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Spreadsheet ModelIing of Grain Size Evolution during RodRolling
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An analysis wasconducted of the pass-by-pass evolution of austenite grain size during the rod roliing

of plain carbon steel. This wasachieved by organizing previously-developed equations relating grain size

and hot working parameters into acommercial computerspreadsheet program. Byconsidering the substantial

"redundant" strains developed during rod rolling, the analysis reveais that metadynamicrecrystallization

(MRX) is the dominant microstructural process, and this is confirmed by the mill grain size measurements
reported previously, The spreadsheet was also employed to examine the effects of modifications to rod
rolling practice aimed at refining the austenite grain size. Little benefit is obtained by increasing the strain

rate or by reducing the distance from the final rolling pass to the laying head. Onthe other hand, increasing

the cooling rate on the forced-air cooling deck should lead to measurable grain refinement. Lowering the

temperature during rolling can lead to even more refinement, and various strategies to achieve this are
discussed.
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1. Introduction

During the early stages of rod rolling, the pass strains

are usually high enoughto initiate dynamic recrystalliza-

tion (DRX). In the case of rod finishing, although the

nominal pass strains are below the critical strain for DRX,
the interpass times are too short for significant amounts
of conventlonal static recrystallization (SRX) to occur.

1)

As a result, the strain accumulates frorn pass to pass
until DRXis initiated. This is the case even for plain

carbon-manganesegrades.1'2) At the completion of a
pass involving DRX,the recrystallization that occurs is

no longer "dynarmc"; rather, rt is "metadynamrc" (or

"post-dynamic").3'4) Previous workl,2,s,6) indicates that

metadynamicrecrystallization (MRX)can result in fine

austenite grain sizes at high values of the Zener-Hollo-

monparameter; i.e, at high strain rates and relatively

low temperatures. In one sense, the real importance of

DRXduring hot rolling is that it sets the stage for MRX.
Whenthe interpass times are too short for significant

arnounts of SRXto occur, the rolling practices that

exploit this grain refinement potential can be termed

"metadynamicrecrystallization" controlled rolling. When
the interpass times are too short even for significant MRX
to occur, the practice can be referred to as "dynamic
recrystallization" controlled rolling.s,6) (Note, however,

that the latter is not the case for the rod finishing of

plain C-Mngrades. This is because enough time is

available for substantial MRX,even during interpass

intervals as short as 0.0 1sec, as a result of the high driving

forces that are generated. See Sec. 2.2 below.) MRX
controlled rolling schedules can only be designed for

tandem (i.e. short interpass time) rolling processes be-

cause the relative absence of carbonitride precipitation,

as well as of SRX,are both prerequisites.2) This contrasts

with the better known"conventional" controlled rolling

(CCR)and "recrystallization" controlled rolling (RCR)
types of schedule applicable to reversing mills, during

which precipitation and SRX,respectively, are required

to take place.

In the past, the physical simulation of rolling sched-

ules-for example, by meansof laboratory torsion tests-
has proved to be very helpful in the design of rolling

practices for reversing mills.2,7,8) However, the high

strain rates associated with the finishing stages of tandem
mills (up to I OOOs~1 or higher in rod mills, and up to

200s~ I in strip mills), cannot readily be achieved using

laboratory equipment. As a result, it is difficult to carry

out physical simulations to provide grain size informa-

tion that is directly applicable to rod finishing (and, to

a lesser extent, to strip finishing). MRXcontrolled rolling

practices, therefore, have not attained the high levels of

developmentand optimization associated with CCRand

RCRschedules. To someextent, this can be overcome
by carrying out computer simulations of rolling that

employequations relating the grain size to the hot rolling

parameters.

In the present paper, an approach is outlined whereby
the evolution of austenite grain size during rod rolling

is modelled by incorporating the relevant equations into
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commonly-usedspreadsheet software. Themodel is then

employed to examine the effects of several possible

modifications to the current rolling practice for plain

carbon steel wire rod. The overall aim of performing

these calculations wasto explore the potential for refining

the austenite grain size by meansof MRXcontrolled

rolling.

2. Austenite Grain Size Evolution during and after Hot
Rolling

2.1. Grain Size Evolution Equations

Overthe years, several research groups havedeveloped

equations relating the evolution of austenite grain size

dy to the hot rolling parameters. A recent overview is

provided by Hodgsonand Gibbs.9) Theseequations have

been incorporated in our laboratory into a commercial

spreadsheet (for example, Microsoft Excel*, or Lotus
1-2-3**).

In the first step of the procedure, the critical strain 8*

required to initiate DRXis calculated, since the softening

mechanismoperative after each pass-either conven-
tional static recrystallization, or metadynamic(i.e. post-

dynamic) recrystallization-depends on whether the pass
strain is less than or greater than this value. It is calculated

from the grain size at the start of the pass d~, the strain

rate ~, and the absolute temperature T(degrees K)10):

8* = 5.6 x l0~4dg•3Z0.17 ..........(1)

whereZ=i ' exp(300 OO0/8.31T) is the ZenerHollomon
parameter. This sharp demarcation between SRXand

MRXat 8* is probably somewhatof an over-simpli-

fication, as it implies that the occurrence of a small

amountof DRXduring the deformation is sufficient for

the entire structure to recrystallize by MRXafterwards.

Nonetheless, this appears to be supported by studies

showing that the recrystallization kinetics are virtually

independent of strain for deformations beyondthe DRX
peak strain, and possibly even for deformations only

slightly higher than e*.6,1 1)

The recrystallized fraction Xafter a given pass can be

specified by a form of the Avrami equation:

-
))( q

X=I exp~~
0.693

t (2)

t0.5

where the Avrami exponent q and the time for 500/0

softening to.s dependon whether the softening is by SRX
or MRX9'11):

if 8 8* (i.e, whenSRXoccurs), then

-t05 23xlO 15e2.5d~exp
230000

(3)

8.31 T
if 8> e* (i.e. whenMRXoccurs), then

=to
5

1,lZ 08exp
230000

(4)

8.31 T

where q=1 for SRXand q=1 5 for MRX9) These
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equations weredeveloped using fractional softening data,

which include componentsdue to both recovery and
recrystallization. However, in what follows, it has been
assumedthat they are accurate for describing the kinetics

of recrystallization alone. This only leads to small errors
in the analysis, particularly as the maln focus is on the

completion of recrystallization, which coincides with the

completion of softening.

If the softening is by SRX,and there is sufficient time
for the recrystallization to proceed to completion, the

grain size (in ,4m) is given by9'11):

-
.

dsRx=3438 o 5dO4exp
~45000

(5)
8.31 T

Similarly, the grain size after complete MRXis9'1 i):

dMRx=2.6xlO Z 023 ..........(6)

It is worth noting here that the equations for t0.5 and

dwere originally developed to describe the behaviour

under isothermal conditions, while the temperature dur-

ing hot rolling is continuously changing. This can be

taken into account by using the "temperature-com-
pensated time" approach adopted by Sellars and co-
workers,12) or the "additivity rule" of Scheil. 13) However,
in the present work, the interpass times were judged to

be short enough for t0.5 and d to be computed at a
single temperature, the one corresponding to the simple

average of the prior and subsequent passes.

Grain Coarsening: For the rod rolling of plain Cgrades,

the interpass time tiP is usually muchlarger than that

required for complete MRX(from Eq. (2), t0.95 =2.65 x
t0.5), and grain coarsening follows recrystallization.

Grain coarsening also occurs in the event that there is

complete SRX(to.95=4.32 x t0.5)' As discussed else-

where,1 1'14) there are problems with the currently avail-

able grain coarsening equations, and the "pragmatic"
approachdescribed by Hodgsonet al. I l) is adopted here.

Basically, grain coarsening at times longer than about

1s is well described by equations with the grain size term
raised to the power 7:

for SRX:

d7
=dsRX+ I .5 x 1027(tip -4.32t0.5)

exp( ~400OOO

8.31 T
.

(7)

for MRX:

-
(-d =d~Rx+8.2 x 1025(t. 265to 5) exp

400OOO
*p 8.31 T

.(8)

but this formulation leads to unrealistically rapid coars-
ening at shorter times. To get around this, second order

equations are employed for times shorter than I s:

for SRX:

*

**

Trade mark of Microsoft Corp., Redmond,Washington, USA.
Trade mark of Lotus DevelopmentCorp., Cambridge, Massachusetts, USA.
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Fig, l, Austenite grain coarsening behaviour after either full

static (SRX)or full metadynamic(MRX)recrystalliza-

tion, Note the transition from second order to seventh

order equations at I s,

-
(- l 13OOO

d2=d~Rx+40>10 (tlp 432t05)exp
8.31T

for MRX:

.

(9)

-
(- 113OOO

d2=d~Rx+1'2x10 (tlp 265to 5)exp
8.31T

..(10)

where the constants are selected so that the second and

seventh order curves intersect at around I s (see Fig. 1).

The grain size after recrystallization (and coarsening, if

any) is then d~ at the entry to the next stand.

Partial Recrystallization: If there is only partial re-

crystallization between passes, the average grain size at

the entrance to the next stand can be calculated from a
"law of mixtures" type of relation that takes into account
the softened and non-softened grains "inherited" from

the previous passl2,14)

d.,.
, =

Xt/3 . dRx=+ (1

-
Xi)2

.
d~, .............(1 l)

Here, dRX is determined from either Eq. (5) or (6), as

appropriate. Note that if Xis small, there is little change
in grain size (that is, there is only achangein grain shape)

before the next stand.

Partial recrystallization also resuits in some strain

being retained to the next stand, and the accumulated

strain 8* is calculated according to the relation9):

8*
+ *

ei+ I """-"
(12)

= +(1-Xi)ei
........

This is the strain value that is inserted into Eq. (1) to

determine whether or not DRX(followed by MRX)is
initiated during that pass.

RedundantStrains: Thestrains at eachpass are actual-

ly significantly larger than those that would be calculat-

ed simply frorn the reductions in cross-sectional area

through the rolling stands. This is because there are two
types of "redundant" strain that are developed during

rod rolling. The first, which is the larger of the two, is

associated with the profile changes such as square-
to-oval, oval-to-round, and round-to-oval. It involves

plastic work and reversed shears, even whenthere is no
net changein cross-sectional area. Thesecondarises from
the finite length of the working zone, andconsumeswork

even in the absence of profile changes. It involves the

shear or "folding" of an element of metal whenit begins

to undergo converging fiow in the deformatlon zone,
followed by reverse shear or "unfolding" upon exiting

the deformation zone.Is) The first type is largely absent

in simple flat rolling operations, wherethe profile remains

rectangular throughout, while the second is always

present as long as there is friction and/or the deformation

zone is relatively short.

Thecomputermodelof deformation during rod rolling

developed at BHPSteell6) has been employed to calcu-

late the redundant strains associated with specific pass
geometries. These simulations indicate that the total

stralns per pass (including area strain, as well as the two
types of redundant strain described above) are factors

of I .5 to 2times the simple area strains in the roughing

passes, and factors of 2to 3in all subsequent passes. In

the present work, for simplicity, the pass strains were
taken to be a constant factor of I .7 times the area strain

for the roughing stands, and 2.5 times the area strain

subsequently. That is, the variations in redundant strain

factor attributable to the profile changesassociated with

particular passes are neglected here.

2.2. Grain Size Evolution after Low and High Strain

Rate Deformations

It was remarked in the Introduction that the large

differences between rod mill and laboratory strain rates

makeit difficult to devise physical simulations that are

directly applicable to rod finishing. This problem can be

seenmoreclearly by comparingthe evolution of austenite

grain size during and after deformation, at mill and

laboratory rates. Using the relations given in the previous

section, this is demonstrated in Fig. 2for a temperature

of I OOO'C,strain rates of I s~ I (1ab) and 500s~ I (mill),

and a single applied strain of O.8 (i.e, well into the DRX
regime for both rates)*. Even for scenarios where the

starting grain sizes are the same(e.g. 50 ~m), the evolution

of dy with time is considerably different for the two rates.

This considerably complicates the task of trying to

apply laboratory results to rod finishing conditions. For

example, a quenchtime of 2or 3s after a laboratory test

leads to very little coarsening, whereasin the sameelapsed

time after the last mill stand, there is significant coars-

ening. Laboratory tests can therefore only be used to

confirm existing grain evolution equations (or develop

new ones), and these then have to be extrapolated to

predict the behaviour at rod mill strain rates. There is

no way to simulate the mill behaviour directly.

It can be seen from Fig. 2 that MRXis more rapid

* In Fig. 2, the estimates for dDRXWereobtamedfrom9 1l)

be a straight line.
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and results in a finer recrystallized grain size after de-

formation at the higher strain rate. This can be ascribed

to the higher dislocation density pgenerated during the

higher rate deformation. Recalling that (TCcpl/2 and that

(Toci~, it is evident that p2/pl =
(cr2/(T1)2

=
(~2/~l)2~. The

rate sensitivity m is typically -0.13 for steel at hot

working temperatures, and this leads to p2lpl - 5in the

present case. Such a higher density can be expected to

lead to both morenumerousnuclei, as well as a hlgher

driving force for recrystallization.

2.3. Spreadsheet for a 12mmRodRolling Schedule

The grain size evolution equations presented in Sec.

2,1 were applied to a 19 pass schedule used for rolling

127 x 127mmsquare billets downto 12.0mmdiameter

rods. This schedule waschosen because it Is one where

Hodgsonet al.11) actually measuredthe austenite grain
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E
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time after the startof deformation (sec)

Fig. 2. Austenite grain size evolution during and after

deformation at IOOO'Candtwo strain rates: Iaboratory

(1 s~ 1), and mill (500 s~ 1).
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Table l(a).

size immediately after finishing, and the spreadsheet

results can therefore be comparedwith mill data. The
pass-by-pass spreadsheet calculations are shownin Table
1(a) (R: Roughing, I: Intermediate, P: Prefinishing, F:

Finishing). Note that there is a 90'C temperature drop
betweenstands P2and FI becauseof water cooling prior

to entry into the finishing block.

Because of the magnitude of the redundant strains,

the individual pass strains applied in the roughing,

intermediate, and prefinishing stands actually exceed

those required to initiate DRX.Thesoftening after each

pass therefore occurs by MRX.Moreover, according to

the kinetics (Eq. (4)), there is sufficient time for complete

MRXfollowed by significant grain coarsening before the

beginning of the next pass. Aninteresting point to observe

here is that since the MRXgrain size dependsonly on
the strain rate and temperature (Eq. (6)), the grain size

at the end of the pass is independent of the grain size at

the beginning of the pass. Thus, dv=24.8~mat the

entrance to Fl because of the conditions at and after

pass P1; it does not depend on what happened in the

previous 15 passes.

In the first finishing stand (F1), the spreadsheet

calculation suggests that the pass strain is not quite

sufficient to initiate DRX,presumably because the 90'C

temperature drop and higher strain rate makeit more
difficult to attain the required critical strain. However,
it must be borne in mind that the calculated pass strain

for Fl is just less than 8. and the redundant strain was
only estlmated in an approximate manner. It is quite

possible therefore that DRXis actually initiated in this

pass as well. At any rate, according to the spreadsheet,

such softening as takes place after Fl is due to SRX.
However, there is insufficient time for substantial SRX
to occur, so that about half the strain is carried over to

the next pass, Ieading to the initiation of DRX.The
critical strain is also exceeded in F3, Ieading to MRX
after that pass.

Spreadsheetcalculations for the 12mmrod schedule, showing the

grain size 0.400 s after the final pass.

pass* dat temp 8 rate

entry

(um) ('C) (s~1)

time 8 ea ;c
to next

(s)

~a>8c? to
5 X d if dafter

time
(s) X>0.95 (um)

R1
R2
R3
R4
R5
R6
R7
ll

12
13
14
15
16

P1
P2
F1
F2
F3
F4

1oo
50,4

26,9
20,2

17,0

16.5

16.3

23.9

21 ,4

19,6

18,6

18,1

17,8

29.9
20.s

24.8
i3.2
7. 1
6,8

1050
943
891
879
877
895
897
992
955
971

975
993
998

i 047
1037
947
906
929
909

0,90

1,48

1,65

3,25

4,08

8.77

8.48

23,6

25,0

40,6
45,1

63 7
66,8

97.2

83.4

250
208
422
413

15 90
13,90
9,56

5,09

3,45

2,41

8,
06

123
o.96

o74
0,60

o48

354

o39

228
0,070

o057

o040

o400

0.45
0.51

o.63

0.69

0.51

o71

0.45

0.76

0.68

0.54

0.59

0.49

o52
0.39

o32
0.56

0.49

o60

o51

0.45
0.51

o.63

0.69

0.51

0.71

0.45

o76
o.68

0.54

o59
0.49

o52
0.39

0.32

o.56

0.75

0.60
0.51

o.23

0.30
0.32

0.35

0.34

0.36

o35
0.32

0.36

0.35

0.35

o.34

0.34

0.35
0.32

0.57

0.55

0.46

0.50

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y

1, 163
0.492
0.297
o. 154
o. I04
0.068
0.028

0,047
0,027
0,021

o017
0,01 5
oolo

o012
0.027

0.062

0,004

o,
004

o006

1,
oo

1,oo

1oo

1,oo

1,oo

1oo

1,oo

1oo

1.oo

1.oo

1,
oo

1,oo

1,oo

1Oo

1,oo

0,54

1,oo

1,oo

1.oo

50, 1
25,7

18,5

14,7

13.8

12.9

13.2

17.7

14.4

14.0

14,0

14,2

14,4

16,8

16 6
18.1

6.7

6.5

5.8

50.4

26.9

20.2

17.0

16.5

16.3

23.9

21 .4

19.6

18.6

18.1

17.8

29.9

20.5
24.8

13.2

7. 1
6.8

8.3

R Roughing, I: Intermediate, P: Prefinishing, F: Finishing
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Table 1(b). Sameas above exccpt that the grain sizes are calculated at the

laying headandat the start of the austenite-to-ferrite-plus-pearlite

transformation.

pass dat temp
entry

(um) ('C)

8 rate

(s~1 )

time e 8a 8c
to next

(s)

s >s ?a c
t0.5

(s)

X d if dafter

time

X>0.95 (um)

F3
F4

laying

head

Ar3

7.1

6.8

15.3

15 5

929
909

850

800

422
413

0,040 0,60
3.3 o51

6

o60
o51

O.46 Y
0.50 Y

o,
004

0,006
1
1

1

.oo 6.5 6.8

.oo 5. 8 15.3

oo

DRXalso occurs during the fina] pass, followed by

MRXandcoarsening. About0.01 5s (i,e. 2.65 x t0.5) after

exiting this stand, the fully recrystallized grain size is

calculated to be about 5.8 ~m. SomeO.400safter exiting,

the grain size coarsens to about 8.3 pm. This prediction

comparesvery well with Hodgsonet al.'s measurement
of 8~mfor the surface austenite grain size about 0.4s
after the final pass. The latter was obtained by rapid

quenching of the 12mmrod in the water boxes located

after the finishing block of a BHProd mill.il)

Grain coarsening continues in the time it takes for the

rod to travel to the laying head, and then to begin

transforming into ferrite (plus pearlite) on the forced-air

cooling deck. Whenthe exit speed of the rod is 15m/s,

and the laying head is about 49maway from the final

stand, about 3.3s are available for grain coarsening

betweenfinish rolling and the laying headat an "average"

temperature of approximately (909'C +850'C)/2. Thus,
the grain size at the laying headcoarsens to about 15.3 kam
(see Table l(b)). If the transformation starts at about
A.3 - 800'C and the cooling rate is lO'C/s, then a further

5sare available for additional grain coarsening between
the laying head and the start of transformation. Thus,
dy at the start of transformation is computedto be about

l5.5 ~m.

2.4. MRXversus SRX
The above spreadsheet results take into account the

occurrence of both dynamlc and metadynamic re-

crystallization. The combination of these two mecha-
nisms leads to a predicted grain size 0.4 s after finishing

(dv=8.3~m), a predlction that is close to the one
measuredin the mill (dy =8ktm). As a matter of interest,

it is possible to estimate the grain size that is likely to

be produced if one assumesthat neither DRXnor MRX
can occur. Analternative spreadsheet calculation based

on the SRXequations is presented in Table 2(a). It can
be seen that considerable grain refinement is again

predicted, but not quite to the samedegree. For example,
dy is calculated to be 11.4 ktm immediately after the final

stand, coarsening to 14,1 pmafter O.4s. These are sub-
stantially larger than the corresponding MRXpredic-

tions (5.8 and 8.3 pm, respectively). More importantly,

the SRXprediction of 14.1 ~mis nearly twice as large

as the corresponding measured grain size. This com-
parison therefore supports the view that DRX/MRXare
indeed the dominant microstructural processes during
rod rolling,1 1) although moreaccurate relations describ-

ing the grain coarsening kinetics after both SRXand

Table 2(a). Spreadsheet calculations for the 12mmrod

schedule, showing the grain size 0.400 safter the

final pass, but assumingthat only SRXoccurs,

pass dat temp
entry

(~Lm) ('C)

E rate

(s~ I)

time B X d if daftert0.5Ea
to next time

(s) (s) X>a95 (~Lm)

R1
R2
R3
R4
R5
R6
R7

1
2

13

14

15

16

Pi
P2
F1
F2
F3
F4

1oa
52 4
34 2
27 5
24 2
23 6
23 8
36 i
31 5
31 2
31 1
30 7
31 7
45 4
42 5
39 7
25 3
il 4
11 2

ia50
943
891

879
877
895
897

992
955
971

975
993
998

i047

1037

947
906
929
909

o90

148

165

325

408

877
8.48

23 6
25 o
40 6
45 1
63 7
66 8
97 2
83 4
250
208
422
413

15 90

1390

956

509

345

241

806

i 23

O96

o74

O60

o48

354

o39

228

o070

o057

o040

o400

o45

o5i

o63

o69

o51

o71

o45

o76

o68

o54

o59

o49

o52

a3g

o32

o56

o49

o60

o51

O45

O51

O63

O69

O51

O7i

O45

D76

O68

O54

O59

O49

O52

O39

O33

O56

O91

O77

O52

o486

o43i

o204

o122

o167

o057

oa71

o026

o031

o046

o030

o039

o023

o067

o2io

o159

o024

o007

o040

1oo

1oo

i oo

1oo

1oa

1oo

1oo

1oo

1oo

1ao

i oo

1oo

1oo

o98

1oo

o26

o8i

og8

i oo

45 1
24 7
i6 5
14 1
16 o
14 o
21 2
21 4
2a 6
24 o
23 8
27 o
29 1
40 9
37 o
21 8
13 9
il i
11 4

52 4
34 2
27 5
24 2
23 6
23 8
36 1
31 5
31 2
31 1
30 7
3i 7
45 4
42 5
39 7
25 3
li 4
11 2
14 1
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Table 2(b). Sameas above except that the grain sizes are
calculated at the laying head and at the start of

the austenite-to-ferrite-plus-pearlite transfor-

mation
.

pass dat temp
entry

(~Im) ('C)

s rate

(s~1 )

time s X d if dafterEa to.5

to next time

(s) X>095 (um)(s)

F3
F4

iaying

head

Ar3

11 4
li 2
23 o

23 1

929
909

850

800

422
413

0040 060 077 o007 098 111 ii2
33 051 052 0040 ioo 114 230

5 1ao

724

MRXwould clearly be useful.

The SRXspreadsheet predictions for dv at the laying

head, and at the start of transformation, are shownin

Table 2(b). These values are also substantially higher

than those predicted by taking MRXinto account.

2.5. Spreadsheet for a 5.5 mmRodSchedule

The grain size evolution equations presented in Sec.

2.1 were also applied to the 25 pass schedule examined
by Cetlin et al.17) for rolling 127 x 127mmsquare billets

downto 5.5mmdiameter rods. The finishing passes of
this schedule involve higher strain rates and shorter in-

terpass times than those associated with 12rnm prod-

uct. This schedule therefore has greater potential for

increased grain refinement through modifications to rod

rolling practice. Thepass-by-pass spreadsheet resu]ts are



Table 3.
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Spreadsheet calculations for the 5.5 mmrod schedule described in

Ref, 17), showing the grain sizes at the laying head and at the start

of transformation. A cooling rate of lO'C/s is assumed for the

forced-air cooling deck.

pass dat temp s rate time B
entry to next
(~Lm) ('C) (s~1 ) (s)

8a 8c Ea sc? to
5 X d if dafter

time
(s) X>0g5 (um)

R1
R2
R3
R4
R5
R6
F~7

li

12
13

14

P1
P2
P3
P4
F1
F2
F3
F4
F5
F6
F7
F8
F9
FIO
l~yi~g

h*,d

Ar3

1oo
53.8

38.6

31 8
26.0

25 4
20.3

18 o
14 6
14 5
130
17 8
150
17 1
15 3
23 9
12 3
13 9
133
134
11 9
132
11 3
11 9
10 3
17 o
22 8

1050
980
955
945
940
915
895

880
880
880
900
920
94a
957
970
970
990
i005
1017

1026
1033

1039

1044

1047
1050
900

800 '

o68

o63

o84

1.80

1.57

2.40

349

525

508
13.0

975

25 5
16 7
46 2
37 1
83 7
71 2
121

151

3i4
22i

498
421

868
782

14 5
76
6i
48
3.5

26
48
14
1.3

o65

30
o66

o56

o41

35
o079

o061

o.a47

o036
o.028

o023
o.018

o014

ool 1
o817

10

o63

o58

o37

o4i

o54
0.53

o54
0.83

o60

o78
0.55

o65
0.43

o75
0.53

o58

o50

o55
0.55

o63
0.53

o63

o55

o60

a53

0.63

o58

o37
0.4i

o54

o53

o54

o83
0.60

o78

o55

o65

o43
0.75

o53

o58
0.5a

o55

o55

o63

o53

o63

o55

o60

o53

o22

o23

o24

o27
o.25

o30

o33

o36

o34
0.39

o33

o39
0.32

o37

o33

o43

o32

o34

o33

c36

o32
o.37

o34

o39

o36

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

1065

o761

o520

o268

o361

o242

o168

o i03

o l06

o040

o052

o025

a037

o017

oa23

oolo

o012

o008

o007

o004

o006

o003

o003

o002

o008

1oo

1oo

1oo

1oo

1,oo

1oo

i ,oo

1oo

1oo

i oo

1oo

1oo

1,oa

1oo

i ,oo

1oo

1,oo

1oo

1oo

i oo

1oo

1oo

i oo

1oo

1,oo

1oo

53 4
38 3
31 3
24 9
25 o
i9 6
159
13 2
i3.3

10 7
13 a
il 7
14 5
i2 6
14 2
li 8
13.6

13 o
i3.1

li 6
13.0

il 1
11 8
10.2

10.6

53 8
38 6
31 8
26.0

25.4

20 3
i80
14.6

i4 5
13.0

17 8
150
17.1

i5 3
23 9
12 3
i39
13.3

i34
li 9
13 2
11 3
11 9
10 3
17 o

shown in Table 3. Note that the area strains given in

Ref. 17) have been multip]ied by the factors described in

Sec. 2.1 to take the redundant strains into account.
It is evident that all 25 pass strains are larger than the

respective ones required to initiate DRX;that is to say,
unlike the case of the 12mmschedule, there are no
sequences where the strain must be accumulated over
two or morepasses before DRXis initiated. It follows,

of course, that the softening after every pass is by MRX.
The fully recrystallized grain size after the final stand is

l0.6~m. At a rod exit speed of 60m/s, and with the

laying head 49mawayfrom the final stand, about O.8 s
are available for grain coarsening between the end of
rolling and the laying head. A Iaying head temperature
of 900'C and cooling rate of lO'C/s lead to a further

lO s of grain coarsening, and dv is computedto be about
22.8 ,tm at the start of transformation.

For comparison, if only the SRXequations are used,

the fully recrystallized grain size at the exit of rolling is

predicted to be about 21 pm, and this coarsens to about
35 /Im at the start of transformation. This is unrealistic-

ally large, and supports the notlon that MRXmust be
taken into account whenmodelling rod rolling behaviour.

3. Modifying the 5.5mmRod Rolling Parameters to

Reducedv

By arranging the grain evo]ution equations into a
computer spreadsheet, it becomes quite easy to in-

vestigate the effects of modifying rolling practice. In
the sections that follow, 5.5 mmrod rolling simulations

will be described in which modifications of the mill

geometry, increases in mill speed, and reductions in

rolling temperature were examined in turn. These cal-

culations were carried out with a view to determining the

minimumpossible austenite grain size at the start of
transformation that can be achieved by optimizing the
rolling practice.

3.1. Reducing the Time Available for d./ Coarsening

In the computations displayed in Table 3, the grain
size immediately after the last finishing pass was about
l0.6 ~m, but this coarsened to about 22.8 ~mat the start

of transformation. The effect of reducing the time
available for coarsening was therefore investigated first.

If the laying head is movedcloser to the final rolling

stand-to, say, 2maway-then the time interval is

reduced to 0.033 s. If the cooling rate on the forced air

cooling deck is increased simultaneously to say 20'C/s,

the total time to the A*3 decreases to about 5s. Using
these newvalues, the austenite grain size at the start of
transformation is lowered by about 10 o/o to dy =20.4 pm
(see Table 4). Note, however, that virtually all of this

reduction is due to the faster cooling rate after the laying

head, rather than to the reduced time to reach the laying

head. Thus, this approach to refining the austenite grain

size is judged to be only marginally effective.

3.2. Increasing the Strain Rate

As indicated by Eq. (6), the MRXgrain size depends

on the strain rate. The calculations pertaining to a
doubling of the strain rate at the final stand (to 1600s~ 1)
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Table 4. The sameconditions as for Table 3, except that the laying head is

movedcloser, and the cooling rate is increased to 20*Cls

pass dat temp E rate time

entry to next

(~Lm) ('C) (s~1 ) (s)

ea c
8a>sc? to

5 X d if dafter

time

(s) X>095 (ptm)

F9 11 9 1047
F1O 10 3 1050
!•yi~g IO7 900
h*,d

Ar3 20 4 80a

868
782

ooll 060 060
o033 o.53 o53

5

c39 Y ooa2 1oo l02 I03
036 Y o008 1.00 I06 I0.7

i oo

Table 5. The sameconditions as for Table 3, except that the strain rate in

the last pass is doubled to 1600s~l

pass dat temp e rate time 8
to nextentry

(~tm) ('C) (s~1 ) (s)

8a Ec 8a>Ec? to
5 X d if dafter

time

(s) X>095 (um)

F9 Ii9 1047 868 0,011 060
FIO 103 i05a 1600 0409 0,53
l,yi*g 13O 900 1O
h*,d

Ar3 22 6 800

o60

o53
039 Y O002 1OO 102 10.3

041 Y O.004 1OO 9O 130
1.OO

Table 6. Spreadsheet calculations for the 5.5mmrod schedule,

temperatures at all the passes have been lowered by 60'C.

finishing passes are shownhere.)

where the

(Only the

pass dat temp Erate time

entry to next

(um) ('C) (s~i ) (s)

8a 8c 8a+8c? to
5 X d if dafter

time
(s) X>095 (~*m)

F1
F2
F3
F4
F5
F6
F7
F8
F9
FIO
i*yi~g

h*,d

Ar3

20 9
88
10 o
9.7

98
87
97
84
88
76
14 1
19 6

910
930
945
957
966
973
979
984
987
990
900

800

83 7
71 2
121

15i

314
221

498
421
868
782

o079

o061

o047

o036

o028

o023

coi8

o014

ooi 1
o8i7

io

o58

o50

o55

o55
o.63

o53

o63

o55

o60
0.53

o58

o50

o55

o55

o63
0.53

o63

a55

o60
o.53

0.53

o36

o39

o38
0.42

o37
0.43

o39
0.44

o41

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

o009 Ioo
o012 Ioo
o008 Ioo
o007 Ioo
o004 1oo

o005 Ioo
o003 Ioo
o003 Ioo
o002 Ioo
o005 1oo

1oo

84
98
95
96
85
96
82
87
75
78

88
100
97
98
8.7

97
8.4

88
7.6

i4 1

are illustrated in Table 5. Here, all the other parameters

have been held constant, except the time to the laying

head, which is halved. It can be seen that dy at the start

of transformation remains close to 23 pm. The reason is

that, although increasing the strain rate reduces d},

somewhatat the exit of the final stand, the time to

transformation remains virtually the same, and the

coarsened grain size at the end of that time is not very
sensitive to the initial grain size (Eq. (8)).

3.3. Reducing the Temperatures of All the Passes

Equation (6) a]so indicates that the MRXgrain size

decreases as the temperature is decreased, although there

is a limit to howmuchthe temperatures can be lowered

throughout the mill and still have rolling take place in

the austenite-only regime. Thelower rolling temperatures

could be achieved, for example, by lowering the reheat

furnace drop-out temperature. Inspection of Table 3
showsthat the temperature decreases through the initial

stands of rod rolling, but then increases through the

pre-finishing and finishing stands. The minimum is

reached during intermediate rolling, and is about 880'C

O1996 ISIJ 726

for the present schedule. For plain Cgrades containing

around O.06 to O.lO"/. C, the equilibrium austenite-to-

(ferrite +pearlite) transformation start temperature A.3

is about 850'C. Aspreadsheet is shownin Table 6where

the temperatures at all the passes have been reduced by

60'C. This is probably the maximumreduction com-
patible with rolling still taking place in the austenite-

only regime. (In fact, Iowering the reheat temperature

by 60'C is unlikely to reduce the temperature in all

passes by that amount. This is because the increased

strength at lower temperatures leads to more deforma-

tion heating. However, for the purposes of the present

analysis, this subtlety is ignored.)

Even though the critical strains for DRXhave in-

creased somewhatbecauseof the lowered temperatures,

MRXstill occurs through the finishing block, Ieading

to a recrystailized grain size of 7.8 ,am immediately after

the final stand. Assumingthat the laying head tempera-

ture is lowered to 850'C, but the cooling rate and

transformation start temperature retain their previous

values (cooling rate = lO'C/s, A*3 - 800'C), the austenite

grain size at the start of transformation is computedto
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Table 7. Spreadsheet calculation for the 5.5 mmrod schedule, whereonly the

finishing pass temperatures have been lowered by 150"C.

pass dat temp s rate time 8
entry to next
(,Lm) ('C) (s~1 ) (s)

sa P'a'cc?8c to
5 X dif dafter

time
(s) X>095 (,,m)

Fi
F2
F3
F4
F5
F6
F7
F8
F9
Fi O
l,yi~g

h*,d

Ar3

17 2
l~ 8
58
5.7

58
52
58
50
53
46
96

14 2

820
840
855
867
876
883
889
894
897
900
850

800

83 7
71.2

12i

15i

314
221

498
421
868
782

o079

o061

o047
o,036

o028

o023

o018

o014

aol 1
o817

5

o58

o50

o55

o55

o63

o53

o63

o55

o60

o53

a58
0.95

o55

o55

o63

o53

o63
0.55

o60

o53

o76

o60

o49

o48

o52

o46
0.53

o49

o55

o5i

Y
Y
Y
Y
Y
Y
Y
Y
Y

o216

oolo

o007

o006

a004

o005
o,003

o003

o002

o003

o22

1oa

1oo

1oo

1oo

i oo

1oo

1oa

1oo

1oo

1oo

104
56
55
56
50
57
49
53
45
47

11.8

58
57
5.8

52
58
5.0

53
46
96

be 18.0~m. That is, Iowering the rolling temperature by transformation. This contrasts with rolling processes in

60'C Ieads to about 200/0 reduction in d./' which conventional SRXis dominant; here, the final

3.4. Reducing the Temperatures of the Finishing Passes
grain size dependsa great deal upon conditions in the

previous passes. In a sense, "MRXcontrolled rolling"
Analternativeto lowering the temperature throughout essentially consists of lowering the temperature (but

rolling, is only to lower it prior to entering the finlshing
remaining in the austenite-only regime), so that the

block. This can be done by introducing a water box recrystallized grain size is as fine as possible, and soimmediately after the pre-finishing stands (as for the that the time and temperature for coarsening are mini-
12mmschedule discussed in Sec. 2.3). If the tempera- mized. As such, the design ofrolling schedules that lead
tures throughout finishing are lowered by 150'C, so to maximumgrain refinernent by MRXrequires that
that Fl -820'C and FIO-900'C, this leads to dy at

accurate equations be developed for describing the tran-transformation of 14.2~m(Table 7). This can be further sition from SRXto MRX,as well as for characterizing
reduced to about 13,am by simultaneously increasing the the grain coarsening behaviour.
forced-air cooling rate to 20'C/s.

Not considered in this study were the effects of
Recalling Eq. (6), if the softening throughout is by microalloying additions, such as Nb and Ti, on theMRX,the grain size after the final stand is determined

only by the conditions at that stand. This suggests
Production offine austenite grain sizes. The presence of

another possible modification to the mill layout: water
finely divided TiN particles can reduce the extent ofgrain

cooling applied immediately after stand FIOto iower the
coarsening after MRX. Simllarly, the solute drag
attributable to Nbin solution can also act to reduce the

temperature to around 850'C (i.e, as low as possible in

theaustenite-onlyregime), followed by a single additiona]
recrystallized grain size. The equations used above are

pass*. The strain at this pass, however, would have to
not applicable to such grades. Therefore, iffurther lower

be quite large In order to exceed the critlcal strain for
iimits to dy are to be estimated using spreadsheet simu-

DRXat this low temperature (from Eq. (1), 8.-0.65 at
lations of the present type, equivalent relations would

T=850'C and ~=800s~1). For an additional pass of
have to be determined for the microalloyed grades.

e=O.70 at T=850'C and i =800s~ 1, followed 0.5 s later
4. Conclusions

by the laying head at 820'C and forced air cooling at

20'C/s, the austenite grain size at the start of trans- (1) By incorporating the evolution equations for

formation would be lowered to about lO.2pm, austenite grain size into commonly-usedspreadsheet
This is probably the limit achievable by adjustments Software, the pass-by-pass evolution of austenite grain

to the austenlte rolllng practice. Depending on the size can be studied. The present analysis indicates that

cooling rates through the transformation, this should MRXistherecrystallizationprocessresponsibleforgrain

lead to ferrite grain sizes in the 5to 7,sm range. sizeevolution during the rod rolling ofplain low Cgrades,

3.5. Commentson Grain Refinement by MRX
and this is confirmed by mill grain size measurements
madepreviously.

The present analysis indicates that MRXis the re-
(2) Thespreadsheet can be empioyedto examinethe

crystallization process responsible for grain size evolu- effects of modifications to rod rolling practice. In terms
tion during the rod rolling of plain low Cgrades. Be- ofaustenite grain refinement during a 5.5mmrod rolling

cause of this, the grain size at the end of rolllng depends schedule, Iittle benefit is obtained by Increasing the strain

only on the conditions of the final pass, followed by the rate, or by reducing the distance from the final rolling

grain coarsening behaviour up to the beginning of Pass to the laying head. By contrast, increasing the

* An additional pass is suggested here because or the requirement to cooi between lhe last and next-to-last stands. This would not be possible

betweenstands F9andFIoof the abovemin becauseau the finishlng stands are contained within an enclosed "block" andare separated by only 0.6 m.
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cooling rate on the forced-air cooling deck should lead

to measurable austenite grain refinement.

(3) Lowering the temperatures during rolling also

leads to grain refinement. In the 5.5mmrod schedule

studied, if the temperatures at all stands are lowered by
60'C-for example, by lowering the furnace drop-out

temperature-the grain size is reduced by approximately

1Oo/o. If only the temperatures in the finishing stands are
lowered-say, by water cooling by 150'C just before

finishing-additional grain refinement of morethan 35 olo

can be achieved. If water cooling is applied after the

finishing block, together with a single additional de-

formation applied just above the transformation tem-

perature, the grain refinement with respect to conven-
tional practice can amountto 500/, or more.

(4) Combining the water cooling+additional de-

formation approach with a higher forced-air cooling rate

can lead to an austenite grain size at the beginning of

transformation of about lOktm in plain Cgrades. This
is probably the limit that can be achieved by fine-tuning

a typical rod finishing schedule. Further reductions

appear to be possible by switching to microalloyed

grades.
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