rolled product is not decisive) leads to a marked change in the volume fractions of

structural components (Fig. 7) with an increase in the proportion of BF and a mixture of AF and GF of similar morphology.

Here the proportion of products of a predominantly diffusion nature, i.e., PF and QuPF, decreases. The proportion of carbon-

containing phase, represented by a mixture of DP and UB, was almost unchanged with a change in the cooling rate.

A dependence has been revealed for the proportion of ductile component in a DWTT specimen fracture with a test

temperature of –20°C on the volume fraction of BF and QuPF. An increase in steel microstructure of the BF volume fraction

leads to a reduction in B(DWTT–20) index. For the version of steel composition in question and production technology the
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Fig. 7. Dependence of volumetric fraction of microstructural components in thick-sheet

steel K60 (X70) on accelerated cooling rate with Teac = 560–585°C.



standard value of B(DWTT–20) ≥ 90% is provided with a volume fraction of BF of not more than 3–5% (Fig. 8a). An increase

in the volume fraction of QuPF (up to 60%) has a favorable effect on rolled cold resistance during DWTT (Fig. 8b).

As a result of analyzing the effect of geometric parameters of BF regions, it was revealed that a reduction in the level

of cold brittleness during DWTT below the standard value B(DWTT–20) ≥ 90% is observed with a length of a BF region of

more than 35–40 μm (Fig. 9a) and the area of BF regions (L × H) > 230 µm (Fig. 9b).

The width of the regions in question, as a rule arranged within the limits of previous austenite grains, may be inter-

preted as an index close to the nominal thickness of an unrecrystallized austenite grain at the end of the CR finishing stage

before phase transformation. Since in the course of test rolling the ratio of semifinished rolled product thickness to the thick-

ness of finished sheet varied from a factor of five to six, then the thickness of the work-hardened austenitic grains also

changed. It was revealed that an increase in BF region width to 8 μm leads to worsening of metal properties during DWTT.

In turn, even with sufficient length of BF regions (≈50 μm) with the use of semifinished rolled product of considerable thick-

ness these regions have small width (≈5 μm). This makes it possible to provide a proportion of ductile component in a DWTT

specimen fracture of not less than 90%. Consequently, properties of BF regions, i.e., volume fraction of BF, area L × H of BF

regions, may be considered as an indicator of the difference in grain size of unrecrystallized austenite and the degree of reten-

tion of accumulated imperfections in the austenite microstructure (Sv
eff) for individual areas of rolled product structure before

phase transformation.

Study results. The reason for a reduced level of rolled product cold resistance and ductility during DWTT was

acknowledged as the presence of extensive areas of BF promoting failure propagation. Areas of BF are arranged at bound-

aries of previous coarse austenite grains, which indicates a requirement for preventing the formation of austenite grains of

different size by rapid refinement of its grains in the CR roughing stage.

Insufficient uniform refinement of austenite grains is a consequence of incomplete occurrence of recrystallization in

the concluding passes of the CR roughing stage due to an inadequate amount of reduction (deformation). The difference

in austenite grain size, arising in the CR roughing stage, cannot be corrected effectively in the rolled product finishing stage,

since during this there is deformation of unrecrystallized austenite grains, which only leads to flattening. The possibility of

forming a finely dispersed final microstructure depends on the defects of the crystalline structure of austenite grains (param-

eter Sv
eff). Deformation of austenitic grains of small size has higher values of Sv

eff, and during phase transformation there is

formation of fine ferrite grain size and block morphology, i.e., polygonal, quasipolygonal, and also acicular and granular fer-

rite. In contrast, as a result of a low value of Sv
eff large deformed austenite grains have higher resistance and consequently

more supercooled austenite is realized. Therefore, during phase transformation from a coarse austenite grain size there is for-

mation of a lower temperature product of lath morphology, and in the steel in question bainitic ferrite.
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Fig. 8. Dependence of the ductile component fraction in a DWTT specimen fracture with a test temperature

of –20°C on volume fraction: a) bainitic and b) quasipolygonal ferrite.



A high AC rate makes it possible in the early stages of cooling (in the ferritic region) to obtain a fine polyhedral

grain size, which on the whole is favorable for providing cold resistance. However, as applied to coarse austenite grains an

increase in the AC rate leads to additional austenite supercooling, which provokes formation of BF to an even greater extent

having low crack propagation resistance [13].

Consequently, a production method making it possible to reduce the negative effect of the difference in grain size of

austenite on rolled product cold resistance during DWTT is a reduction in the intensity of cooling rate. This leads to forma-

tion of a rolled product microstructure consisting mainly of quasipolygonal ferrite, a small of polygonal (polyhedral) ferrite,

and acicular ferrite with the minimum proportion of extensive regions of bainitic ferrite.

Conclusions
1. A combination of high strength, impact strength, and cold resistance (σu ≥ 590 N/mm2, σy ≥ 515 N/mm2,

KCV–20 ≥ 200 J/cm2, KCV–40 ≥ 100–150 J/cm2, B(DWTT–20) ≥ 90%) for sheet rolled product with a thickness of more than

25 mm with an economic level of steel alloying (Ce ≤ 0.41%) may be provided by forming a finely dispersed steel ferrite-

bainite microstructure. For this, it is necessary to combine the use of accelerated cooling (AC) and addition of elements

increasing austenite stability (Ni, Mo, Cu, Cr).

2. Presence of extensive areas of bainitic ferrite (low-carbon upper bainite of lath morphology), forming at the bound-

aries of previous coarse austenitic grains, leads to worsening of rolled product cold resistance during DWTT. The reason for

the formation of areas of bainitic ferrite is insufficiently uniform austenite grain refinement in the controlled rolling (CR)

roughing stage, leading to a difference in austenite grain size inherited in subsequent stages of the process. We revealed a

dependence of the proportion of ductile component in a DWTT specimen fracture on the amount of single reductions in subse-

quent CR roughing stage passes, which should be not less than 13–14% in order to obtain the required properties during DWTT.

3. An increase in sheet cooling rate (with stable CR + AC technology parameters) leads to an increase in volume

fraction of bainitic ferrite, and also acicular and granular ferrite, and a reduction in the proportion of products of predomi-

nantly diffusion nature, i.e., quasipolygonal ferrite and polygonal (polyhedral ferrite).

4. An increase in the steel microstructure of the volume of bainitic ferrite leads to a reduction in index B(DWTT–20)

and an increase in the volume fraction of quasipolygonal ferrite having a favorable effect on rolled sheet cold resistance dur-

ing DWTT. The cold resistance of rolled product during DWTT (B(DWTT–20) ≥ 90%) for the version of technology in ques-

tion was provided with a volume fraction of bainitic ferrite of not more than 3–5% and a small size of its areas (length not

more than 35–40 μm, area not more than 200 μm).

5. AC regimes with limited intensity (with respect to the rate and temperature for the end of AC) make it possible to

obtain a steel microstructure consisting mainly of quasipolygonal ferrite with a minimum amount of areas of bainitic ferrite.
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Fig. 9. Dependence of the ductile component fraction in a DWTT specimen fracture with a test temperature

of –20°C on BF area dimensions: a) on length and b) on area of BF region.



This is favorable for metal properties during DWTT in the case when due to production difficulties uniform refinement of

recrystallized austenite is not provided at the end of the controlled rolling roughing stage.

E. V. Shulga and E. Yu. Kireeva took part in the research.
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