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ln order to clarify the effects of reduction per pass in non-recrystallization temperature region of austenite
(y) on ferrite (c() grain size of low carbon steels, isothermal hot compression tests have been performed.

The hot deformations have been carried out by the constant reduction per pass of IO, 20 or 300/0 under the

cumulative reduction of 30 or 500/0 in the non-recrystallization region. The a: grain size is decreased about

150/0 With increasing the reduction per pass from IOto 300/0 under the cumulative reduction of 500/0. At this

time, the o( nucleation site density, which is defined as the numberof ygrain boundaries, deformation bands
and annealing twin boundaries per unit length of deformation direction, is increased about 300/0, [t is

estimated that the increase in the c( nucleation site density is caused by the increase in deformation bands,
Furthermore, the numberof oc nuclei per unit iength of y grain boundaries is increased about 100/0 With
increasing the reduction per pass from 10 to 300/0 under the cumulative reduction of 300/0. It has been
clarified by the ca]culation that the oc grain refinement by the large reduction per pass is mainly caused by
the increase in the cc nucleation site density, which is led by the increase in deformation bands.

KEYWORDS:ferrite; austenite; grain size, grain refinement; reduction per pass; non-recrystallization

temperature; hot deformation; ferrite nucleation; deformation band; annealing twin boundary; Iow carbon
steel.

l. Introduction

In controlled rolling of low carbon steels, transformed
microstructure is effectively refined by rolling in non-
recrystallization temperature region of austenite (y).

Ferrite (c() grains are more refined with increasing

cumulative reduction and with lowering rolling tempera-
ture in the non-recrystallization region. I ~ 6) However, the
effects of reduction per pass in the non-recrystallization

region on c( grain size have not been clarified.

Kozasu et al.3'4) showed that toughness of steels

hardly depended on reduction per pass in low tem-
perature region of y. Onthe other hand, several effects

with increasing reduction per pass in low temperature
region of yhave been reported.7 ~9) For example, Sekine

et al. showedthat apparent y grain boundaries, which
contained y grain boundaries and deformation bands,

were increased,7) Kaji et al. showed that deformation
bands were increased,8) and Yamabaet al. showedthat

toughness of mid thickness of thicker plates was im-
proved9) with increasing reduction per pass in low tem-

perature region of y. In these studies,7~9) however, it

has not been fully clarified (a) whether the steels were de-

formed at the non-recrystallization region, (b) whether
the metallurgical effects were caused by only reduction

per pass in the non-recrystallization region, (c) howthe

apparent ygrain boundaries and the deformation bands

were measured, and (d) how transformation behavior
and c( grain size were varied.

In this study, the isothermal hot compression tests

have been carried out in order to clarify the effects of
reduction per pass in the non-recrystallization region on
o( grain size of low carbon steels. Especially, attention

has been paid to deformation bands in y which act as
preferential o( nucleation sites.

2. Experimental Procedure

Chemical compositions of steels used in this study are
listed in Table l. The steels contain O.08 or 0.05 masso/o

carbon and 0.04 masso/o niobium, furthermore steel B
contains II massppmboron. Specimensare cylinders

with 8mmdiameter and 12mmheight, and they were
prepared from quarter thickness of continuous casting

slabs of 240mmthlckness.

The specimens were deformed with the hot compres-

Table 1. Chemical compositions of steels. (mass"/*)

SiSteel C PMn S Nb BN

A 0.08 0.24 1.40 0.01 O.005 0.04 0.002 -B 0.05 0.27 1.63 0.01 0.003 O.04 0.002 0.0011
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Deformation conditions with hot compression device.

Fig. 2. Optical micrographs of steel A deformed at I 123K by reduction per pass of 100/0, (a), or 30a/a, (b),
under cumulative reduction of 50 olo.

sion device, Thermecmastor-Z(Fuji Electronic Industrial
Co., Ltd). Pattern (a) in Fig. I shows the deformation
conditions to investigate cc microstructures, y-oc trans-
formation temperatures (Ar3 temperatures) and stress-
strain curves. The specimens were reheated to 1473K
and held for 600s, then deformed at 1323K by the
cumulative reduction of 17o/., subsequently deformedat

l 123Kby the constant reduction per pass of lO"/o (6
passes), 20 "/o (3 passes) or 30"/o (2 passes) under the
cumulative reduction of 5Oo/o

.
Thespecimenswerecooled

at 10 s after the deformations to roomtemperature with
th~ cooling rate of I K/s. Pattern (b) in Fig. I showsthe
deformation conditions to investigate ymicrostructures
through distributions of boron in y. Thespecimenswere
quenchedat 10 s after the above deformations with ,the

cooling rate of 50K/s. Pattern (c) in Fig. I shows the
deformation conditions to investigate isothermal trans-
formation behaviors. The specim~nswere' held at 923K
for 5 to 40s at lOs after the above deformations and
quenchedwith the cooling rate of 50 K/s. Pattern (d) in
Fig. I shows the deformation conditions to investigate
c( nucleation behaviors. The specimenswere reheated to
l 573Kand held for 600s, then deformed at 1423K by
the cumulative reduction of 28 o/., subsequently deform-
ed at I 123Kby the constant reduction per pass of 10 ol.

(3 passes) or 300/0 (1 Pass) under the cumulative reduc-

C 1996 ISIJ 604

tion of 300/0. The specimens were held at 923K for 30
to 40 s at 10 s after the deformations and quenchedwith
the cooling rate of 50 K/s. In this study, the reductions

meanpercentage of reduced height of the specimens, the
strain rate was 10 s~ 1, and the each inter-pass time was
lO s.

Microstructures of the specimenswere observed at the
center on a central section parallel to a compression
direction. Optical microscopy and scanning electron
microscopy were carried out after polishing the sections
and etching them in nital. Ar3 temperatures were mea-
sured from offsets on dilatation curves in the cooling
process. Distributions of boron in steel Bwere observed
by fission track etching method.

3. Results

3.1. Influences of Reduction per Pass on oe Microstruc-
ture and Ar3 Temperature

Figure 2 shows the Qc microstructures of steel A
deformed at I 123Kby the reduction per pass of 10 or
300/0 under the cumulative reduction of 50 o/o. The
micrbstructures are refined with increasing the reduction

per pass. Figure 3shows the influences of reduction per
pass at I 123K under the cumu]ative reduction of 50 olo

on the oe grain size and Ar3 temperature in steel A. The
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Fig. 5. Distributions of boron in stccl Bdcformed at 1323K
by cumulative reduction of 170/0, (a), and defonTled
at 1123Kby reduction per pass of 100/0, (b), or 300/0,
(c). under cumulative reduction of 50 o/o.

Fig. 4.

oc grain size was measuredas average diameter by the
linear intersection methodfrom Fig. 2. The c( grain size

is decreased about 150/0 with increasing the reduction

per pass from IOto 30 o/o, while Ar3 temperature is raised

about 30 K.

3.2. Influence of Reduction per Pass on Stress-Strain

Curve
Figure 4 shows the stress-strain curves of steel A

deformed at 1323K and deformed at I 123K by the

reduction per pass of 10 or 30 o/o under the cumulative
reduction of 500/0. In the deformation at I 123K, the

stress in 30 o/o reduction per pass is larger than that in

10 o/o reduction per pass, and the maximumstress at the
last pass is increased about 3o/o With increasing the

reduction per pass from 10 to 300/0.

3.3. yMicrostructure in Hot Deformation
Since boron atoms can diffuse easily In heated steels

becauseof their small size, they tend to segregate at the

sites where lron atom alignment is strongly disordered
in y, such as ygrain boundaries, deformation bands and
annealing twin boundaries. As a result, deformed prior

y structure can be observed through the distribution of
segregated boron. Figure 5 shows the distributions of
boron in steel Bdeformed at 1323Kby the cumulative
reduction of 170/0 and deformed at I 123 K by the
reduction per pass of 10 or 300/0 under the cumulative
reduction of 500/0. The y microstructure after the de-
formation at 1323K is recrystallized, and the average
grain size is about 56,tm. On the other hand, the y
microstructures after the deformations at I 123 K are
elongated, and recrystallized grains are hardly observed
regardless of the reduction per pass. Therefore, a de-
formation temperature of I 123K is the non-recrystal-
lization region in the range of reduction per pass from
lO to 300/0 in steel B. In niobium bearing steels, it is

knownthat recrystallization of y is strongly retarded by
strain-induced precipitation of Nb(CN),lo) In steel A
and B, the amountsof niobium and nitrogen are equal
to each other, but the amountof carbon is more in steel

A. Since the amountof Nb(CN)In y is incre'ased with
the amountof c'arbon, it is estimated that the retardation

of recrystallization of y in steel A is stronger than that
in steel B. Therefore, a temperature of I 123 K is regarded
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as the non-recrystallization region also in steel A.

3.4. Influence of Reduction per Pass on Isothermal
Transformation Behavior

Figure 6 shows the isothermal transformation be-
haviors at 923K in steel A deformed at I 123K by the
reduction per pass of 10 or 300/0 under the cumulative
reduction of 500/0. The c( fraction transformed (F[o/o])
and the numberof oe grains (N') weremeasuredby optical

O:1O'/. reductio.n per pass
G) IO e:30'/. reduction per pass
N.~5
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Fig. 6. Isothermal transformation behaviors at 923K in steel

A deformed at I 123 K by reduction per pass of lO

or 30"/'.

(1996), No. 5

microscopy, and the c( grain size (D') wascalculated as
the average diameter of the circles by using F and N'
(1z(D'I2)2 = (F/ IOO)/N'). Thoughthere is no significant dif-

ference in the Incubation times, which are approximate-
ly 10s in the both reduction per pass, Fand N' are in-

creased with the reduction per pass. Here, the oc nuclea-
tion rate per unit area of the observed section can be esti-

mated from the 1lnear relation between holding time and
N' at initial stage of transformation whennucleation does
not saturate. Since N' at the holding tlme of 10 s is regard-
ed as approximately zero in the both reduction per pass,
the nucleation rate is estimated from the slope of the tie

line betweenzero at the holding tlme of 10 s and N' at the
holding tirne of 15s. The nucleation rate is about 0.8 x
l03 mm~2s~I in 100/0 reduction per pass and about 1.5 x
103mm~2s~ I in 300/0 reduction per pass. In the same
way, the growth rate of oe grains is estimated from the
slope of the tie line between zero at the holding time
of lOs and D' at the holding time of 15 s. The growth
rate is about O.6~m/s in the both reduction per pass.

3.5. Influence of Reduction per Pass on oe Nucleation
Behavior

The o( nucleation behaviors were investigated by the
deformation conditions in pattern (d) in Fig. 1. In order
to distinguish between o( nucleation on y grain bounda-
ries and that inside ygrains, the deformation conditions
wherethe observedygrains were larger and less elongated

were selected. The holding time of 30 to 40s at 923K
wasneededto makeo( nucleation almost saturated. Figure

7showsthe c( nucleation in steel Adeformed at I 123 K
under the cumulative reduction of 30 o/o. c( nuclei occur
preferentially on the sites regarded as ygrain boundaries,
deformation bands and annealing twin boundaries. The

(a)

:(~)

Fig. 7. Scanning electron micrographs of oc nucleation at 923K in steel Adeformed at I 123K under cumulative
reduction of 30 o/o.

(a): c( nucleation on ~, grain boundaries (GB) and on annealing twin boundaries (ATB).
(b): e( nucleation on GBand on deformation bands (DB).
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c( nucleation sites sandwiched by parallel and straight

boundaries were regarded as annealing twin bounda-
ries,11) and other oc nucleation sites inside ygrains were
regarded as deformation bands. Here, the numberof c(

grains per unit length of saturated nucleation sites (M),
which refiects activation energy for c( nucleation,12) was
measured.Figure 8showsMon individual measuredsites

in steel Adeformed at I 123Kby the reduction per pass
of 10 or 300/0 under the cumulative reduction of 300/0.

Onygrain boundaries, the average value of Mis increased
about 10 o/o and the standard deviation of Mis decreased
about 160/0 with increasing the reduction per pass from
10 to 300/0. Onthe other hand, inside y grains such as

on deformation bandsandon annealing twin boundaries,
the average value varies hardly with the reduction per
pass, and the standard deviation is large in the both
reduction per pass. Furthermore, there is not a re-
markable difference between Mon annealing twin
boundaries and those on deformation bands.
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Fig. 9.

Measuring line

Segregation sites of boron

4. Discussions

4.1. Mechanisms for oe Grain Refinement by Large
Reduction per Pass

Theresults in Fig. 6indicate that the c( grain refinement
by the large reduction per pass in the non-recrystalliza-
tion region is caused by the Increase in the c( nucleation
rate, which corresponds to the rise in Ar3 temperature
in Fig. 3. The increase in the oc nucleation rate is led by
the increase in the numberof oc nucleation sites per unit
volume (i,e. o( nucleation site density: Nv) and/or thc
numberof c( nuclei per unit length of nucleation sites

(M). Accordingly, the mechanismsfor the o( grain re-
finement is discussed by Nvand M.
4. I .

l. Influence of Reduction per Pass on Nv
Asmentioned above, the segregation lines of boron in

Nv=Numberof intersections/Length of measuring line

Measuring methodof cc nucleation site density (Nv).

80
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E 40 Annealing twin boundaries
>Z 30

20 Y grain boundaries
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O IO 20 30
Reduction per paSS(o/o)

Fig. 10. Influence of reduction per pass at I 123K under
cumulative reduction of 50~/, on Nv in steel B,

Figs. 5(b) and 5(c) are regarded as ygrain boundaries,
deformation bands and annealing twin boundaries in

deformed y, and it is knownthat they act as preferential

oe nucleation sites.5,6,11~15) Here, Nv is defined as the
numberof the segregation lines per unit length of de-
formation direction as shownin Fig. 9. Figure 10 shows
the infiuence of the reduction per pass at I 123K under
the cumulative reduction of 500/0 on Nv in steel B. Nv
is increased about 30 "/, with increasing the reduction per
pass from 10 to 300/*.

It is difficult to classify the segregation lines into y
grain boundaries, deformation bandsand annealing twin
boundaries in Figs. 5(b) and 5(c), becausethe elongation
of ygrains is too strong under the cumulative reduction
of 50 o/.. Therefore, Nv in Fig. 10 includes the three
kinds of c( nucleation sites. The number of y grain
boundaries in Nv is decided from the recrystallized y
grain size which is about 56ktm in Fig. 5(a), and from
the aspect ratio of elongated ygrains which dependson
the cumulative reduction of 50 "/o

. Whenthe aspect ratio
is assumedto be approximately four from the cumulative
reduction of 50 o/., the numberof ygrain boundaries in

Nv is calculated to 36mm~I regardless of the reduction

per pass. Furthermore, since annealing twins are formed
during recrystallization process,11'16,17) the numberof
annealing twin boundaries is estimated to be also re-
gardless of the reduction per pass. Consequently, it is
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Table 2. Calculations ofo( grain refinement (D/DIO) based on Eq. (5).

Nv
Red, per pass

NVGB Nv[G MGB

M
MIG

N D/DI o

lOo/*

20"/o

300/0

36
36
36

17

27
32

MGlioB
=0.95Mic

M2G'OB
= I.05Ml~ =

[Gl .OOM
M3GoB= I . IOM1~=

lC;1.05M

M]G
M]G
M]G

49.5(MIG)2
62.8(MIC)2

71.3(MIG)2
0.92
0,89

estimated that the increase in Nvwith the reduction per
pass is mainly caused by the increase in deformation
bands.

4,1.2. Influence of Reduction per Pass on M
Onygrain boundaries in Fig. 8, the average value of

Mwas increased about 10 o/o with increasing the reduc-
tion per pass from 10 to 300/0 under the cumulative
reduction of 300/0. This result indicates that y grain
boundaries were a few activated with the increase in the

reduction per pass. Inside ygrains in Fig. 8, on the other
hand, the average value of Mwashardly affected by the
reduction per pass. The values of Mon annealing twin
boundaries and on deformation bands may strongly

dependon initial orientations of grains, consequently the

scatter is large.

4. I .3. Estimation of o( Grain Refinement by Increase in

Nvand M
Whenone nucleus grows one grain in transformation,

the diameter of newphase grains (D) is expressed by the
following equation.18)

D= (2/3N)1/3
.........

(1)

where, N: numberof nuclei per unit volume. Fromthe

Eq. (1), grain refinement meansthe increase in N. In this

study, the numberof cc grains per unit area of nucleation
planes is expressed by M2, and the numberof the c(

nucleation planes per unit volume is Nv. Therefore, the

numberof oe grains per unit volume (N) is expressed by
the following as layers of the unit plane.

N=Nv'M2
.... .........

(2)

Thedecrease in c( grain diameter (D) with the reduction

per pass are calculated as the following by the Eqs. (1)

and (2).

1/3D20/DIo= (N20/NI o) ~
" ' • • •• • • ••

(3)

l/3D30/DIo= (N30/Nlo)
- "" "" '

(4)

where, Dlo, D20, D30: Dunder reduction per pass of lO,

20 or 300/0, NiO, N20, N30: Nunder reduction per pass
of lO, 20 or 300/0.

The c( grain refinement by the large reduction per pass
is discussed by Nv in Fig. 10 and Min Fig. 8. Here, the
oc grain refinement under the cumulative reduction of
500/0 in the non-recrystallization region is estimated. It

is assumedthat the influence of the reduction per pass
on Munder the cumulative reduction of 500/0 is same
with that under the cumulative reduction of 30 o/o in Fig.
8. Whenthe transformation is classified into that on y
grain boundaries and that inside ygrains, the Eq. (2) is

modified as the following.

C 1996 ISIJ

Table 3. Calculations of c( grain refinement (D/DIO) based

on Eq. (2).

Red. per pass Nv M N D/DIo

100/0

20010

300/0

53
63
68

M
M
M

53M2
63M2
68M2

0.94
0.92

608

N=NVGB' (MGB)2+NvlG ' (MIG)2
.........

(5)

where, NvGl]: numberof ,/ grain boundaries in Nv, NvlG.

numberof a: nucleatlon sltes inside y grains in Nv (i.e.

numberof annealing twin boundaries and deformation
bands). MGI}: Mon y grain boundaries, M]G: Mon ec

nucleation sites inside ygralns (i,e. Mon annealing twin
boundaries and on deformation bands). Table 2shows
the calculations of the oe grain refinement (D/DIO) based

on the Eq. (5). The values of NVGBand NvlG were
estimated from Fig. 10. The values of MGBand MIG
were estimated from the average values in Fig. 8. The
value of MGBunder 20 o/o reduction per pass (M2Gol}) was
assumedfrom the relation between MGl} under 100/0

reduction per pass (MIGon) andMGBunder 30 o/o reduction

per pass (M3GOB)in Fig. 8. The value of MIGis estimated
to be regardless of the reduction per pass in Fig. 8, and
the relation between MiGol; and MIGis expressed as the
following.

MGI;=095 MIG
..........

(6)
lo '

Therefore, MGBand Nare expressed by MIG. On the
other hand, Table 3showsthe calculations of the o( grain
refinement (D/DIO) based on the Eq. (2). In this case,
the influence of the reduction per pass on Mis ignored,

and Mis assumedto be regardless of the reduction per
pass and of the kinds of nucleation sites.

Figure ll showsthe comparison betweenthe measure-
ments and the calculations on the c( grain refinement
(D/Dlo)' The three curves were madefrom the values

measuredin Fig. 3and the values calculated in Tables

2and 3. WhenNVIGand MGBare increased with the
reduction per pass as shown in Table 2, D30/Dlo is

calculated to be 0.89. Namely, the decrease ration of D
with the increase in Nvand Mis calculated to be II olo.

The calculated value is close to the measured value
of 150/0. WhenMis assumedto be regardless of the
reduction per pass as shown in Table 3, D30/Dlo Is

calculated to be 0.92. Namely, the decrease ratio of D
with the increase in Nv is calculated to be 8010.

Consequently, the decrease ratio of Dwith the increase
in Mis calculated to be 3o/o. Accordingly, it is estimated
that the c( grain refinement by the large reduction per
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pass is mainly caused by the increase in Nv.

4.2. Mechanismsfor Increase in Deformation Bands
In this study, it has been clarified that the oc grain

refinement by the large reduction per pass is mainly
causedby the increase in Nv, which is led by the increase
in deformation bands. Therefore, the mechanismsfor the
increase in deformation bands are discussed. Since
polycrystal metals are inhomogeneously deformed be-

cause of the difference of deformation characteristics

between adjacent grains, deformation bands are in-

troduced by accommodationslip due to interactions

between adjacent grains.19'20) Deformation bands in

polycrystal metals have been sometimes called micro-
bands,20) dense dislocation bands,20) boundaries be-

tween matrix bands21,22) and so forth, and their nature
has not been fully clarified. However, since it is known
that deformation bands are regions of high dislocation
density,23,24) the formation of deformation bands may
be associated with the disappearance of dislocations

during inter-pass and with the distribution of disloca-

tions with deformation.
Therelation betweenstress (a) and dislocation density

(p) in low carbon steels is expressed by the following
equation.25)

p=aGb(p-
po)1/2

..............
(7)

where, a: constant (1.83), G: shear modulus (8 x 104

MPa), b Burgers vector (2 6x l0~10m), po: initial dis-

location density (1012 m~2).25) The dislocation density
(p) calculated from the maximuma at the last pass in

Fig. 4is 2.70 x lOi3 m~2in 100/0 reduction per pass and
2.84 x 1013m~2in 300/0 reduction per pass. The dis-

10cation density (p) is increased only 5o/o with increasing
the reduction per pass from 10 to 300/0. As shown in

pattern (a) in Fig. l, the numberof passes at I 123K
was6times in 100/0 reduction per pass and 2 times in

30 o/o reduction per pass under the cumulative reduction
of 50 o/o, and the each inter-pass time was10 s. Therefore,
the total inter-pass time was 50s in 100/0 reduction per
pass and 10 s in 300/0 reduction per pass. It is estimated
that shortening of the total inter-pass time decreases the

amountof dislocations disappearing during inter-pass,

so that p is increased with the reduction par pass. Since
deformation bands have high dislocation density, the

609

increase in pmaybe lead to the increase in deformation
bands. However, it is difficult to explain the increase in

deformation bands, whlch is 300/0 of Nv in Fig. lO, by
the increase in p, which is only 5olo.

Next, the distribution of dislocations with deformation
is discussed. In this case, weassumeshort inter-pass time,

whenthe disappearance of dislocations does not occur
but the rearrangement of dislocations occurs, constant
cumulative reduction and constant p. In deformation by
several passes, preferential deformed orientations of
individual grains at latter pass maynot be strictly same
with those at former pass becauseof the rearrangement
of dislocations during inter-pass. That is to say, Iocalizing
sites of dislocations mayvary at each pass. Therefore,
the dislocations maybe morehomogeneouslydistributed
with increasing the number of passes. Paradoxically,
deformation by large reduction per pass resulting in small
numberof passesmaypromote localizing of dislocations,

consequently deformation bands maybe easily formed.
There is a necessity for the influence of reduction per
pass on the formation of deformation bands to be more
clarified experimentally.

5. Conclusions

In order to clarify the effects of reduction per pass in

non-recrystallization temperature region of yon c( grain
size of low carbon steels, isothermal hot compression
tests have been performed. The hot deformations have
been carried out by the constant reduction per pass of
10, 20 or 300/0 under the cumulative reduction of 30 or
50 o/o in the non-recrystallization region. Themain results

can be summarizedas follows:
(1) The oc grain size is decreased about 150/0 with

increasing the reduction per pass from 10 to 30 o/o under
the cumulative reduction of 500/0. At this time, Ar3
temperature is raised about 30 K.

(2) The o( nucleation site density, which is defined as
the numberof y grain boundaries, deformatlon bands
and annealing twin boundaries per unit length of
deformation direction, is increased about 300/0 with
increasing the reduction per pass from 10 to 30 o/o under
the cumulative reduction of 50 o/o. It is estimated that the
increase in the o( nucleation site density is led by the
increase in deformation bands.

(3) Thenumberofc(nuclei per unit length ofygrain
boundaries is increased about 100/0 With increasing the
reduction per pass from 10 to 30 o/o under the cumulative
reduction of 300/0. Onthe other hand, the numberof c(

nuclei per unit length of nucleation sites inside ygrains
is hardly affected by the reduction per pass.

(4) It has been clarified by the calculation that the o(

grain refinement by the large reduction per pass is mainly
caused by the increase in the cc nucleation site density.

(5) The increase in deformation bands by the large

reduction per pass maybe associated with shortening of
total inter-pass time and with localizing of dislocations
with deformation.
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