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Ultrafine grained structure formed dynamically through a severe warm deformation in the temperature range from 773K to 923K has been
investigated in a 0.16%C-0.4%Si-1.4%Mn steel. The effects of the deformation conditions such as deformation temperature and strain rate on
microstructural evolution were examined using a single-pass compression technique with a pair of anvils. A large plastic strain up to 4 was
imposed on the specimen interior at a strain rate of 1 or 0.01 s�1. Ultrafine ferrite grains surrounded by high angle boundaries, whose nominal
grain size ranged from 0.26 to 1.1mm, evolved when the equivalent plastic strain exceeded the critical value about 0.5 to 1, and increased with an
increase in strain without any large-scale migration of high angle boundaries. The effects of deformation conditions on microstructural evolution
of ultrafine grained structures can be summarized into the Zener-Hollomon(Z-H) parameter dependences. The average size and the volume
fraction of newly evolved ultrafine grains depend on the Z-H parameter. Decreasing Z-H parameter enhances the formation of equiaxed ultrafine
grains. These indicate that the mechanism forming ultrafine grained structures through the warm severe deformation in the present study is
similar to ‘‘continuous recrystallization’’ or ‘‘in-situ recrystallization’’ and that some activation process during or after the deformation plays an
important role in the microstructural evolution.
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1. Introduction

Grain refinement in metallic materials brings a dramatic

increase in yield strength and remarkable improvement in

toughness simultaneously without any costly alloying. In the

manufacturing process of steels, the TMCP (Thermo-Me-

chanical Controlled Processing) has undergone development

as a grain refinement technique that can achieve a marked

improvement in performance and high productivity at the

same time. Therefore TMCP has been put to very wide use.

Recently, many studies on ultrafine grained microstruc-

tures whose grain sizes are smaller than about 1 mm have

been performed to develop new ecologically beneficial high-

performance steels. Several novel techniques to obtain

ultrafine grained low-alloyed ferritic steels have been

proposed there.1) They can be classified roughly into two

types of thermo-mechanical processes. One is the process

where an ultrafine grained ferrite structure is formed through

the phase transformation from austenite to ferrite during or

after severe plastic deformations imposed on austenite.2–4) It

may be interpreted as a pursuit of a further development of

the conventional TMCP.

The other is the process where an ultrafine grained ferrite

structure is directly formed out of a deformed ferrite structure

through a severe cold or warm plastic deformation without

any phase transformation. Bulky steels with ultrafine grained

structures of submicrons to several tens of nanometers have

been fabricated by the process containing various intense

straining techniques, such as mechanical milling,5,6) equal

channel angular pressing/extrusion (ECAP/ECAE),7,8)

cyclic extrusion compression (CEC),9) accumulative roll-

bonding (ARB),10,11) multi-axial and multiple compres-

sions,12,13) caliber-rolling14–16) etc.

In the recent studies,12,13,17) the formation process of an

ultrafine grained structure through a severe cold or warm

deformation has often been recognized to be different from

the classic recrystallization, namely discontinuous recrystal-

lization that is well-known microstructural evolution process

in which a new grain structure is formed from a deformed

structure. Discontinuous recrystallization is understood as the

two-stage process composed of nucleation and growth of

recrystallized grains surrounded by high-angle boundaries,

while the formation process of an ultrafine grained structure

through a severe cold or warm deformation is considered as

the one-stage process, as it were, comprising only nucleation

without any large scale migration of grain boundaries.

Therefore, in order to describe such phenomenon com-

pared with discontinuous recrystallization, terminologies as

follows have been proposed: continuous recrystalliza-

tion,12,13,18) in-situ recrystallization,17) geometric recrystalli-

zation,19) rotation recrystallization,20) extended recovery,21)

and so on. There are still many unclear points in the details of

each definition and mechanism of the phenomenon described

by these terminologies.

In order to utilize the above-mentioned phenomena related

to recrystallization for practical grain refinement techniques,

it is necessary to clarify the details of the microstructural

evolution systematically. The authors et al.22,23) have applied

a technique of compression with a pare of anvils to introduce

a large strain up to 4 (in true strain) into the interior of a steel

specimen by a single-pass warm deformation while control-

ling the deformation conditions, namely, deformation tem-
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perature and strain rate. This technique is more suitable for

basic systematic experiments for studying the essence of the

phenomena as compared with the other intense straining

techniques above-mentioned because it can eliminate the

effect of complex strain caused by multi-pass or multi-axial

deformations.

The authors24) have already revealed that the Zener-

Hollomon parameter,25) which is representative of a defor-

mation condition, governs the mean grain size of ultrafine

grained ferrite newly evolved through severe warm defor-

mations. In the present study, we note the amount of the

newly evolved high-angle boundaries and ultrafine grains.

The effects of deformation conditions such as deformation

temperature, strain rate, strain, on the microstructural

evolution of ultrafine grained ferrite structures through

single-pass warm deformations were investigated using the

technique of a compression with anvils for a low carbon steel.

Formation of new boundaries and ultrafine grains were

determined quantitatively.

2. Experimental Procedure

A commercial JIS SM490 grade hot-rolled steel plate with

a chemical composition of 0.16%C-0.4%Si-1.4%Mn

(mass%) was used in this study. Its detailed chemical

composition is shown in Table 1. Test specimens having

dimensions of 15 long � 13 wide � 12 thick (mm) were cut

from the steel plate. The initial microstructure was a lamellar

structure in which ferrite and pearlite bands stratified

alternatively as shown in Fig. 1. The nominal ferrite grain

size was 15 mm and the average intervals of pearlite bands

was 27 mm.

The specimens were heated to a temperature of 773K,

823K or 873K below the Ac1 temperature, which is about

993K, using a thermo-mechanical heat treatment simulator

capable of controlling their temperature and the deformation

conditions. Their temperatures were measured by thermo-

couples welded on the surface at the thickness center of each

specimen. After holding for 60 s at the elevated temperature,

they were compressed by 75% in nominal reduction, from

12mm to 3mm in thickness, with a pair of anvils. And then

they were quenched immediately from the deformation

temperatures. Figure 2 illustrates the anvil compression test

in the present study.

The compressive deformations were carried in the time

periods of 1.39 s and 139 s so as to obtain the apparent

nominal strain rates _"" of 1 s�1 and 0.01 s�1, respectively.

Compression axis was perpendicular to the pearlite bands of

the initial microstructure.

After cutting and polishing, the specimens were etched in

1.5% nital, and the microstructures on the cross section as

indicated in Fig. 2(b) were observed under an optical

microscope and a SEM.

Furthermore, in order to measure the misorientation of

grain boundaries, EBSP (Electron Backscattering Pattern)

analyses were carried out with a Schottky-type FE-SEM

(Philips XL30 SFEG). The OIM� (Orientation Imaging

Micrograph�) system of TexSEM Lab. Inc. was used in data

analyses. Densities of grain boundaries, namely boundary

length in unit area observed, and nominal grain sizes of

newly evolved ultrafine ferrite were examined by analyzing

the boundary images obtained by EBSP analysis. Nominal

grain size was defined by the square root of the average grain

area in the present study.

3. Results

3.1 Strain distribution in interior of specimen

In the anvil compression test adopted in this study, strain

concentrates at the center of a specimen and forms a

continuous distribution across in the interior of a specimen.23)

Local compressive strain introduced in each part of the

specimen can be estimated from a change in interval of the

pearlite bands before and after deformation. Because the

present observed area is almost under a plane strain

condition,26) a local equivalent plastic strain "eq can be found

by eq. (1)

"eq ¼
2
ffiffiffi

3
p ln

l0

l

� �

ð1Þ

Table 1 Chemical composition of the steel (mass%).

C Si Mn P S

0.16 0.41 1.43 0.014 0.004

Fig. 1 Optical micrograph of the initial microstructure of the steel.

Fig. 2 Schematic illustrations showing (a) the conditions of heat treatment

and deformation, and (b) the compression by a pair of anvils.
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where l0 is the initial interval of pearlite bands before the

deformation and l is that after the deformation.

An optical micrograph through the thickness of a specimen

deformed at 773K and a nominal strain rate of 1 s�1 is shown

in Fig. 3(a). The intervals of the pearlite bands become

narrower as it gets closer to the center from the surface of the

specimen and it is apparent that strain concentrates at the

center. Fig. 3(b) shows the distribution of the equivalent

plastic strains estimated by eq. (1) where l is the average

intervals for every 10 pearlite bands. Equivalent plastic strain

is distributed in the range of 0 to about 4. Similar

distributions were found for the specimens deformed under

other conditions. These experimental results are in agreement

with the results of FE-analyses.22,26)

Using the strain distribution in the interior of a specimen

after the anvil compression test, it is possible to observe a

change in microstructure with an increase in strain in one

specimen.

3.2 Change in microstructure with strain

Figures 4 and 5 show the changes in microstructure with an

increase in strain. The former shows the SEM micrographs

and the boundary maps obtained by EBSP analysis for a

specimen deformed at 923K and a nominal strain rate of

0.01 s�1, and the latter shows those at 773K and the same

strain rate. In the boundary maps, the grain boundaries are

distinguished by using three colors according to the misor-

ientation angle, �. The red line expresses high angle

boundaries of � = 15�. The dark blue and light blue lines

express low angle boundaries of 5� 5 � < 15� and 1:5� 5

� < 5� respectively. The black point indicates the invalid

data where the image quality(IQ) or the confidence index(CI)

is too low (IQ < 50 or CI < 0:1). The image quality

represents the clearness of Kikuch diffraction pattern, and

the confidence index represents the reliability of a determi-

nation of crystal orientation.

Examples of the image quality maps by EBSP analysis are

Fig. 3 (a) Optical micrograph of the specimen deformed at 773K and a

strain rate of 1 s�1, and (b) distribution of equivalent plastic strain through

thickness.

Fig. 4 SEM micrographs and boundary maps obtained by EBSP analysis showing change in microstructure with strain for the specimen

deformed at 923K and a nominal strain rate of 0.01 s�1.
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shown in Fig. 6 for the same specimens shown in Fig. 4 and

Fig. 5. The clear contrast between the boundary and the grain

interior is an evidence that the dislocation density was not so

high in the interior of the grains even under a large strain of

2.9. This indicates that the dislocation density in the interior

of newly evolved grains or subgrains decrease due to some

dynamic restoration process and that a clear grain boundary

structure is built.

In either case of Fig. 4 and Fig. 5, high angle boundaries

increased with an increase in strain. Ultrafine ferrite grains

surrounded by the high angle boundaries were newly

generated especially along the initial grain boundaries and

the interfaces between pearlite and ferrite, and they increased

in number with an increase in strain. Pearlite was segmented

and transformed into the rows of spheroidized cementite

particles. The ultrafine grained structures containing newly

evolved equiaxed ferrite grains were obtained in the area of

the maximum equivalent strain over 4. Those observations

indicate that the formation of the ultrafine grains is a process

of fragmentation or subdivision of initial grains by the strain-

induced high angle boundaries. Large-scale migration of high

angle boundaries was not observed in the process.

As compared Fig. 4 and Fig. 5, the effect of the

deformation temperature on microstructural evolution is

revealed. Critical strain required to generate the ultrafine

grains surrounded by the newly evolved high angle bounda-

ries increased from about 0.5 to 1 with an increase in

deformation temperature. The area fraction and the average

size of the ultrafine grains decreased with a decrease in

deformation temperature.

In order to clarify the changes in microstructure with strain

under various deformation conditions, the grain boundaries

Fig. 5 SEM micrographs and boundary maps obtained by EBSP analysis showing change in microstructure with strain for the specimen

deformed at 773K and a nominal strain rate of 0.01 s�1.

Fig. 6 Image quality maps where "eq ¼ 2:9 with a strain rate of 0.01 s�1

and a deformation temperature of (a) 923K or (b) 773K.

Fig. 7 Classification of grains according to the misorientation.
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(including sub-boundaries) were classified into three types

according to the misorientation and were quantified respec-

tively. Moreover, the newly evolved grains (including

subgrains) were classified into three types as shown in

Fig. 7, according to the minimum misorientation of the

boundaries surrounding each grain.

Figure 8 shows the change in the area(volume) fraction and

the average size of newly evolved ferrite grains surrounded

by the boundaries having a misorientation larger than 15�

(grains of type A) or 5� (grains of type A&B) with strain

under various deformation conditions. The average grain

sizes ranged from 0.26 to 1.1 mm. The grain size did not

depend on strain for all the deformation conditions, while the

area fraction of the newly evolved grains increased monot-

onically with an increase in strain. They were already in

steady sizes although the microstructural changes were still

in progress in the strain range up to 4.

Figure 9 shows the change in length fraction and density

(boundary length per unit observed area of 1 mm2) of each

classified type of boundary under various deformation

conditions. The length fraction and the density of high angle

boundaries having a misorientation larger than 15� monot-

onically increased with an increase in strain, while the length

fraction of sub-boundaries having a misorientation smaller

than 5� decreased. This indicates that the average misor-

ientation of all the boundaries increases with increasing

strain.

The effects of deformation conditions are discussed next.

4. Discussions

4.1 Controlling factor of newly evolved grain size

It is generally known that the grain size formed through

discontinuous dynamic recrystallization in a steady state

deformation is governed by the Zener-Hollomon parameter

(Z-H parameter),25) which is expressed by Z ¼ _"" expðQ=RTÞ
where _"" is the strain rate (s�1), R is the gas constant (8.314 J/

mol�K), Q is the apparent activation energy of deformation

(J/mol) and T is the deformation temperature (K). The

authors24) have previously revealed that the average grain

Fig. 8 Change in the average grain size and the area fraction of newly evolved grains surrounded by boundaries having misorientation

larger than 15� or 5� under various deformation temperatures and nominal strain rates of (a) 923K, 0.01 s�1, (b) 823K, 0.01 s�1,

(c) 773K, 0.01 s�1, (d) 923K, 1 s�1, (e) 823K, 1 s�1, and (f) 773K, 1 s�1.
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size of the ultrafine grained structure formed through the

warm compressive deformations is governed by the Z-H

parameter.

In the present study, the average size of newly evolved

grains surrounded by boundaries having misorientation larger

than 5� is almost steady under a large imposed strain of about

4 as shown in Fig. 8. Accordingly, the Z-H parameter

dependency of the steady state grain size can be illustrated as

shown in Fig. 10. The activation energy of self-diffusion in

ferromagnetic ferrite iron, which is 254 kJ/mol,27) was used

as Q for estimating Z-H parameter.

In case of a higher strain rate of 1 s�1, heat generation

caused by the severe deformation cannot be neglected. The

rises in temperature by 12K, 31K and 39K were observed

during the deformations at 923K, 823K and 773K respec-

tively. Therefore the peak temperature during a deformation

was used as the deformation temperature.

The data on IF(interstitial free) steel reported by Tsuji et

al.28)were also plotted together in Fig. 10 in order to compare

the size of grains formed by a discontinuous dynamic

recrystallization (DRX) with that formed through a severe

warm deformation in our studies. The data in our studies are

on a single straight line and the relationship expressed by

DðmmÞ ¼ 101:97Z�0:162 is established between the average

grain size D and the Z-H parameter.

It is noted that they are on an extrapolated line of the data

on subgrains reported by Tsuji et al. rather than that on

recrystallized grains formed through discontinuous dynamic

recrystallization (DRX). This indicates that the size of newly

evolved ultrafine grains surrounded by high angle boundaries

is almost equal to that of sub-structures, such as subgrains

and dislocation cells, formed dynamically through the

deformations in the present study. Therefore large-scale

migration of high angle boundaries does not occur in the

microstructural evolution process through the severe warm

deformation, while it occurs in the process of discontinuous

recrystallization which consists of two stages of nucleation

and growth. It is considered that the evolution of an ultrafine

grained structure is formed through dynamic and static

recovery of a deformed structure. Such process can be

Fig. 9 Change in the length fraction and the density of boundaries classified into three types according to misorientation under various

deformation temperatures and nominal strain rates of (a) 923K, 0.01 s�1, (b) 823K, 0.01 s�1, (c) 773K, 0.01 s�1, (d) 923K, 1 s�1,

(e) 823K, 1 s�1, and (f) 773K, 1 s�1.
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understood to be similar to the microstructural evolution

mechanism called ‘‘continuous recrystallization’’ or ‘‘in-situ

recrystallization’’.

4.2 Effects of Z-H parameter on evolution of ultrafine

grained structure

The effects of the deformation conditions such as strain

rate or deformation temperature on the evolution of ultrafine

grains were experimentally revealed as shown in Fig. 9. They

can be rearranged by using the Z-H parameter as shown in

Fig. 11. The area fraction of newly evolved grains surrounded

by the boundaries with misorientation larger than 15� (grains

of type A) or 5� (grains of type A&B) decreases with an

increase in the Z-H parameter. The formation of ultrafine

grains is enhanced by a decrease in the Z-H parameter, that is

an increase in deformation temperature or a decrease in strain

rate. This indicates that some activation process plays an

important role in the formation process of the ultrafine grains.

On the other hand, the formation of strain-induced high

angle boundaries shows a different tendency. Figure 12

shows the effects of the Z-H parameter on the length fraction

and the density (boundary length per unit area of 1 mm2) of

high angle boundaries. The density of high angle boundaries

increases with an increase in the Z-H parameter although the

scatter in the data seems large. The effect of the deformation

conditions on the length fraction is relatively small. These

tendencies indicate that the formation of strain-induced high

angle boundaries increases with an increase in the Z-H

parameter in contrast to the formation of the grains.

The fact that the Z-H parameter determines the micro-

structural evolution reveals that the foundation of an ultrafine

grained structure is formed dynamically and that the process

is closely related to thermal activation process during and

after the deformation.

The microstructural evolution process is schematically

illustrated in Fig. 13. This is simply based on the concept of

‘‘continuous recrystallization’’ or ‘‘in-situ recrystallization’’.

Strain-induced local misorientation resulting in a newly

evolved high angle boundary increases with an increase in

strain (Fig. 13(a)!(b)!(c)). More straining develops

lamellar dislocation walls or boundaries perpendicular to

the compressive axis (Fig. 13(c)). Hughes and Hansen29) have

demonstrated such grain subdivision mechanisms accompa-

nied by the formation of lamellar boundaries in case of fcc

metals.

Thermal activation processes such as recovery, small-scale

migration of boundaries etc. enhance the rearrangement of

the boundaries, and assist the formation of equiaxed ultrafine

grains or subgrains (Figs. 13(e), (f), (g)). Increasing the Z-H

parameter suppresses the thermal activation process and

keeps the lamellar boundaries which do not contribute to

forming equiaxed grains.

5. Conclusions

Ultrafine grained structures formed dynamically through

single-pass warm compressive deformations at elevated

temperatures under Ac1 were investigated in a 0.16%C-

0.4%Si-1.4%Mn. The following conclusions were obtained.

(1) The formation process of an ultrafine grained ferrite

structure is similar to that called continuous recrystal-

lization or in-situ recrystallization.

(2) The average size of newly evolved ultrafine grains

surrounded by high angle boundaries is governed by the

Z-H parameter. It decreases with an increase in the Z-H

parameter.

(3) The formation of ultrafine grains is enhanced by a

decrease in the Z-H parameter, while the formation of

strain-induced high angle boundaries increases with an

Fig. 10 Z-H parameter dependency of the average size of newly evolved

grains surrounded by the boundaries having misorientation larger than 5�.

Fig. 11 Effects of Z-H parameter on the area fraction of newly evolved

ferrite grains.
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increase in the Z-H parameter within the range of

deformation conditions in the present study.

(4) Thermal activation processes are considered important

for forming an equiaxed ultrafine grained structure in

this microstructural evolution process.
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