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The theory of kinetics of static recrystallization of steel during hot forming links the phenomenon to certain cri-
tical strain, grain size, strain rate, activation energy and temperature. The basic description is provided by the
Avrami equation. An overview of equations used was compiled and comments on selected parameters prepa-

red.
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Kinetika rekristalizacije tijekom vruceg oblikovanja celika. Teorija kinetike staticke rekristalizacije celi-
ka tijekom vruceg oblikovanja ovu pojavu povezuje s kritichom deformacijom, veli¢inom zrna, brzinom defor-
macije, aktivacijskom energijom te s temperaturom. Osnovni opis pruza Avrami jednadzba. Rad pruza pregled

koristenih jednadzbi i raspravu pojedinih parametara.

Kljucne rijeci: kinetika rekristalizacje, celik, vruce oblikovanje

INTRODUCTION

The main purpose of forming processes (in steels) is
to produce fine-grained uniform microstructure result-
ing from phase transformation.

Rolling of steel sheets above the T, temperature (the
highest temperature, at which recrystallization can take
place) without carbonitride precipitation is typical with
long interpass delays, which provide time for complete
static recrystallization (SRX). Rolling of sheets below T,
flattens austenite grains, as the strain-induced precipita-
tion inhibits the SRX. Neither SRX nor precipitation take
place during bar and wire rolling due to short interpass
delays. Conversely, dynamic recrystallization (DRX) fol-
lowed by metadynamic recrystallization (MDRX) takes
place during sheet rolling due to strain accumulation.
With regard to its interpass delays, strip rolling may be
categorized somewhere between the above mentioned
processes. In initial passes, where interpass delays are
fairly long, the metallurgical response of the material re-
sembles the sheet rolling process.

Hot forming leads to both work hardening and
restauration. The entire scope of this problem is too
complex to be covered in a single paper.

Therefore, this study focuses on a narrow area com-
prising the actual restauration kinetics or, more pre-
cisely recrystallization. An effort was made to summa-
rize long-year research activity and offer an overview of
equations describing the static recrystallization kinetics
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in terms of time required for restauration of a proportion
of the microstructure [1-7].

KINETICS OF STATIC RECRYSTALLIZATION

This process applies to materials characterized with ,
where 7' = 0,5 T,, is the melting temperature. From the
viewpoint of physics, it follows the static recovery,
which involves disclocation climb and cross-slip [6].
The process is assumed to take place in two stages: nu-
cleation of new grains and their growth.

Static restauration of microstructure can be divided
into recovery and recrystallization. Basic models of sta-
tic recrystallization kinetics are based on the Johnson-
Mehl-Avrami-Kolmogorov equations describing the
proportion of recrystallized structure X; and, using the
mathematic probability theory, they result in the equa-
tion [1-7]

t n
X=1-exp A(t) (1)

As the curve described by this equation has no math-
ematical expression for 0 and 100 % , the time is nor-

mally specified as £5t;. or £5e:. or sometimes generally as

t. . The general form of the equation is then written as
follows [4,7]:

: 0O,
X =B-e” D! 7" & - exp| —2 2
0,5 p( R-T (2)
where € represents strain, D is the grain size prior to
deformation, Z is the Zener-Hollomon parameter, ¢ is
strain rate listed in s , O, is the activation energy, R is
the gas constant and 7'is the absolute temperature [8-11].
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Table 1. Overview of equations describing the kinetics of static recrystallization

1 in general tos =4-2"-d," & CXP( QT] [7]
2 C-Mn LY =(4, 323) o ¥ =510""¢".4,’ ~exp[%j [7]
3 C-Mn-Nb FXZ19.1071 40 g2 g -exp(—:;?O]?OJ [8]
4 C-Mn R =2,05-107" . 277 d -ex p[385000j [12]
R-T
5 C-Mn lsrix =422.10712. 77097 'doz eV .exp(:;f.o;)OJ [12]
1
6 C-Mn 15 =435-10"d, - "% - ¢ 3-exp(MJ [13]
R-T
7 C-Mn-Nb fo5" =(=5,24+550Nb)- 107" - “‘*”N“doz'exp(%j [14]
8 C-Mn-Nb X 22310767 " eprZ;O.OTOO] [14]
T>1004°C: £ =2,52.10"-d,” £ -exp( 325 OOO)
: R-T
0
9 0,04 % Nb, 1004°C>T >891°C: £ =594-10"-d," & exp( 780000] [15]
0,6 - 1,5 % Mn R-T
T <1004°C: 1=9,24.10°-d,’ £ »exp(BOOOOJ
: R-T
l
10 C-Mn-v X 2429107 . d, £ ~exp[2;207?()} [13]
1
11 C-Mn-Nb fhs =410-10" d, - &> “exp(BRS‘OfO] [13]
1
12 C-Mn-Nb-Ti 1 =72510"d, e &7 -exp[ 3290]?()) [13]
13 C-Mn-Nb 65 =2,2910" 7. 2707 -ew(%) [16]
14 C-Mn-Nb-Ti SRX 21 10 16 —[) 43 —3.1 'doz (2;4000j [17]
80000
15 C—Mn—Nb—Ti-MO SRX 6 0 10 17 —0 43 —3,1 ’d(] [ R j [17]
16 C-Mn-Nb-Ti-0,2Ni 605 =331070.870 g0 g ? exp(zi OJ [17]
17 C-Mn-Nb-Ti-0,5 Ni (5 =T7,41070. 6708 g7 g, exp(zie Toj [17]
. s a0 - 230000
18 C-Mn-Nb-Ti-0,36Cr | £;5 =7,6-107"° -7 .£7".4.* eXp( T j [17]
19 C-Mn-Nb-Ti-0,6Cr 08 =58-107- 708 g7 d* exp 2{ Ooj [17]
20 C-Mn-Nb fyys, =6,75-107°-D -7 -exp) 30000 eXD{[ 275 o 185}} [Nb]} [18]
logs, =6,75-10°-D* £ exp 300000) exp{ 275000—185 [Nb]}
21 C-Mn-Nb [19]
o[ 1534107 206300 [Nb]-[C]
P R-T r r
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Substantial part of this study consisted in gathering
the equations listed in Table 1. [12-54]. Due to the scope
of the paper, some references are listed only to indicate
that they contain other particular equations. Where pos-
sible, the summary also states in general terms the type
of steel, to which the equation applies.

CONCLUSION

Statistics is a tricky science, which is the reason why
any calculation of average values based on the equations
shown would be rather misleading. Besides, it is appar-
ent that it was not possible to gather results of all experi-
ments that had been conducted in the field. Another fun-
damental drawback of the comparison is the lack of de-
tailed data on the particular material, different testing
conditions including the type of strain itself (twisting,
upsetting, field testing,...), pre-heating method and thus
the initial grain size, etc. In such cases, one has to refer
to individual references for detailed specification. De-
spite, certain relationships can be established by esti-
mate.

The normal strain rate exponent is —0,3, which forms
the expression ¢’ and approaches the long-known ex-
pression Z " first published by Sellars. This suggests
that the dependence is not very strong. Apparently, an
increase in strain rate by an order of magnitude reduces
the time by half. The role of strain magnitude is difficult
to predict. From the range of the theoretical value of -4
in the exponent in ¢ ™* up to £~ one can assume that the
effect of dynamic recrystallization comes into play as
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the exponent value becomes lower and, once the critical
strain is achieved, it is practically unusable.

There is no general conclusion to be made: the lower
the number, the shorter the incubation time (or even
none). One can only recommend that the equations be
used only for small amounts of strain — roughly up to
¢ = 0,3 through 0,4 in common steels above 1 000 °C,
where the formation of a peak on the stress-strain curve
can be expected.

The effect of temperature is definite and based on the
exponential relationship: the higher the temperature, the
shorter the time.

Activation energy is mentioned as well. The general
rule is that increasing concentration of alloying ele-
ments (including micro-alloying additions) leads to an
increase in the value. However, all the mathematical ex-
periments, though based on statistics, were flawed in
terms of comparing disparate initial states. Moreover, as
proven above, it is difficult to confirm whether Q is a
constant. The overview of otherwise similar chemical
compositions and numerical values of O, clearly shows
its significant scatter, which makes its use as a typical
quantity for a given chemical composition virtually im-
possible.

A great number of equations was gathered for HSLA
C-Mn-Nb steels (from Table 1. No. 11,7,..) which have
similar chemical compositions. In this case, an actual
calculation was performed. The resulting values of 7ys

were plotted in a chart in Figure 1, which shows data for
different literature sources and four different tempera-
tures used ranging from 850 to 1 000 °C (1 123 to 1 273
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Figure 1. Values of ty 5 (SRX) for C-Mn-Nb

K). The value of 850 °C was used intentionally, al-
though one can assume that such temperature may not
be in line with the requirement for the temperature of
non-recrystallization 7}, . A single set of input parame-
ters was used for all calculations : 0,06Nb; strain
e=10,2; strain rate ¢=10 1/s; dy = 30 um; R = 8,314
J/(mol-K). Not all parameters were used in all equations
in all cases. Some equations incorporate the influence
of chemical elements, in particular for HSLA steels.
However, the range of results is limited. To certain ex-
tent, the effects of microalloying elements can be ex-
pressed by increasing the activation energy value.

It becomes apparent that despite the differences in
mathematical structures of equations, their results are
comparable. One can conclude that at 900 °C the aver-
age valueisfys - =4,5sandat 1000 °Citis s =0,45s.

The purpose of this study was to gather data on avail-
able equations describing the progress of static
recrystallization and to discuss these relationships.
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