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STUDY OF MICROSTRUCTURE FORMATION OF CARBON STEEL

UNDER HIGH-SPEED AND MULTICYCLE HOT PLASTIC

COMPRESSIVE DEFORMATION USING A GLEEBLE 3500 UNIT
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Features of deformation regimes and mechanisms of microstructure formation in low-carbon steel 20 are stu-

died using high-speed and multicycle hot plastic deformation methods in a Gleeble 3500 unit. Energy-force

and temperature-speed regimes are established providing preparation of an ultrafine-grained structure with

grain size of 150 – 1250 nm, similar to that achieved with higher degrees of cold plastic deformation. Speci-

men microhardness is determined.
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INTRODUCTION

Currently preparation of materials with an ultrafine-

grained (UFG) structure is accomplished mainly by cold

plastic deformation [1, 2], which imposes certain limitations

on a production process regime. A promising area for prepar-

ing a UFG structure in metals and alloys is use of hot plastic

deformation methods, in particular high-speed (HSD) and

multicycle (MCD) methods, although features of these pro-

cesses and properties of the materials obtained have not been

studied sufficiently. In view of this it is important to study

deformation regimes for preparing a UFG structure by hot

high-speed and multicycle plastic deformation.

As is well known, metal structure and properties during

deformation are determined by such factors as an increase in

pressure (or pulse), deformation rate (or process duration),

and temperature. Gleeble 3150, 3500, and 3800 physical

modeling units have considerable potential for modeling hot

plastic deformation processes [3, 4]. In essence they are a

high-speed plastometer with the possibility of realizing an al-

most unlimited number of treatment stages for metal by pres-

sure, with a constant or variable deformation rate and tem-

perature throughout the course of treatment. The simple soft-

ware forms a very convenient interface for creating a pro-

gram of thermomechanical tests and physical modeling, and

collection and analysis of the data obtained. Specimen heat-

ing is accomplished directly by passage of an electric cur-

rent, which makes it possible to heat a specimen up to a rate

of 10,000 K�sec, and also to maintain a constant temperature

with accuracy of � 1°C. Due to good thermal conductivity

of copper grips within which a specimen is fastened in

the Gleeble 3500 unit it is possible to achieve fast cooling

rates [4].

The aim of this work is a study of the possibility of form-

ing a UFG microstructure in steel 20 with high-speed and

multicycle deformation with considerable accumulation of

the degree of deformation.

METHODS OF STUDY

Research was carried out on specimens 10 mm in diame-

ter and 100 mm long, prepared from steel 20 by deformation

in a Gleeble 3500 unit2 “compression – tension” module.

High-speed deformation was carried out at different tempera-

tures: 700, 800, 900, 1000, and 1200°C with a deformation

rate of 1000 mm�sec, and subsequent free cooling in the

grips. The degree of deformation at different temperatures

was identical and prescribed by compression of a specimens
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by 25 mm, which was accomplished by moving the traverse

over an appropriate distance.

Different regimes were used in to perform multicycle de-

formation, and provided in Table 1. Before deformation spe-

cimens were heated to 1200°C in 1 min, then held for 1 min

at this temperature for austenite homogenization. On com-

pletion of austenitizing specimens were cooled during 15 sec

to 1100°C, and then at a rate of 2.8 K�sec to the temperature

for the start of deformation [5].

Qualitative and quantitative properties of the microstruc-

ture were revealed by means a Meiji Techno light micro-

scope using a Thixomet PRO computer image analysis sys-

tem [6, 7], and also a using a JSM 6490 LV scanning electron

microscope (SEM).

RESULTS AND DISCUSSION

The original microstructure of a hot-rolled specimen is

ferritic-pearlitic: pearlite volume fraction was about 24%,

ferrite was about 76% (Fig. 1a ), grain size was 15 – 30 �m,

and the average distance between pearlite plates was 0.23 �m

(Fig. 1b ).

Steel microstructure after HSD is given in Figs. 2 and 3.

It has presence of parallel or mutually perpendicular defor-

mation bands, arranged with a pitch of 300 – 1000 nm,

which form in the most favorably orientated grains and are

similar to a banded structure arising with traditional defor-

mation of degrees � � 3 – 4 (Fig. 2). Simultaneously break-

down of deformation bands and original “clean” ferrite

grains is traced (within which deformation bands were ab-

sent) into finer size regions (fragments). At high magnifica-

tion it is clearly seen that these fragments have fine rectili-

near boundaries and equal angles at ternary junctions

(Fig. 2a ). This points to formation of high-angle boundaries.

Pearlitic areas within this structure are also dispersed

(Fig. 2b ).
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TABLE 1. Multicycle Deformation Regimes

Regime

no.

Deformation

starting tempe-

rature, °C

Type of deformation
Degree

of deformation
Cooling conditions

1 880 Compression 0.4 Free cooling in grips

(av. rate about 40 K�sec)2 880 one “tension – compression” cycle 0.4

3 1100 20 “tension – compression” cycles 8.0

4 880 20 “tension – compression” cycles 8.0

à

b

10 m�

1 m�

Fig. 1. Steel 20 microstructure in original condition.

1 m�
a b

Fig. 2. Features of ferrite (a) and pearlite

(b ) structure in steel 20 microstructure af-

ter high-speed deformation.



The least grain size (150 nm) and greater relative amount

of fragmented ferrite was observed in specimens deformed at

750 – 800°C (Fig. 3a ). At these temperatures steel 20 defor-

mation was completed in the intercritical region Ac
1
– Ac

3
,

i.e., in the two-phase austenite + ferrite region, and simulta-

neously there was formation of austenitic and ferritic grains.

There was partial dynamic recrystallization, as a result of

which ferrite fragments acquired and almost equiaxed shape.

Formation of recrystallized grains is due to an increase in

temperature in areas of deformation localization and is a

stress relaxation mechanism. Recrystallized grains are

grouped into deformation bands, and in chains arranged be-

tween bands (Fig. 3). However, apparently it is impossible

for recrystallization to be completed entirely, there is no sig-

nificant growth of recrystallized grains, and therefore grains

of dispersed ferrite remain ultrafine, i.e., with a size to

400 nm. Unrecrystallized areas are elongated grains consist-

ing of sub-grains, formed apparently as a result of dynamic

polygonization.

The structure obtained with high-speed deformation at

750 – 800°C appeared to be mainly similar to the structure

observed for steel 20 after ECAE at 400°C (deformation

bands and ultrafine grains with a size of 300 – 500 nm also

formed within the microstructure [8, 9], and also with dy-

namic channel-angular extrusion of titanium at elevated tem-

perature [10].

Deformation at above Ac
3
temperatures (900, 1000, and

1200°C) occurred in a single-phase austenitic region, and

also provided deformation refinement of the structure. The

structure after HSD at 900 and 1000°C (Fig. 3c and d ) ap-

peared to be mainly similar to the structure after deformation

at 800°C, and only differed in larger grain size.

On cooling, which was accomplished immediately after

deformation, the separated ferrite probably inherited features

of the dislocation structure of strain-induced austenite, and

underwent recrystallization. As a result of a higher deforma-

tion temperature dynamic recrystallization occurred more
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Fig. 3. Steel 20 microstructure after

high-speed deformation at 750 (a), 800

(b ), 900 (c), 1000 (d ), and 1200°C (e, f ).



completely, and there was also recrystallized grain growth,

which led to an increase in grain size to 750 – 2500 nm.

After deformation at 1200°C the main typical structural

element formed as a result of deformation is deformation

bands 1 – 5 �m wide (Fig. 3e). Ultrafine ferrite grains are

observed very rarely within the structure, which points to al-

most total occurrence of dynamic recrystallization. After

HSD at 1200°C, in addition the structural component mor-

phology changes: ferrite has an angular structure, and instead

of a plate-like ferrite-carbide mixture a low-carbon bainite

structure is often observed (Fig. 3d ). A cementite phase with

deformation temperature regimes in the region of austenite

fragmentation partly undergoes spheroidization.

Comparison of the microhardness of steel 20 after HSD

at elevated temperature and after ECAE is given in Fig. 4.

There is a marked reduction in hardness after HSD only at

1200°C, although compared with ECAE the hardness after

HSD is reduced. However, after HSD at 750 – 1000°C hard-

ness compared with the original condition increased by about

20%, which is due to grain refinement and ferrite fragmen-

tation.

The nature of the microstructure obtained after

multicycle deformation is shown in Fig. 5. The morphology

of structural components differs from that of structural com-

ponents obtained with HSD: ferrite has an angular structure,

and instead a lamellar ferrite-carbide mixture there is a baini-

te-martensite structure (BM). Analysis of the microstructure

after treatment by regime 1 (see Table 1) points to the fact

that compared with the original microstructure separation of

ferrite is suppressed (Fig. 5a ). In addition, martensitic areas

are observed (Fig. 5b ). Traces of deformation are absent

from ferrite grains (Fig. 5c ), and in contrast to HSD, frag-

mentation is not observed (Fig. 5d ).

After treatment by regime 2 the microstructure is similar

to that observed by treatment by regime 1 (Fig. 6a – c).

However, in ferritic areas deformation bands appeared

(Fig. 6d ), similar to those observed with HSD.
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Fig. 4. Steel 20 microhardness after high-speed deformation at dif-

ferent temperatures (a) and after ECAE at 400°C in relation to num-

ber of passes (b ).
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Fig. 5. Steel 20 microstructure after

treatment by regime 1, including defor-

mation by compression with a degree of

0.4 at 880°C and cooling in the grips.



After treatment by regimes 3 and 4 the microstructure

observed had typical features that are illustrated in Fig. 7. It

is uniformly arranged areas consisting of platelets and nee-

dles, orientated in a certain way. The size of structural ele-

ments (orientated areas) decreased to 15 �m (Fig. 7) com-

pared with the original grain size (see Fig. 1a ).

CONCLUSIONS

1. Physical modeling in a Gleeble 3500 unit showed the

fundamental possibility of deformation refinement of steel 20

structure to a grain size of about 400 nm due to high-speed

deformation at 750 – 1000°C, as is achieved with consider-

able plastic deformation without metal heating, or with heat-

ing to a temperature not exceeding the recrystallization tem-

perature.

2. With multicycle hot deformation by a “compression –

tension” scheme with large degrees (e = 8) there is also dis-

persion of the structure and a reduction in structural element

size.
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