8306-004

PREDICTION OF MICROSTRUCTURE
DEVELOPMENT DURING
HECRYSTALLIZATION HOT ROLLING
OF Ti-V STEELS

William Roberts

Institutet f8r Metaliforskning
$-114 28 Stockholm, Sweden

Alf Sandberg
Institutet fdr Metallforskning
§-114 28 Stockholm, Sweden

ABSTRACT

In recrystallization hot rolling of plate,
the static recrystallization of austenite at
moderate rolling temperatures is used to engender
fine as-hot~rolled ferrite grain sizes and con-
comitantly attractive as-rolled properties. The
advantages of the procedure in comparison with
controlled rolling are shorter throughput times
on conventionael mills and lower rolling loads.
In the present paper, the essence of a computer
model for predicting microstructural evolution
during recrystallization hot rolling of a Ti-V
microalloyed steel is given. The model is shown
to forecast & behaviour which is in acceptable
accord with practical rolling experience.
Furthermore, the effect of the principal rolling
variables on the degree of microstructural
refinement during processing via recrystallizat—
ion rolling has been investigated theoretically
in a systematic way. Low finish-rolling tempers-
tures and heavy reductions, especially during
the final passes, promote fine as-rolled ferrite
grain sizes; the austenite grain size created
during reheating has no bearing on the final as-
rolled microstructure. In addition, & suggestion
is given regarding the design of rolling
schedules which fulfill the conflicting require-
ments of efficient microstructural refinement
(large reductions in the finsl rolling passes)
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acocelerated cooling; however, many mills lack
the necessary facilities to take advantage of
this procedure. In recent years, increasing
interest has been centred upon obtaining small
as-hot-rolled ferrite grain sizes after finish
rolling at relatively high temperatures, so-
called recrystallisation rolling. This procedure,
which constitutes the principal substance of the
pregsent paper, is attractive in that it is
relatively uncomplicated and can be applied on
conventional mills,

In recrystallization rolling, the basic
philosophy is to make use of the grain refine-
ment accruing from the static recrystallization
of austenite at moderate finish-rolling tempera—
tures (FRT), typically 900-1000°C. However, in
order to maintain the fine recrystallized grain
size during codling between the FRT and the
temperature at which the steel starts to trans-
form to ferrite, it is necessary that grain
growth be restricted in some way e.g. by
particles. It is known from earlier work that
TiN is & suitable candidate for such grain-growth
inhibition. With continuous-casting technology,

"it is possible to induce a fine distribution of

and satisfactory plate flatness (small reductions).

RISING ENERGY COSTS have motivited attempts to
obviate normalizing as a step in the production
of constructional steel plates for appllcatlons
specifying moderate to high toughness levels.
Controlled roZZzng is one possibility, but this
is an expensive productlon method unless the
plant available is specifically designed for the
process; on conventional, low-capacity mills the
production rate with controlled rolling is often
unacceptably low. Another method of enhancing
toughness of as-hot-rolled plates is via
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TiN-particles which are formed in association
with and immediately following solidification of
the steel. This dispersion is then extremely
stable during reheating at normal temperatures
and under rolling. The small TiN-inclusions
existing after strand casting of Ti-microalloyed
steels, not only engender effective grain-growth
inhibition between rolling passes and during
cooling following the termination of rolling,
but are also useful for restricting HAZ-grain
coarsening in asso¢iation with subsequent
welding.

Properly performed with an appropriate
steel analysis, recrystallization hot rolling is
capable of yielding as-rolled ferrite grain sizes
small enough to meet moderate toughness require-
ments. In addition, the method offers a consider-
able potential for attaining high productlon
rates on conventional mills combined with



relatively low rolling loads.

Obvicusly, the overall degree of grain
refinement produced by recrystallization rolling
depends sensitively on the rolling schedule
adopted. In genersl; rolling schemes,are
primarily designed from the point of view of
rolling load as well as shape and dimensional
control of the final product; this places con-
straints on the extent to which established
procedures can be modified with a view to.
obtaining fine microstructure. The situetion is
therefore somewhat complicated and-optimization
of routines for recrystallizdtion rolling by
trial-and-error on & full-scale mill is both-
time consuming and expensive. In this context,
an accurate model for microstructural evolution.
during rolling, which facilitates e careful
theoretical assessment of the degree of micro-
structural refinement effected by various
rolling schedules, is clearly of value. The
substance of this report is a presentation of
such a microstructure-evolution model for hét -
rolling and a discussion of its spplication to
forecasting the microstructure engendered by
recrystallization hot rolling of & Ti~V micro-
alloyed steel. :

MODEL FOR MICROSTRUCTURE DEVELOPMENT
DURING HOT ROLLING v

The principal material parameters governing
the evolution of austenite microstructure in
association with hot rolling are the static re—
erystallization characterigtics, recrystallizat-—
ion kinetics and recrystallized grain size, and
the extent of nommal grain growth once re-
erystallization is finished. An additional factor
which must be considered is static recovery
which modifies the retained driving force (dis-
location density) if recrystallization is not
completed between passes. With sufficiently large
reductions during the initial, high-temperature
passes, dynamic recrystallisation mey occur under
the very deformation; however, in such a case,
the dynamically-recrystallized microstructure is
inevitably modified as a result of so-called
metadynamic (or quasi-static) processes once the
stock has emerged from the roll gap. For the
purposes of the present treatment, no attempt is
made to distinguish between static and mets-
dynamic processes; the relevant quantities are
rather the rate at which the reactions’ proceed
and the resultant grain size.

The extent of recrystallization and grain
growth between rolling passes and after the
termination of processing is, of course, strongly
dependent on the various quantities which are
collectively called the rolling schedule. In this
context, the principal variables are:

i)
for N passes); ’
ii) the vector of pass temperatures (N elements);
iii) the vector of inter-pass times ((N-1)
elements); and '

the vector of pass reductions (N elements

iv) parameters defining the cooling of the stock
Yetween FRT and Ar3 which in turn depend on
the plate or strip thickness, application of

accelerated cooling etc.

In addition to the rolling variables listed above,

‘the thermal cycle during reheating will have

bearing on the microstructural evolution during
subsequent rolling; the net effect is incorpo-

~ rated in & single quantity, Dgtgrt which is the
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k'jaustenite~grain size immediately prior to the
‘first rolling pass.

- Since in eny practical situation, one is
usually interested in elucidating the influence

‘of rolling pr&cedure on as-hot-rolled ferrite

grain size (D), then quite apart from material
parameters governing static recrystallization,
static recovery and grain growth of austenite, it
will be necessary to specify a relationship
between the grain sizes of sustenite and ferrite
for various conditions of cooling.

Finally, it should be pointed out that the
present model gives no cognizance whatsoever to
any inhomogeneity of deformation or temperature
during rolling; the effect of such phenomens is
assumed to be of the second order. In theory,
prediction of the concomitant microstructural
gradients should be feasible but this would
require detailed informstion pertaining to the
distributions of temperature and strain after
each pass. On the other hand, the influence of
the homogeneous, ediabatic ‘temperature increase
due to the work of deformation can easily be
taken into account via the pass-temperature
vector.

STATIC RECRYSTALLIZATION KINETICS ~ The
dependence of recrystallized fraction (X) on the
time (t) during recrystallization is usually
found to follow the Avrami law i.e.,

X=1-exp (-kt?) (1)

where k,n are constants. The Avrami exponent, n,
may be regarded as a material parameter whereas

k contains the dependence of X(t) on temperature,
prior strein, grain size ete. For C-Mn and micro-
alloyed constructional steels, the literature
values for n relevant to the static recrystall-
ization of austenite, lie in the range 1,5¢<n<2;
for the present purposes, a value of n=1,T is
adopted.

As discussed in detail by Sellars and co- -
workers (1,2), the influence of prior equivalent
strain (assumed in the instance of flst rolling
to be 1,15 In (Hin/Hgyt)), temperature (T) and
pre-existing grain size(Dy) on the kinetics of
static recrystallization is conveniently expressed
in terms of the time required to induce some
specified recrystallized fraction, say X=0,5.
Experimental experience dictates that tp,5 con-
forms to an empirical relationship of the form

x k
to,5 = Cy €Y exp (Q,, /RT), | (2)“
vhere X,y are empirical power exponents and Qpex
is the activation energy for static recrystall-

ization following hot deformation. Rewriting Eq.
(1) in terms of t, 5 instead of k gives
.



X=1- exp [—0,6_9'3(t/t )“] , (3)

which defines X(t) once tg,5 is known. ‘For n=1,7,
the values tabulated below’ apply

TABLE 1 J
X tx/to,s
0 2L 10 9329
0,3 0,675
0,7 1,385
0,9 2,030
he

The correlation between Egs.(2) and (3) and
experimentally-determined recrystallization
kineties for austenite is here restricted to
investigations where direct metallographic
techniques heve been used to establish X(t). Meny
workers have studied static recrystallization by
determining & softening index derived from the
reduction in flow stress following a pause time
in a two-step test. Such results have not been
included in the correlation for tp,5 because of
the uncertain contribution from recovery t6-such
a softening index. For Al-killed, C~Mn austenite,
an evaluation based on date given in references
(3-8) leads to-the following equation:
to, 5=5- 1072t ¢ l‘Do'? exp (gégﬁggg) ()
where Do is in um and R=8,31k J/(°K.mol). This is
very similar to the expression given by Sellars
(2) for C-Mn sustenite. Fig.l demonstrates the
measure of agreement between X(t) evaluated on
the basis of Egs.(3) and (L) and some of the
experimental observations.

As stated in the introductory remarks, the
present paper will be devoted mainly to a
consideration of recrystallization rolling of a
Ti-V microslloyed HSLA-steel. The grade of
interest has the following typical analysis:
C=0,13%, Mn=1,4%, V=0,04%, Ti=0,01%, N=0,01%
(Al-killed). An extensive investigation of the
static-recrystallization kinetics for this steel
has been carried out vie single-step hot-
compression/holding experiments with a range of
values for €, Dy and T. It is quite clear from
this work that the recrystalllzatlon kinetics of
the Ti-V steel are very mich slower for small
prestrains then in the case of C-Mn austenite.
For example, for a prior strain of 0,03 at
1200°C, tg ,5 is observed to be 1508 (D°= 17 um)
for Ti-V austenlte. the corresponding C-Mn value
is, from egn.(4), ~0,03s. The reason for the
delayed recrystallization in Ti-V austenite is
thought to derive from the drag force on moving
grain boundaries due to the presence of TiN-
particles. The best~fit relationship for the
kinetic datas on recrystallization of Ti-V
austenite is
280. 000)

=5,10718 (€~0,058) 7322 Di exp(——~§§~—,

(5)

%o,5

According to this, Ti-V sustenite deformed to
strains below 0,058 will not recrystallize at all.
Below this ‘strain, the drag force due to TiN
evidently exceeds the dislocation-density driving
force. In order make & rough check on the validity
of this statement, we can set the dislocation-
density (py) driving force as T.po where T is the
dislocation line energy. For austenite at 1100°C
0o(€%0,058) is about 3.1012m™2 and with 1=2,3.109
J/m, ghe driving force for recrystallization is

7 103 /m3. The Zener drag from a random distribut-
ion of spherlcal particles (radius r, volume

~ fraction f) is approximately 35f/Lr(9) where 8 1s

the graib-boundary energy of austenite (0,8 J /m? a
Assuming 0,01%Ti combined as TiN, then £=2,2.10
and with r= 10 nm, as typical for. strand-cast
steel, we expect a drag force of I,3.10% J/m3.

The close proximity of this figure to the

approximate value of the dislocation-density
driving force supports the contention that TiN
delsys recrystallization-in Ti-V steels.

At large strains (€>0,2), the values for

predicted by Eqs.(l4) and (5) are very similar
(aig other things being equal). This is to be
expected since the drag derived from TiN-particles
ig then small in comparison with the dislocation-
density difference driving recrystallization. The

" degree of accord between eqn.{(5) and experi-
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mentally-determined recrystallization kinetics
for Ti-V austenites is illustrated in Fig.2.
RECRYSTALLIZED GRAIN SIZE - The sustenite
grain size which prevails at the instant of
completion of static recrystallization (Dpey)
depends sensitively on strain and pre-existing
grain size but is only a weak function of tempera-
ture; indeed, & number of authors have reported
that the temperature dependence of D,., (C-Mn
steels; fixed €,Dg) is virtually nil. For C-Mn
austenite, a least-squares treatment of the
available literature data (2,4,8,10-15) suggests

the following relationship for Drex(see Fig.3):
D= 6,2455,7. D0*7 ¢70:03
rex (o] [ 50 000 ]
(6)

This is similar to the equation given by Sellars
(2), but according to him the powers of Do and €
should be higher and there is no temperature
dependence at all.

For Ti-V austenite, with about the composit-
ion given previously, a systemstic experimental
study of the influence of Dy, and T on statically-
recrystallized grain size leads to the following
best-fit relationship,

D =h ,3+195,T. D O »37

re [exp (20000 7

(7)

The experimental base for this equation is
presented in Fig.4. Some uncertainty must be as-
cribed to the exponent for Dy because the range

of values for this quantity has been very limited
in the experiments, 17<Do<kO um; (the variation

in grain size attainable by altering the reheating
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Illustrating the degree of correspondence between experimentally-evaluated .
for Ti-V austenite and the behaviour predicted
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conditions is rather small for Ti-V steels, un-
less abnormal grain growth occurs). For small
values of DO(N2O um) and otherwise equivalent de-
formation conditions, Egs.(6) and (7) predict
about the same Dpey. At larger Dy's, Ti-V
austenite is evidently grain-refined more effici-
ently, an effect which may be of interest in a
situation where abnormal grain growth of auste~-
nite has occurred during reheeting.

Finally, it is worth pointing out thst Egs.
(6) and (7) are by no means restricted to the
case where static recrystallization effects
grain refinement. For example, grain refinement
or grain coarsening will occur in C-Mn austenite
depending on whether Do is respectively less
than or greater than '

3,1.10° ¢ 123 [;xp (gjgﬁggg)]-o,a‘

The above expression (a similar one can be
written for Ti-V steels) is not exactly correct
because to obtain it, the .first ‘term in Eq.(6)
is approximated to zero.

NORMAL GRAIN GROWTH — A correct description
of austenite grain growth, both during inter-pass
periods following the completion of recrystall-
ization and after the termination of rolling, is
an essential ingredient of a realistic micro-
structure-evolution model. For Ti-V steels, the
grain-growth rate after complete static re-
crystallization is found to be very slow (as
expected) even at temperatures'as high as 1200°¢
(Fig.5). Hence, one makes little error in
assuming that grain growth of Ti-V austenite is
completely suppressed during the entire rolling
sequence; this represents a considerable simpli-
fication.

Although the present report is concerned
with Ti-V steels, grain growth of C-Mn austenite
will be afforded brief attention since, later on,
the two types of steel are compared with regard
to the austenite grain sizes engendered during
a given rolling schedule. As pointed out by
Sellars and Whiteman (1), the isothermal grain-
growth data after static recrystallization, which
are reported in the literature, do not conform to
a simple parabolic relationship, d(D2)/dt at
short times being much too high relative to that
at long times. This behaviour led these authors
to suggest a power law for grain growth with a
very large exponent (ten). However, a dependence
as high as D10 leads to a growth rate which is
unrealistically high at small grain siees. Exemi-
nation of the reported data suggests that the
behaviour can instead be described by a parabolic
law with different proportionality constants for
short and long times, i.e.

2 2
= >
D D, * Kt (t tbp) (8a)
2 _ 2
D° = Dbp + k,t (t<tbp), (8b)
where kl>>k . To a first approximation, the
breakpoint for the change in 4(D2)/dt is found

to be independent of temperature, tphp=20s. Some
data in support of the type of grain-growth law

embodied in Eq.(8) are presented in Fig.6. The
temperature dependences of ky,kp are given by

log k, = 6,6 - 6200/6 (9a)
log k3 = 8,1 - 9000/T - (9b)

where kq:ko are in um2.s 1 and T in degrees Kelvin.
Obviously, Eqs.(8) and (9) do not represent a
fully satisfactory description of grain growth;
in particular, one would expect tpp, to be tempe-
rature dependent. The whole question of grain
growth of austenite following static recrystall-
ization requires additional study. )

One can postulete at least two explanations
for the time dependence of d(D2)/dt.

i) The grain boundaries of freshly-recrystall-
ized material are far from their gently-curved,
equilibrium form but are rather characterized by
strong local variations in curvature. Hence, the
rate of normal grain growth, which is driven by
boundary curvature, is high up to the point where
the grains attain their equilibrium shape, or
nearly so, i.e. initially,the grains grow more
rapidly then is to be expected from their average
size. Once the equilibrium shape is attained, the
growth rate drops off to a value which is de-
termined by the current average grein size and
the grain-boundary mobility.

ii) Freshly-recrystallized grains have clean
boundaries with high mobility which is consistent
with an initially rapid rate of grain growth.
However, as time goes on, the progressive segre~
gation of solute to the boundaries causes the
mobility to drop and with it the rate of increase
of grain size.

Phenomenologically, both effects can be
dealt with by introduecing a time dependence
of k in the normal grain-growth equation, i.e.

220 +x(t).t.

D =D
o]
In the very simple approach outlined above, k(t)
is an elementary step function but one can envi-
sage other forms for k(t); further work is
necessary!
In microalloyed sustenite containing

_ particles, like TiN,Nb(C,N), the possibility of

4o

sbnormal grain growth in association with rolling
cannot be discounted. However, the kinetics of
this process are usually so slow that it can
hardly be expected to occur in connection with
rolling unless the stock is held for a prolonged
period at high temperature, e.g. holding during
controlled rolling of Nb-steels. In the latter
instance, the abnormal grain coarsening which has
been reported (e.g.in(13)) is invariably as-
sociated with & light final predeformation pass
and may in fact derive from a coarse recrystall-
taed grain size associated with & small strain-
energy driving forece. For rolling schedules where
all pass reductions at >1000°C exceed 10% and
having times between passes restricted to 100s or
less, the probability of abnormal grain growth is
considered minimel; for this reason, no cognizarce
is given to this phenomenon in the present version
of the microstructure~evolution model.

STATIC RECOVERY — When recrystallization
does not proceed to completion between rolling

T ew
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pesses, the unrecrystallized material will still
undergo restoration vis stetic recovery. The ;
extent of recovery needs to beé evaluated in order
to defirie the agcumulated recrystelllzatmon
dr1v1ng force after a glven pass, in those
regions which have remained, unrecrystallized-
following the prevlous deformation, The theory of
static recovery is relatively underdeveloped and
the above effects can only be estlmated in a
rather crude manner.

Using the Friedel (16)- ‘&pprosch for the'
growth of meshes'in a three-dimernsionsl dis=
location netwérk, the rate of: decreaee of dis-~
location density durlng statxc recovery can be
expressed :

where M is a dislocation moblllty. Integrataon
gives '

1/p = 1/p, = M Tt , (10).

Po Dbeing the dzslocatlon dens1ty engendered by
prestraining (t=0), Presuming 81mple parabolic

hardenlng, a reascnable approximation for small
strains, i.e.p o® Ve, then Eq. (10) is rewritten

as €
O

MTp tee + 1

E:ef‘f =

where E,pp is the retained strain after static
recovery hag proceeded for a time t. Inserting
known expressions for the temperature dependence
of dislocation mobility (17) and dislocation
accumulatlonwparameter {18) apprqgr1ate to C-Mn
austenite (M in m 3/(3.8), ¥ in m , gives the
following dependence for € on prior prestrain

and time, eft
Y . 39.700
€orp = eo{l + 0,023 exp ( T ) -l
304 (10,8 + 5339);e-t] . (12)

In_ the case of partlal reerystallzzatzon between
rolllng pagsed, the disloecation density driving
recrystallization in material which has remained
-unrecrystallized after the previous pass, is
related to the sum of Eopp and theé current pass,
strain. Some idea as to the kinetics of static
recovery of C-Mn sustenite predicted vy Eq.(12)
cen be glesned from the following table:

TABLE 2
eff
t(s) 1ooo°c,eo=o;1 1aoo°c;s°=o,1 jlooo°c,e°=o,3 1200°C,e°=0,3
1 . 0,0991 0,086 0,294 0,201
0,0969 0,055 0,27k 0,088
10 0,0940 0,038 0,252 0,051

An gppraisal of the characteristics of recovery
in Ti-V steels has not yet been made; conse-
quently, the expression for C-Mn austenite has
been used for the calculations reported later in
the present paper, even though it is very likely
that the kineties of static recovery are affected
by the presence of TiN-particles.

BRIEF DESCRIPTION GF COMPUTING.ROUTINE -
Input of the follcwing basic deta ‘pértaining to
the rolling schedule is required:

i) A reasonsble estimate of the as-reheated
austenite grain size (Dstart)"" ‘

ii) A pass-temperature vector with N elements,
one for each pass;
iii)A vector with. (N+l)'alemenzs~describing the
scheme for thickness reduction. This contains a
zero element whleh 1! the initial sleb thickness

? A vector .of inter—pess tlmes with (N-1)
elements, and
v) A two-rov matrix giving temperatures and times
eppropriaté to cooling after the final pass down
to the Ar;-temperature. The number of -elements
depends on how precisely one is interested in
approximating & non-linear coolifrig behaviour.

Complete 1nter-pass recrystallization — The
computatlonal routlne is in this case fairly
straightforward. The time required for complete
recrystalllzatlon (X>0,9) between any two passes
is evaluated (Egs.(1-5)) together with the corres-
ponding recrystallized grain size (Eqs.(6-7)).
The increase in grain size due to grain growth
between the finish of recrystallization and the
next pass is then computed (Eqs.(8-9)). The grain
size so calculated is taken as Do for the sub-
sequent pass and the procedure is looped (N-1)
times. The time required for complete recrystall-
ization together with the appropriate grain size
after the final pess are then evaluated along
with grain growth during cooling down to Arg. In

~ all cases, the fact that the various micro-

structural changes proceed under conditions of
falling temperature is teken into account via
simple finite-difference methods.

Partial inter-pass recrystalllzatlon — When
X<0,9 in the time available between two rolling:
passes, it becomes necessary to divide theé
material into recrysta111zed and unrecrystall;zed
regions, Each of these is subdivided further

. after the next pass and so on. It will be appre-



ciated that if recrystallization is only parti-
ally completed following the Ith pass, then after
the final pass. the material will be divided into
2+ (N-I+1) components, each with its own re-
crystallization history. Hence, the eamount of
data will become unmansgeably large if partial
recrystallization occurs st the very beginning
of rolling. Luckily; however, matters can be
simplified because the contribution of many of
the separate elements with different recrystall-
ization histories to the total volume fraction
is very small, say less than 0,0l. By arranging
that such very smell 'materisl elements are
combined with larger ones, in such & way that LAX
is always unity, it is fesmsible to compute the
microstructural changes, under conditions when
static recrystalllzatlon is not completed be-
tween passes, in a managesble yet reallstlc
manner,

In the computing routlne, the material
elements with different recrystallization
histories constitute & recrystallized-fraction

vector, for which the sum of the individual terms

is unity. Grain sizes and sccumulated strains are
stored in & corresponding way. The accumulated
strain in recrystallized materisl is obviously
zeroj that in an unrecrystallized element is
modified to take: account of recovery according to
Eq.(12). The grain size of recrystallized
material is evaluated straightforwardly from Bgs.
(6~7). In umreorystallized areas, the values used

. for grain size depend on whether Dy, is greater

or smaller than Dg. In the former case, the grain
size of unrecrystallized material is clearly D,.
Conversely, when grain refinement occurs, the
size of the unrecrystallized regions is about
1/2
X) D,
ThiS~relat10nsh1p is easily derived on the
assumption that nuclestion of new greins proceeds
exclusively at pre—existing grain boundaries and
that the recrystsllized grains and the unre-
crystallized regions are characterized by the
same stereological coefficients relating linear
dimensions to area and volume. In view of the un-
certainty in the evaluation of D in uhreerystall-
ized material, the latter is arbitrarily set to
Dpex Whenever these quantities differ by 1ess
than 20% of their value,
If for a looal recrystalllzed/unre—
crystallized pair in-the recrystallized-
fraction vector,”the losal X exceeds 0,9 then
the effect of grain growth on the local grain
size is evaluated. After each inter-pass period,

the total fraction recrystallized and the average

grain size are evaluated as

n
X = X ..
t et _Mal 2M=1
and -
_ n -1/2
D = z ——-{M—— !
M=l D2
M

size vectors. If X

respectively, vhere n is the current number of
elements in the recrystallized-fraction and grain-
tot >0s9, then the part of the
Programme treatlng complete inter-pass re-
crystallization is entered into once again with

.D_set to D.

Following the final pass, the evaluations of
recrystalllzetlon time, recrystallized grain size
and grain growth are performed for each element
in the recrystalllzed-fractlon vector. The total
fractlon recrystallized and the average graan
size ‘are gomputed from the above expre351ons.
Furthermore, the final vectors for recrystallized

“fraction and grain size can be outputted if

‘required, e.g. to éxamine the grain-size .

distribution engendered as a result of partial

“inter-pass recrystallization.-

RELATIONSHIP BETWEEN AUSTENITE GRAIN SIZE

"AND FERRITE GRAIN SIZE — The sustenite grain

size (o¥ grein-size distribution) at Ars, which
is" evaluated from the microstructure-evolution
routine, can be used to determine the corres-
ponding ferrite grain size (or grain-size
dlstr1bu$1on), any graln growth of ferrite is
neglected. For the Ti-V steels of interest here,
the following empirical expression hes been
found to fit experimental date {DY>8 um),
-1/2

D'=3, 75+o 18DY +1,4 (—) o, (13)
where dT/dt refers Bo the average rate of cooling
between 750 and 550 C. Actual experimental

- observations are compared with the values given

by the above expression in Fig.7. There is no
particular reason why other austenites, with the
same carbon and manganese contents, should not
conform to Eq.{(13); some modification must, how-
ever, be made if transformation proceeds from
heavily-deformed, unrecrystallized austenite as .
in low-temperature controlled rolling.

In the present paper, consideration is o
confined to the effect of rolling schedule on D”.
In principle, it is feasible to use this in-
formetion and. elucidate the relationship between
rolling scheme and strength/toughness combi-
nation in ‘& quantitative manner.

COMPARISON WITH LABORATORY HOT-~COMPRESSION
TESTING AND FULL~-SCALE ROLLING

The predictions‘of the microstructure-
evolution model described previously have been
compared with results from laboratory hot-

- compression testing of & steel with 0,036%V,
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0,013%Ti and 0,011%N. Semples were reheated for
S min, &t 1200°C and subjected to the following
hot-deformation schemes (or parts of them):



. -
=2 ~

OBSERVED FERRITE GRAIN SIZE,{pm
= .

S R A R
CALCWLATED  FERRITE. smu SIZE Apm)

Fzg 8 Comparison.of abaerved D* with o

that predicted theoretically
for hot-compression testing

(four. steps) of Ti-V austenite. k

For further detatls. m Table
3 and text,

AUSTENITE GRAIN SIZE . [pm)
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e [Fig.? Comparison of measured D in

-V~N steela and the value
... caloulqted on the basis of
- augtentta grain aise and
¢ ‘acoling vate (Eq.(13)).
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TABLE 3

Height reduction , (%)

o pon

T,("¢) Scheme 1 Scheme 2
1150 20 20
1075 20 10
1000 20 30
950 20 10

The first specimen was quenched having undergone
the initial reduction plus cooling to the
temperature of the second deformation. The second
sample was compressed at the first two tempera-
tures before cooling to the third and quenching,
and so on. In this way, the development of the
austenite microstructure during the deformation
schemes could be monitored. Two samples were
subjecteg to all deformations, one being quenched
from 800°C (VAry) while the other was ellowed to
transform to ferrlte. The cooling rate during the
tests was maintained at 0,9°C/s; between T50 and
550°C, this corresponds to air cooling of 12 mm
plate. The as-reheated asustenite grain size was

17 pym. Fig.8 compares the austenite grain sizes

found in the above experiments with those pre-
dicted from the microstructure model. The agree-
ment is clearly as good as can be expected. The
measured ferrite grain sizes were 9,3 and 9,8 um
for Schemes 1 and 2 respectively which compare
with 9,0 and 9,7 Um evaluated theoretically.

The microstructure-evolution routine has
also been used to compute ferrite grain sizes in
thirty-one plates of Ti-V-N steel which have been
processed by recrystallization hot rolling on the
Oxeldsund plate mill., The appropriate rolling
scheme used (heights,temperatures, times) could
in each case be logged out of the mill control
computer, the schedule being worked out by the

‘goftware on the basis of the required dimensions,

mill loeding and shape control. The temperature
of the plate is measured directly after the finsl
pass by a pyrometer and can be compared with the
prediction from the temperature model which is
1ncorporax8d in the control software. The
computed D~ for each plate was compered with

that evaluated metallographically and the results
are summerized in Fig.9. The degree of accord is
very satisfactory; indeed, for the pletes showing
the greatest discrepancy between obsdrved and
calculated grain sizes, there was invariably a
considerable difference between the measured
value of the temperature after the last pass

and the one evaluated from the stock-temperature
model, which suggests that in these instances

the pass-temperature vector inputted might be
somewhat in error.

The measure of asgreement between the pre-
dictions of the microstructure-evolution model
and results from laboratory compression testing
and full-scale plate rolling, suggest that the
former can be used with some confidence in eluci-
dating the influence of the rolling schedule

45

adopted for recrystallization hot rolling of Ti-V
steels, on the overall degree of microstructural
refinement which is achieved. This is the subject
of the next section.

THE INFLUENCE OF ROLLING SCHEDULE ON THE
DEGREE OF MICROSTRUCTURAL REFINEMENT

The philosophy behind recrystallization hot
rolling of Ti-V steels is that a fine statically-
recrystallized grain size be achieved by finish
rolling st moderately low temperatures (900—1000 c)
and that grain growth of the austenite is re-
strained, during cooling down to Ar,, by TiN-
particles. Clearly, these m1croBtructural aspects
should be bornme in mind when designing the
rolling schedule. However, with the exception of
controlled rolling, commercial rolling schemes’
which taske account of microstructural develop-
ment are, st the present time, the exception
rather than the rule. Cognizance is rather given
to the following factors:

i) The capacity of the mill must under no l
circumstances be exceeded, high. temperature and
small reductions Favour low rolling loads.

ii) The rolling operation should be effected as
quickly as possible (high temperatures, small
number of passes). This stipulation is often
relaxed to some extent depending on current mill
commitments and the gains as regards final pro-
perties which accrue from introducing hold times,
e.g. controlled rolling.

iii) The shape and dimensions of the final
product must lie within acceptable tolerances;

in particular, plate and strip must be ade-~
quately flat. For example, poor flatness can be
associated with high rolling loads (roll flexur-
ing) and must then be counteracted by ensuring
that the temperature range for rolling is high
and that reductions are kept low during the final
passes.

Without performing any calculations, one may
state immediately that the above considerations
1mpose constraints on rolling schedules which are
in conflict with obteining a high degree of micro-
structural refinement, the latter being favoured
by large reductions at relatively low temperature.
Hence, the problem with recrystallization rolling
is to define rolling schedules combining accept-
able microstructural evolution with low rolling
loads, good flatness, adequate throughput etc. In
this context, a model of the type described
earlier can be extremely veluable; however,
progress will be made only if the constraints on
rolling procedure, which are determined by
requirements such as flatness, can be clearly
defined. One suspects that the restrictions in
pass reduction etc. imposed by mill-control
systems may be unnecessarily severe in many
instances simply because the adopted shape-
control model lacks sufficient precision.’

INFLUENCE OF PLATE-ROLLING PARAMETERS ON
MICROSTRUCTURAL REFINEMENT — This section gives






results- from computations of microstructural
evolution in Ti-V austenite engendered by a
number of hypothetieal rolling schemes. In the
first instance, the main emphasis is placed on
achieving a high degree of microstructural

refinement; whether or not the schedules
considered are suitable as regards shape control,
rolling load etc. is of secondary importance.

The thickness-reduction schemes which have
been examined are tabulated below (Ho = 220 mm).

ﬂABLE 4
Thickness (mm)
12 mm plate 25 mm plate L0 mm plate _
Pass nr | 9 pass |12 pass 8 pass | 1l pass) T pass |10 pass
1 200 | 200 | 200 | 200 200 | 200
2 165 170 165 170 165 170"
3 1ho 150 140 150 130 150
i 110 130 110 130 100 130
5 , 82 112 1 82 | 112 + o7k 112
6 57 93 60 4 9k 54 495
T 33 + 15 38 77 Lo 79
8 21 - 58 25 60 64
9 12 42 4s 50
10 29 33 40
11 19 25
12 12
Quite obviously, the heavy fingl-pass reductions ii) Fewer passes with a greater average reduction

in the above schedules are not especially con-
ducive to good shape control. These reduction
schemes have been combined with various rolling

' temperature ranges, partly by sltering the

start temperature (1200, 1100 and 1050°C) and
partly vie introduction of hold times -during
which the stock can cool (60-80s); the points at
which rolling is interrupted are indicated by
arrows in Teble 4. Apart from the hold periods,
the inter-pass times have been set to 10s. Three
starting temperstures with and without hold times
give six FRT's for each reduction scheme. In
every case, Dgtgrt Wes taken as 20 um, i.e. no
sbnormal grain growth during reheating. The
austenite grain size has been evaluated at Ar
(700~-800°C depending on cooling rate) using the
microstructure~evolution model; the resultant
ferrite grain sizes have been calculated directly
from Eq.(13). For each rolling schedule, D% is
given for two cooling rates, one corresponding to
natural air cooling appropriste to the plate
thickness and the other to & realistic cooling
rate obtainable viae resort to acceleraped-
cooling techniques.

The results of the evaluations are summarized
in Fig.10 as plots of D® versus finish-rolling
temperature;corresponding austenite grain sizes
are also indicated on the diagrams. The following
features are salient.

i) For a given pass-reduction scheme and
cooling conditions, D is a unique function of
FRT, independent of whether the latter is varied
by altering the start temperature or via the
inclusion of hold times or both.

per pass is concomitant, naturally enough, with
more -efficient microstructural refinement. How~
ever, harder reductions are not as effective as,
say, reducing the FRT by 100°C. The positive
effect of greater average pass reductions is to
some extent counteracted by the higher finishing
temperature associated with a smeller number of
passes.

iii) Even when the reductions during the final
rolling passes are large and the FRT's are low,
it does not seem possible, for the Ti-V steel of
interest in this paper, to refine D' to below
n10 pm. The corresponding lower limit on D% for
accelerated cooling of the thinnest gauges (1
mn) is "6 um. .

All results given in Fig.l0 are calculated
on the basis of an as-reheated austenite grain
size (Dgpapt) Of 20 um. Fig.ll shows the predicted
effect of varyihg Dgtapt On microstructure
evolution. during an otherwise identicel rolling
schedule (25 mm plate, start-rolling temperature
= 1100°C, ll-pass schedule, 10s between passes
with no hold). The large Dgtart (500 um) is
intended to simulate the situation where abnormal
grain growth has occurred during reheating of a
Ti-V steel (too high tempersture and/or too long
time at temperature). Clearly, the widely
differing Dgiapt '8 have no bearing whatsoever on
the final austenite grain size. Indeed, the latter
is virtually identical in the two cases after as
few as four passes. This means that for rolling
schedules comprising more than 4-5 passes, the
‘final sustenite grain size is predicted to be
insensitive to the extent of sustenite grain
growth during reheating. This does not mean to
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Fig.10

Computed dependence
of I* on Finieh-
rolling temperature
for a number of
different rolling
schedules (for
further discussion,
see text).
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say that the choice of reheating temperature is
unimportent since, among other things, it de-
termines the start temperature for rolling (at
least in conventional practice). Note from Fig.ll
that recrystallizatién of the austenite with fine
Dstart is predieted to engender graifi coarsening
at first and it is not:before pass 10 that any
refinement of the initial grain size is attained;
on the other hand, the initially coarser-grained
austenite is refined continucusly during rolling.
It is instructive to compare the theoretical
forecasts as regards microstructure development
in C-Mn and Ti-V austenites subjected to the
same rolling schedule. Such a comparison is given
in Fig.12, which again refers to the rolling of
25 mm plate in 11 passes starting from 1100°C. .
Dstart is taken to be 20 yum for the Ti~V steel
and 300 Um for C-Mn austenite. After the finel
pass, the recrystallized grain size is actuslly
not much larger in the latter instance than in
the case of the Ti-containing austenite. However,
for finishing at 980°C, the grain size of the
C-Mn steel is increased appreciably during
cooling to 800°C as a result of grain growth; in
the Ti-V grade, on the other hand, the fine grain
size from recrystallization after the final pass
is retained down to Arj.
, PLATE SCHEDULES CONCOMITANT WITH EFFECTIVE
MICROSTRUCTURAL REFINEMENT AND ADEQUATE FLATNESS
— As stated earlier, one method of achieving good
shape control in plate rolling is to limit ‘the
rolling load during the final passes (small re-

" ductions).However, & high degree of overall

microstructural refinement is favoured by large
bass strains, especially in the final stages of
rolling.Fig.13b summarizes the computed dependence
of D% on FRT for Ti-V steels subjected to rolling
schedules which differ prineipally in the pass-
reduction scheme during the later passes (details
of the latter are given in Fig.13a). As a whole,
the schedules refer to rolling of 25 mm plate
with the FRT being veried in the some manner as
before. The values for D* given in Fig.13b are
thosg evaluated assuming natural air cooling
(0,47C/s between 750 and 550°C). The curve for
the smallest rr (= reduction in last rolling pass)
exhibits a digtinct 'knee' in the temperature
range 950-990°C. For finishing above 990°C, the
austenite recrystallizes fully on cooling be-
tween FRT and Ar3. It does not do 80 when
finishing is effected below 950°C, being 50%
recrystallized when FRT = 905°C and only 20% for
875°C finishing. In this latter instane, there-
fore, the final austenite grain size is rather
determined by the situation in the last-but-one
pass, for which the reduction is appreciably
greater. The resulting DY and D* are accordingly
smaller than would‘ge obtained by extrapolating
the curve above 990°C to lower FRT's.,

The behaviour described sbove derives from
the rather slow recrystellization kinetics for Ti-
V austenite after deformation to small strains
(Eq.(5)) and suggests & means of ‘combining fine
microstructure with acceptable flatness after re-
crystallization rolling of these grades. The idea

is to arrange the rolling schedule in such a way
that the final passes are so light and effected
at so low a temperature that recrystallization
proceeds to only a limited extent between the FRT
and the transformation start temperature.
Obviously, it is, at the seme time, necessary to

-ensure that the last pass in the rolling schedule

for which recrvstallization does go to completion
during the inter-pass period, is sufficiently
heavy that the resulting grain size, which will
be very close to the final one, is fine. The
subsequent light deformations, after which re-
erystallization is not completed, can thus be
regarded as calibration passes aimed at attaining
good dimensional tolerances and satisfactory
flatness. - )

The exemples given in this section serve to de-
monstrate the usefulness of microstructure-
evolution models of the type described earlier,
in designing schedules for recrystallization
rolling capablé of inducing optimal micro-
structural refinement. ’

CONCLUSIONS.

i) TFine-grained microstructures in the as-hot-
rolled condition can be produced in Ti~V micro-
alloyed steels via the technique of recrystall-
ization rolling, whereby static recrystallization
of austenite between 900 and 1000°C is used to
engender en. effective microstructural refinement.

ii) The evolution of miecrostructure in Ti-V
austenite during recrystallization rolling can be
described quite accurately by means of a model
based on the characteristics of recrystallization,
recovery and grain growth which can be gleaned
from simplified laboratory simulations.

iii) The kinetics of static recrystallization for
Ti-V austenite are appreciably slower than for
C-Mn steels under corresponding conditions; this

' effect, which is especially pronounced at small

strains, is ascribed to Zener drag on moving grain
boundaries from TiN-particles.

iv) The rate .of normel grain growth after static
recrystallization of Ti~V austenite is very low
indeed over the entire hot-working temperature
range.

v)  For a given pass-reduction scheme and cooling
rate following rolling, the ferrite grain size
after recrystsllization rolling is a unique
function of finish-rolling temperature.

vi) 1In general, a deformation scheme involving
fewer passes with greater average reduction per
pass is not as conducive to ferrite grain refine-
ment as a substantial reduction in finishing
temperature.

vii) The grain size existing after reheating has
no effect on the final austenite grain size

51



engendered vis recrystallization rolling, as long
as the rolling schedule involves more than h-s‘
passes, '

viii) The theoretical predictions from the model
indicate that good shape control combined with
fine microstructure is attainable vie a judicious
choice of the finish-rolling temperature and the
reduction scheme adopted for the final 3~k
rolling passes.
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