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Abstract

Ove the past 20 years following on from the internationd conference Niobium 81,
consderable progress has been made regarding the development of mathematicad models for
thermomechanicd ralling, from the point of solidification through to the end of finish ralling.
As one would expect, certain areas have received far more attention, and are consequently more
developed, than other areas. The present paper reviews the key edements associated with those
aess which have been reasonably “wdl-developed’, and highlights other aeas where
underganding is only semi-quantitetive a best. Hence, in addition to offering a review of the
rdevant work from the past 20 years, the paper is very much intended to provide a look forward
to those criticdl components necessary for the establisiment of a complete and quantitative
“through-process’, physicdly-based mode for the rolling of microdloyed sedls.



Introduction

At the time of the previous Niobium conference in 1981, the mathematicd moddling of
thermomechanica processing, particularly with regard to the incorporation of microstructura
evolution into the modds, was in its infancy. Although there was a subgtantid body of
knowledge about the physcd metdlurgy of microaloyed seds (1), the methodology for
quantifying the effects on recryddlization and gran sSze evolution of audenite during
multipass ralling had only just been developed (2,3). It is now widdy recognized that some
microgructurdl  parameters (S) must be incduded within the modds of thermomechanica
processing, as indicated in Figure 1 (4), because of ther effects on flow stress €) during hot
working and on the subsequent phase transformation on cooling, and hence on product
propeties. The sendtivity of the microgtructural evolution to the externd varidbles of drain
(e), drain rate (&), temperature (T) and time (t) requires inputs to the microstructurd model
from the deformation and temperature models to define the locd conditions throughout the
processing operations. Today, the advances in computing power and the developments of 2D
and 3D thermomechanicaly coupled finite dement modeling packages have removed any
limitations from the detall with which the locd conditions can be computed, except from the
viewpoint of the accuracy with which the boundary conditions of heet transfer and friction are
known. These are the subject of active research to develop a soundly based physica mode for
the behavior of secondary and tertiary scale during rolling (5), as this governs the boundary

conditions, however this aspect of modelling thermomechanicd ralling of microdloyed steds
will not be considered further in this paper.
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Figure 1. Schematic diagram of the components of modds for industria hot
forming processes (s=dructure, t=time, T=temperature, W=work, e=drain,
é=drainrate, s =siress) (4).

The commercid vadue of having sound modds to both optimise and control the conditions of
thermomechanica rolling, rather than relying on the traditiond trid-and-error methods, is now
driving further deveopments of modelling to encompass the full process hisory from liquid
ged to finished product properties (such as strength, toughness and formability) and attributes
(such as surface quality) within a coherent “through-process’ model (6).



The focus of the present paper is, however, to consder only the current state-of-the-art, as far
as the microstructurd evolution in niobium microdloyed seds is concerned, with the
condraints on length of the paper limiting this to the audtenitic condition and to the end of
rolling. The bass of dl modds is in the accurate representation of the equilibrium date from
thermodynamics and to use this to predict the kinetics of dissolution and reprecipitation under
the non-equilibrium conditions of industrid processng. A complete modd of the rolling stage
of thermomechanica processng should, in addition to microdructure, provide an input to the
transformation model on resdud solute content and its didribution in the matrix. Because
microstructure cannot be obsarved directly under rolling conditions, the microstructura
consequences on flow stress should aso be modelled. Such changes in flow stress have been
widdy used in laboratories to quantify the microdtructurd effects, and the load data routindy
gathered in modern mills can be used in dmilar ways to vdidate modd outputs and to improve
accuracy with the limited range of variablesin a specific mill.

Thermodynamic Modelling to Predict Mole Fraction, Compostion and
Phase Separ ation of Precipitatesin Microalloyed Steels

Thermodynamic Anadyss of Precipitation of Intersitid Compounds in Augtenite

Thermodynamic andyss is essntid for the quantitative moddling of the kingtics of
precipitation during the thermomechanical processing of microdloyed sed. The indudrid
dloys invaigbly contan more than one microdloying dement, which influence the
thermodynamics of the precipitation behaviour. The occurrence of carbonitride precipitates in
audenite and the mutua solubility of the carbides and nitrides of microdloying dements in the
precipitates is wedl esablished (7). The most common approach used in anadysng the
experimentd data on carbonitride precipitetion in audenite has been to adopt the Hillert-
Saffanson modd (8). This mode assumes that the meta aoms M(Niobium, Titanium,
Vanadium) and intergtitial atoms X(Carbon, Nitrogen) mix randomly on the two sub-lattices of
the rock sdt dructure of the interditidl MX compound. The free energy of the precipitate is
described by a regular or sub-regular solution model, which requires detailed knowledge of the
rdevant thermodynamic data  Chemica potentids of solutes in audtenite are described
assuming dilute solution behaviour of the regular or sub-regular solution modd depending
upon the concentration of the dements present.  The lack of avalability of reiable
thermodynamic data on interaction energy has led to amplifying assumptions until recently.
The effect of ignoring the interaction energy results in ided solution behaviour. The ealy
goproach by Irving, Pickering and Gladman (9) was to combine the carbon and nitrogen effect
in the pseudo-binary solubility product to describe the precipitation of Nb(C,N), which
aoproximates to an ided solution behaviour. However, the vdidity of such an approach is
redricted to the domain of experimentd databases. With the availability of more experimenta
data on interaction energy, comprehensdve models with predictive capability have been
developed that include thermodynamic interaction energy. However, the modds differ in the
trestment of excess free energy that dedl's with thermodynamic interactions.

Ohtani et d. (10) have andysed the thermodynamics of the Fe-Nb-C sysem usng a regular
solution model to ded with a concertrated solution of carbon. The strong interaction between
niobium and carbon atoms in audtenite leads to marked reduction in the chemica potentia of
niobium in a high carbon region. In consequence, the solubility curve for NbC is described by
Equation 1, which contains an additiona term for the concentration dependence on carbon.
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log([%6Nb][%C]) = -

Thus, the effect of raisng the carbon content is to increase the solubility product of NbC. This
has the net effect of retaining more niobium in solution in a high carbon compared with in a
low cabon augenite marix. The solubility product of NbC is influenced by chemicd
interactions with other solutes present in the multi-component syslem. For example, the strong
interaction between manganese and carbon in audtenite decreases the activity of carbon, which
has the net effect of increasng the equilibrium solubility product of NbC. Koyama et d. (11)
have investigated the effect of manganese on the solubility product of NbC in austenite, which
is described by the following expression:

log([%0Nb][%C]) = - @ + 331+ (%71- 09)[%Mn] - (7?5- 0.0504)[% Mn]? 2
Akben, Weiss and Jonas (12) dtribute the retardation of the dynamic precipitation of NbC in
audenite in high manganee sted in part to the increased solubility product of NbC shown in
Equation 2. Thermodynamic andyss predicts that NbC precipitates will deviae from
doichiometry because of equilibrium vacancy concentration, which will increese  with
temperature.  The effect of non-goichiometry, and chemicd interaction on the solubility
product of NbC in austenite can be quantitatively analysed as a function of temperature (13). It
should be noted that the strong chemicd interaction between carbon and niobium is beneficid
in suppressng the NbC eutectic formaion in the interdendriticaly microsegregated liquid
during the dendritic solidification of medium carbon niobium microdloyed steds (14).

Regular Solution Modd for Predicting the Carbonitride Precipitation

Quantitative moddling based on Hillet and Staffanson’s regular solution modd is used for
predicting the equilibrium mole fraction and the microchemigtry of the precipitates of the
compound (TixNb1.x) (CyN1.y) & a function of base chemistiry and temperature. Nishizawa (15)
has reviewed the thermodynamics of phase equilibria relaiing to carbonitride precipitation in
microdloyed deds usng a regular solution modd. Akamatsu et d. (16) have used a regular
solution modd usng Thermocalc to predict phase dability of carbonitride precipitates in an
interdtitid free sged microdloyed with niobium and titanium. Inoue et d. (17) have used a sub-
regular solution model to predict of the phase equilibria between austenite and (Nb,Ti,V) (C,N)
precipitates in microalloyed seds.  The basic work on phase separdtion of interditid
compounds by Rudy (18) has been extended in the moddling work of Inoue et d. (17) to
predict the phase separation events occurring in complex microaloyed precipitates. Thus the
cgpability to mode the thermodynamics of complex microdloying sysems has advanced
gonificantly in recent years to predict phase separation in complex precipitates. The
vaidations of the moddling and some sdient festures of the recent advances in modeling,
including phase separation, are examined briefly.

The experimental gpproach to vaidate the modd is based on TEM/STEM experimenta results
on precipitate microchemigsry of equilibrated samples and precipitate dissolution temperature
dudies. The modds are used with reasonable success to interpret the results on the
precipitation gudies of microdloyed deds, but the precison with which the interdtitid
concentration of carbonitride precipitates can be determined does not alow for the rigorous
vdidation of the nondoichiometry of the precipitates. In moddling the carbonitride
precipitation in a niobium-titanium microdloyed sed, Grujicic e d. (19) have consdered the
vaiation in the equilibrium compostions of audenite and precipitation over a range of



temperatures.  The Kohler temperature—dependent sub-regular solution modd is used to
describe the augtenite phase. The (Nb,Ti) (C,N) precipitate phase is described by the Hillert-
Staffanson sub-lattice model for a four component sysem with components mixed in pairs.
The equilibrium between the two phases is explored while dlowing for the non-gtoichiometry
of the precipitate phase. The results are shown to be in good agreement with experimentd data
on ultra-low carbon stees microaloyed with niobium and titanium.

Zou and Kirkaldy (20) have extended the regular solution modd to include the surface energy
term in order to treat the kinetics of the early stages of precipitate growth, when the capillarity
effect is expected to be sgnificant because of the smal radius of curvature of the precipitates.
The vdidity of the model was tested in their work on precipitation in the Fe-Nb-Ti-C-N system,
but experimenta limitations did not dlow for arigorous vaidation of the modd.

Thermodynamic Moddling of Phase Separation in Mixed Carbonitrides

Figure 2 is a schematic illudration of phase separation in a Nb-Ti-C-N system after Nishizawa
(15). The apexes a the four corners are pure compounds of NbC, TiC, TiN and NbN
respectively. The coordinating axes represent the dte fractions of titanium and nitrogen
respectively as indicated on the schematic. The ordinates represent the Gibbs free energy. In
the centre of the diagram, the miscibility gep is predicted from the tie-line sets between TiN-
like and NbC-like phases. These are predicted to be stable below the critica temperature. The
miscibility gap is caused by the difference in chemicd abilities of the pure compounds, TiN
being more gable than the rest as indicated by the lowest Gibbs free energy. The miscibility
gap is represented by the binodd curve, and is caused by the decomposition reactions to form
the stable TiN-like and NbC-like phases (NbN + TiC = TiN + NbC). This schematic illustrates
the surface of integra free energy of mixing a a fixed temperature, which is wel below the
critica temperature for phase separation. It should be noted that the critica temperature for the
phase separation of (Nb,Ti) (C,N) is high (2177°C) compared with (Nb,V) (C,N) (976°C) and
(Ti,V) (CN) (1174°C) systems. Below the critical temperature, phase separation is predicted.
Thus, there is clearly a thermodynamic potentid for phase separation in Nb-Ti carbonitride
precipitates even a high temperaures, which has to be consdered when modeling such
gydems. There is potentid for spinoidd decompostion within the miscibility ggp, which is
predicted to give dable phase separation without the nucleation barrier. Just outsde the
pinoidd decompostion regime, the separation of metagtable phases involves nucleation and
growth steps. The modelling capability is advanced to predict binodd and spinoidd curves for
complex carbonitride precipitates as a function of temperature.

Quantitative moddling of the phase equilibria between austenite and (Nb,Ti,V) (C,N) predicts
that the dfect of adding vanadium to a Nb-Ti system is to promote phase separation of TiN and
NbC phases, but VN will remain dissolved in the TiN phase. On the other hand, if niobium is
added to a Ti-V system, the VC phase is replaced by the NbC-rich phase. In consequence, the
phase separation of the TiN and NbC-rich phase occurs but VC will reman dissolved in the
NbC phase. If titanium is added to a Nb-V system, VN is replaced by a TiN-rich phase. Thus,
the moddling dlows the prediction of the temperaiure effect on the phase separation of
carbonitrides as wdl as the compogtion of the phases. Grain growth stability of phases located
within the spinoidd regime of the carbonitride system presents a technologica opportunity for
precipitate size and dispersion control, which has yet to be exploited in microdloyed sedls.
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Fgure 22 A schematic representation of the miscibility gap in the Gibbs free
energy diagram for a Nb-Ti carbonitride at a congtant temperature showing the tie
line for the phase separation of NbC-rich and TiN-rich phases respectively. Both
Ti s and N sk, are the site fractions of titanium and nitrogen respectively (15).

Studies on the precipitation behaviour of a medium carbon sted microdloyed with titanium and
vanadium showed that metastable dendritic precipitates of mixed nitrides of titanium and
vanadium occur in the ascast bloom. Upon homogenisation a 1100°C, long dendritic
precipitates of (Ti,V)N were found to fragment, resulting in an aray of fine precipitates
eviched in TiN. Phase separation is not expected in (Ti,V)N a 1100°C. However, phase
Sseparation is predicted a a temperature below 1174°C if a carbonitride is assumed. The
experimenta  technique did not permit the determination of the carbonitride compostion with
precison to vdidate the modd prediction (21). Further studies are required to vaidate the
mode predictions on phase separation in microalloyed stedls of technologicd interest.

Quantitative Modelling of the Solidification Behaviour of Microalloyed Steels

Moddling of Solute Redigtribution Due to Dendritic Solidification

The precipitation behaviour of microdloyed ged is influenced by solute redigtribution from
dendritic solidification of sted in the caster and the post-solidification cooling schedule.  The
current trend is to integrate the rolling with the casting process. The objective is to avoid the
energy intendve reheating process by rolling the dab directly while it is hot (i.e, hot direct
rolling) or charge the dab while it is hot in order to conserve the sensible heat (i.e.,, hot charge
process). The energy consumption of dab cold charging is 1400 KJkg, which can be
decreased to 200 KJKkg by direct rolling the dab at 1150°C or 750 KJkg by hot charging the
dab at 650°C. The sating dructure for hot direct rolling is tha inherited from the as-cast
date, which exhibits chemica inhomogeneity due to microsegregation.  Therefore, it is
important to understand the influence of the base chemidry, solidification processng and post-
solidification cooling schedule of the dab in the caster on the precipitation behaviour of
microdloying elements during thermomechanicad processng.  The <olidification dructure is
expected to play a dominant role on the precipitate evolution of microdloyed steds in near-net
shape processing, such as drip caging. The early impetus for solidification modelling of steds
microdloyed with niobium in the caster arose because of surface cracking during bending and
draightening of the dab in the caster. This was traced to the broadening of the ductility trough
caused by niobium carbonitride precipitation. Coarse precipitates of NbC occurred at the grain



boundaries causng the solute denuded zone, coupled with dynamic srain-induced precipitation
of fine NbC occurring within the matrix because of deformation a a low & (10 secd),
contributed to strain locdisation at the grain boundaries. The intergranular fracture was caused
by the occurrence of microvoid coa escence (22-24).

Dendritic solidification of the sted causes a concentration variation on a loca scale, which is of
the order of the interdendritic spacing. The interdendritric spacing ranges typicdly from 30-
1000 mm, depending on the locd solidification rates occurring in indudrid dabs.  During the
solidification of geds, the dendrite spacing is empiricaly rdaed to the locd solidification time
(the resdent time between the liquidus and solidus) raised to the power of an exponent that
ranges from 0.5 to 0.33. The faster the cooling rate, the finer the interdendritic spacing. If the
Seady date dendritic solidification is disturbed by fluid flow, the solute enriched liquid may be
trangported over a large digance, resulting in macrosegregetion.  While macrosegregetion can
be prevented by the control of fluid flow in the caster, microsegregation is inherent in the
mechanism of dendritic solidification.

A quantitative modd has been developed to predict the solute reditribution from dendritic
solidification for multicomponent microdloyed deds (25). A finite difference method is used
to predict the microsegregetion a a given location (node point) in the dab. The diffuson
equation is represented by te Crank-Nicholson implicit method of a finite difference equation.
Locd equilibrium is assumed at the solidiquid interface.

Multi-component phase equilibria are rigoroudy caculated from thermodynamic data for the
case of FeeMn-C because of the large Mn concentration in the sted. The effects of other
dloying dements are taken into account as a first order correction to this base. The dab
theemd higory used in the andysis is typicd of an indudrid caster. The dgorithm results in
the computation of the interdendritic microsegregation during freezing (incuding the effects of
solid date diffuson during freezing) a dage-1 and modifies this result by accounting for post-
solidification homogenization in the d-ferrite (dage-11), in the d+g fidd (dage-11l) and in the
gngle phase g region (fage-1V), shown in Figure 3. Quarntitative results of microsegregeation in
a typicd high niobium, titanium bearing line pipe sted (0.03% carbon, 0.003% nitrogen, 0.09%
niobium, 0.014% titanium <olidifying & a location 5mm from the dab surface with an
interdendritic spacing of 70nm ae andyzed for the typica cooling schedule of the industrid
caster.

The <olute redidgribution of carbon and nitrogen exhibits a negligible variation in the
concentration in the solid as a function of fraction solidified. The interditid solutes exhibit
negligible microsegrgation, suggesting that the diffuson of the interditid solutes is able to
keep pace with the rate of advance of the solid-liquid interface during solidification. In contradt,
the subditutiond solutes give rise to dgnificant microsegregation that perdsts to  lower
temperatures.  Figures 4 and 5 show the redidribution of solute niobium and titanium
respectively as a function of distance from the centre of a dendrite am. The reduction in the
intendty of microsegregation as defined by carbon maximum/carbon minimum from Stage-1 to
Stage-11, corresponding to the d phase fidd (BCC dructure), is far more dgnificant tan those
of dage-lll and stage-1V, because the diffuson coefficients of niobium and titanium in the d
phase are about 100 times greater than those in the g phase (FCC gructure). An increase in the
temperature window of the d phase field, corresponding to a decrease in the carbon content,
brings about a sgnificant homogenisation of the subditutiond solutes. By comparison, the
degree of homogenisation is not dgnificant in audenite a a lower but wider temperature range
corresponding to stage-1V.
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respectively (25).

The effect of decreasng the carbon contert in a given base chemistry was found to decrease the
degree of microsegregation of niobium and titenium. The effect of lowering carbon is to
increese  the temperature window in the d phase fidd, where dgnificant diffusond
homogenisation of subditutional solute occurs.  Thus, a didinct advantage of low carbon
desgn is to reduce the intensty of the microsegregation of the subditutiona solutes, thereby
promoting a more homogeneous microstructure. The reduced tendency of microsegregation in
microaloyed steels with low carbon has been reported by Tara et d. (26) usng mill data,
which is conggtent with the foregoing analyss

The microsegregation and precipitation models are used to design the base chemisry and
temperature window required to prevent surface cracking during the bending and straightening



of the dab. The base chemidry is designed to reduce the intendty of microsegregation using a
low interditid desgn. Titanium additions ae made to the stoichiometric requirement to tie up
al the nitrogen a high temperaures as TiN. This is possble only if the nitrogen content of the
ged is controlled to low levels (<40 ppm). A low carbon design ensures less intendty of
microsegregation of niobium, which dlows an adequate niobium addition so that the
thermodynamic potentid for precipitation of NbC is only reached a a temperature well below
the temperature window of bending and dtraightening of the dab. Thus, quantitative analyss of
both the solidification and precipitation behaviour of a titanium-niobium microdloyed sed has
underscored the scientific merits of low nitrogen as well as low carbon design in order to obtain
sound dabs without surface cracking, which can be thermomechanicaly processed to impart
grength.

Precipitate Evolution in Sabs

The morphology and microchemistry of the precipitates occurring in the dabs have been
characterised usng Transmisson Electron Microscope (TEM/STEM)  techniques. The
precipitate morphologies comprised coarse dendritic precipitates, cubic, angular and spiked
precipitates. Figure 6 shows a bright fidd TEM extraction replica of a typica dendritic
precipitate of (Nb,Ti) (CN) occurring in the interdendritic regon in association with a MnS
incluson. On reheating and holding each ded a a temperature just above the temperature for
mixed carbide or carbonitride precipitation, only cuboida nitride precipitates were found to be
dable, as shown in Fgure 7. The Gri/(Cti+Cyp) ratio is smaler in dendritic precipitetes than in
cubic, angular and spiked precipitates, suggesting that the evolution of dendritic growth of
niobium-rich carbides occurs a a lower temperature.  These observations suggest that growth
of the NbC-rich phase occurs on pre-exiging TiN-rich paticles. The implication is that if TiN
particles are wdl dispersed, growth of NbC will occur preferentidly on the pre-exiding
paticles rather than nuclegting independently. This has been confirmed by experimentd
invedigations on flow dress messurements during the hot tordon of a low interditia sed.
The temperature corresponding to the flow stress increase is 1060°C, which coincides with the
equilibrium temperature of precipitation of the Nb-rich mixed carbides (27).

TEM PICTURE OF DENDRITIC
PRECIPITATES FROM SLAB
LR | P S S (STEEL-L)

Figure 6: TEM micrograph of an extracted Figure 7. Dendritic precipitates dissolve
duminium replica showing the dendritic on holding a 1160°C, giving cuboidd
precipitates occurring  dong  with  MnS precipitates of TiN (29).

incdlusons in the interdendriticaly segregeted

region (27).



The recryddlizationlimit temperature (RLT), discussed later in the paper, which is based on
the srain-induced precipitation of NbC interacting with recrystdlization as predicted from the
modd of Dutta and Sdlars, is 936°C (28). TEM examination of precipitates interrupted during
hot torson smulation by quenching shows that the inner core of the precipitate is enriched in
TiN upon which niobium enriched carbides have grown. The increase in flow dress is
attributed to the increase in the Zener drag force on the boundary mobility caused by the
epitaxid growth of NbC on pre-exiging TiN paticles. This obviaes the need for the drain-
induced precipitation of NbC isolated from TiN. However, it is essentid to obtain a good
disperson of TiN precipitates in the augtenite in the first place, in order to ensure the epitaxid
growth of the carbides. To obtan a uniform disperson of TiN, the microsegregation of
titanium in the audenite has to be minimised s0 that the degree of supersaturation for the
precipitation of TiN is homogeneous and the precipitation of TiN should be promoted in
audtenite (29). Most mill operators regard the up-stream process controls required to obtain a
consgently fine disperson of TiN as specid and exacting. Therefore, the approach is to use
the dran-induced precipitation of NbC as the bass for obtaning a uniform disgperson of
second phase particles to retard the static softening kinetics.

Moddling Growth of Precipitates and Resdua Nb Content as a Function of Cooling Schedules

Assuming a uniform disperson of TiN precipitates, the growth of NbC on the TiN particles can
be represented by the Wagner-Seitz array of equi-szed and equi-spaced sphericd particles,
enveloped by diffuson fidds as shown schemaicdly in Figure 8a An idedised dze (10nm in
diameter) and a uniform didribution (300nm interparticle spacing) are assumed a the dHart.
The modd for the diffusoncontrolled growth of NbC in augenite involves the smultaneous
solution of a set of diffusond, equilibrium and mass bdance equations (30). These equations
are nonlinear and transcendental in nature, requiring iterative methods for solution. The mole
fraction of the precipitates, the particle diameter and the resdua niobium content of the matrix
ae cdculated for cooling rates, from 05 to 10°C/s, commencing from the equilibrium
temperature for the precipitation of NbC. The growth of the precipitates occurs predominantly
in the higher temperature region (>850°C). The time for diffusona growth is determined by
the cooling rate. The resdud niobium is plotted as a function of cooling rates, as shown in
Figure 8b. The modd based on volume diffuson shows that the matrix will be depleted of
niobium only a dow cooling rates. As discussed later, volume diffusion is essentid for an
increase in the volume fraction of precipitates, dthough enhanced diffuson dong didocations
and grain boundaries provides some accel eration.

Diffusional Homogenisation of Microsegregation

The diffuson coefficents of niobium and titanium in audtenite are very low and are of damilar
order to that of the sdf-diffuson of iron. Sgnificant homogenistion of the subditutiond
solutes niobium and titanium is possble a reasonable temperatures and times only if the
materid has fine dendrite spacings (<50 nmm), which are only obtained a less than 5 mm from
the surface of a thick dab as a result of rapid solidification (31,32). For a typicd dendrite
gpacing of 300 nm, for sgnificant though not complete homogenisation to occur, the ingot has
to be hedd a 1175°C for 20 hours. The resdua segregation index, d= (C"max.-
C'min)/(C'max.-C'min), where i and h sand for the iniid and homogenised condition
respectively, is decreased only to 0.2 even after such a long homogenisation treatment. If the
dendrite spacing is much larger, homogenisation is more difficult to achieve. Thus in the
dowly cooled regions of the dab where the interdendritic pacing tends to be large, it is
difficut to amned out the chemicd inhomogeneity caused by microsegregetion.  This



concentration  variation caused by the microsegregation of microdloying dements  will
therefore perss and continue to influence the precipitate evolution during downstream
processng. Hence, any modeling on precipitation should condder the resdud segregetion
index of microdloying dements.
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Fgure 8a Schematic of a Wagner-Sdtz Figure 8b: Resdud (solute) Nb plotted as a
aray of egui-szed and equi-spaced function of temperature for various cooling
paticles envdoped by diffuson fidds rates. Modd assumes ided dze and
NbC is assumed to grow epitaxidly on TiN dispersdon of paticles and growth by
paticles of 10 nm damee, uniformly volume diffusion in the matrix (30).

dispersed with an interparticle spacing of

300 nm (30).

Modelling the Kinetics of Strain-Induced Nb(CN) Precipitation During Hot Ralling

The precipitation of microaloying dements such as niobium play a mgor role in contralling
the find microstructure and hence the properties of sted products. The pinning force exerted
by fine precipitates on subgrain boundaries suppresses the process of recrydalization, thus
enabling the retention of the deformed austenite structure from one rolling pass to the next. As
a result of paticles inhibiting recrysdlization, which subsequently leads to a higher
recrystdlization-stop temperature, controlled rolling practice can occur a higher temperatures
and a gmdler rolling loads (28,33-37). Beddes increasng the recryddlization-stop
temperature, the presence of precipitates aso increase the grain coarsening temperature (38),
which plays an important role during controlled reheating practices. Conddering the enormous
practicd dgnificance of the precipitation process, it is essential to understand the mechanisms
of precipitation during the hot rolling of microaloyed stedls.

A large number of researchers have dudied the precipitation kinetics of these microaloying
dements and their subsequent effect on the microstructure.  Results of these sudies
conclusvely show that prior deformation enhances the precipitation kinetics sgnificantly
(1,28). Incidentdly, these dudies involve a number of varidbles such as sed compostion,
initid gran dze, deformation temperaure, amount of drain, drain rate and type of deformation
etc. In addition, these studies also employ a variety of techniques for precipitate detection, and
sze and volume fraction measurements.  As a result, it is difficult to make a direct comparison
of dl the experimentd results. Initidly, Dutta and Sdlars (28) proposed a modd to predict the
precipitation start (corresponding to 5% precipitation) time for noibium microdloyed Seds
This modd was based on an extensve andyss of avalable experimentad results and classca
nucleation theory. An essentid feature of this modd was that, by combining semi-empiricd
equations for the dart of datic recryddlization with the precipitation kinetics modd, it shows a
high temperature regime where complete recrysdlization tekes place, and an intermediate



temperature regime between the end of recryddlization (i.e, before the dart of precipitation
and defined as the recrysdlizationlimit temperature, RLT, or Tgse) and the dsat of
precipitation before recryddlization (i.e, defined as the recryddlizaion-stop temperature,
RST, Ty or Tse), bddow which no recrysdlization occurs, as shown in Figure 9 (37). Although
this modd was smple and showed reasonably good agreement with many of the experimentd
data, it did not condder the complete precipitation kinetics, i.e. the evolution of precipitate
volume fraction and dze with time. A smilar modd was proposed for titanium microdloyed
seels (34). Thiswork was followed up by a detailed model by Liu on niobium-steels (39).
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Figure 9. Effect of predran on the recrydtdlizationstop temperature (RST, Ty Or
Tse - corresponding to 5% RXN) and the recrystalization-limit temperature (RLT
or Tgse - corresponding to 95% RXN). Sted consisted of 0.1C-0.03Nb-0.005N and
was initidly reheated to 1250°C. Deformation took place & €=10 sec’ and the
interpass delay time was 10 seconds (37).

Although this model conddered the heterogeneous nuclegtion of precipitates on didocations
and enhanced growth due to pipe diffuson through didocations, it did not consder the
concurrent precipitate coarsening process. This was in contradiction to the observations of
Dutta et d. (35) who had shown that the coarsening began a a very early sage of precipitation
and subsequently led to a dgnificant decrease in precipitate number densty.  Interestingly,
Dutta et d. (35) dso showed that the growth and coarsening occur smultaneoudy during the
precipitation. However, until the deveopment of the recent mode (40), comprehensve
condderation of the precipitation kinetics describing the nuclestion, growth and coarsening of
precipitates was lacking in the literature.

Earlier work has shown that the presence of didocations caused a sgnificant accderation in the
nucleation, growth and coarsening of precipitates (28,34-42). The early occurrence of
coarsening is assumed to be an essentid feature in drain-induced precipitation (35). This is
illusrated through a schemdic diagram in Fgure 10 showing an aray of precipitates, which
initidly were dtuated on didocation nodes (represented by the solid lines) following one
deformation pass. Assuming that the matrix concentration a the precipitate/matrix interface is
the equilibrium concentration a the respective deformation temperature, and the concentration
in the solute depleted zone around the precipitates is around 95% of that of the bulk
concentration, the sze of the solute depleted zone is given by Rs,=18R (where R is the
precipitate radius) when the solute diffuson is controlled by volume diffuson, Figure 10a It
should be noted that the precipitate distribution is assumed to be bimodd in this representation
where haf of the precipitates are of 1nm radius while the other haf are of 1.5 nm radius.
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Figure 10: Schematic illugration showing the presence of precipitaies on
didocation nodes and solute diffuson fidds surrounding the precipitates when:
(@ diffuson is due only to volume diffuson and (b) solute diffuson tekes place
adong didocations. Solid lines represent didocations and dashed lines indicate the
limits of the solute depleted regions (35).

The notable feature of Figure 10a is that the solute depleted zones around the precipitates do
not overlap with each other, which in turn implies that the coarsening of precipitates, leading to
the growth of bigger precipitates a the expanse of smaler precipitates, cannot occur if the
diffuson is dominaed by volume diffuson. However, experimentad observations after sngle-
pass deformation indicate that further annedling leads to the coarsening of precipitates with a
decrease in the precipitate number densty (35). It is dso observed that an incresse in
precipitate volume fraction takes place smultaneoudy with coarsening.  All these observations
together indicate that bulk diffuson is not the dominant mechanism, and that coarsening begins
a a vey ealy dage during drain-induced precipitation. These observations can only be
explaned by conddering the effect of accderated solute diffuson dong the didocations,
whereby, coarsening can essly occur since the precipitates are interconnected through the
didocation network, Figure 10b. It has been shown (35) that this assumption leads to a
reasonable estimate of the precipitate Size evolution kinetics. This paper summarizes the key
festures of a modd to predict the complete precipitation kinetics during the srain-induced
precipitation in steels microdloyed with niobium.

The present modd is based on classcd nuclegtion theory (43-45), and incorporates the changes
influenced by the presence of didocations. It is assumed that the precipitates nucleste
heterogeneoudy on didocation nodes. This has been proved to be a reasonable assumption
based on a previous investigation (35). As discussed before, the effect of didocations on the
diffuson of solutes has been taken into account during the growth and coarsening of the
precipitates. The mgor advantage of the present model is tha it provides a complete
decription of the volume fraction and sze evolution of the precipitates, and hence, it can be
coupled with the recryddlization modds to obtan a comprehensve idea about the
microdructure evolution during the high temperaiure deformation of augtenite microdloyed
with nicbium.

The modd for the dran-induced precipitation of NbC is based upon the following four
assumptions:



1. The didocetions ae evenly digributed throughout the matrix and form a three
dimensona network.  The didocation nodes (illustrated in Figure 10) provide the
heterogeneous nucleation dtes for the precipitates. A number of earlier workers have
shown that NbC is heterogeneoudy precipitated on the defects, such as subgrain boundaries
or didocations (1, 35). More recently, this has been observed in a modd Iron-30 wt%
nicked dloy microdloyed with niobium (46). The advantage of usng such a modd dloy is
that it dlows the augtenite to be dtabilised to room temperature. Consequently, it alows for
the direct observation of NbC precipitates, and ther spatid didtribution around the
didocations generated during the deformation of austenite, without the confusing effects of
the additiond didocations induced during transformation. Figure 11 shows a didtribution of
fine (5 nm diameter) NbC particles precipitated in this iron-30 wt% nickd dloy dong a
subgran boundary (46). Dutta e d. (35 have dso shown that the assumption of
didocation nodes as nuclegtion dStes provides a reasonably accurate description of the
precipitate dengity in these systems.

Figure 11: (@) Zero loss filtered bright fiedd image of a subgrain boundary in a Fe-30
wt% Ni aloy prestrained to e=0.45 at 950°C at €=10 sec’’, held for 100 seconds, then
grained to e=0.9, followed by quenching to room temperature. (b) Fe M edge jump
ratio image. (c) Nb L edge jump ratio image (46).

2. The NbC precipitates are assumed to be sphericd, and the criticd radius for the
nuclegtion of precipitates on didocations is the same as that for the genera nucleation of
precipitates in the bulk. Since the growth and coarsening of the precipitates are very fast on
the didocations, the exact nuclegtion radius is expected to have negligible influence on the
overdl precipitation kinetics.

3. The compodtion of the NbC precipitates is assumed to be doichiometric and the
solubility is cadculated usng a previoudy published solubility product, which was derived
from direct measurements on alow carbon sted containing 0.02 wt% niobium (38).

4. As the diffusvity of niobium is dmost 89 orders of magnitude lower than that of ether
carbon or nitrogen, the diffuson of niobium in augtenite has been assumed to be the rate-
limiting step for the precipitation process (41, 47).

Nuclestion of Precipitation

The activation energy for homogeneous nuclegtion consds of three pats (i) the chemicd free
energy aidng from the chemicd supersaturation of the solutes, (ii) the interfacid energy spent
for cregting the precipitale/matrix interface and (iii) the strain energy used to accommodate the
dran mismatch. In the present case, the dran energy pat is neglected to reduce the
complexity. However, as mentioned previoudy, the present mode involves heterogeneous



nucleation with the precipitates being nuclested on the didocations. The heterogeneous
nuclegtion of incoherent precipitates on didocations has been dudied in detal (48, 49).
However, the interaction between the didocations and the precipitates is very complex in
nature. Ingead, a smplified assumption is made tha the didocation core energy over the
radius of the nudeeting precipitates is spent for precipitate nuclestion. This hypothess has
been successfully employed previoudy (28), and it has been shown that the changes in
activation energy correspond to the changes in the empirical constants used to describe the
precipitation kinetics.

Precipitation is assumed to occur in two stages: (1) in the first stage, precipitates nucleate and
grow and (2) in the second stage, when the nuclestion ceases, precipitates enter the regime of
growth and coarsening.  Furthermore, the precipitation on didocations is assumed to be
ingdtantaneous and therefore, the incubation period is assumed to be infinitesmadly smdl. The
parameter No, which represents the number of avalable stes for the heterogeneous nuclestion,
is the number of nodes in the didocation network and is given as (35):

N, =05r*® ©)

Where, r is the didocation dengty at the beginning of precipitation and can be estimated as
(35): )
r=f Sy g 9 ()
§|v| aub "
where, s and sy are respectively the flow stress and yield stress a the respective deformation
temperature, m and b represent the shear modulus and Burger's vector, M is the Taylor factor
(3.1 for FCC crysds) and a is a congant (=0.15). The congtant f, is a ‘didocation densty
factor’ that is used to fit the observed data and predictions. Since the exact vaue for flow stress
isnot avalable for every specific case, this factor is used to adjust the didocation density.

Growth and Coarsening

As soon as the critica precipitate radius and the mean precipitate radius become nearly equd,
coarsening commences (50,51). Since the precipitates are nuclested on didocetions, the
coarsening is greatly influenced by pipe diffuson through the didocation cores. Hence, in the
coasening dage, the bulk diffuson coefficient is replaced by an effective diffuson coefficient
which takes care of both the bulk diffuson and the pipe diffuson. The effective diffusvity
(Deff) is given by Equation 5:

De‘f = Dpp Rcz;orer + D(l' p Rczzorer ) (5)
where, D, is the pipe diffuson coefficient and Reore IS the radius of the didocetion core.  This
effective diffugvity is used for the cdculaion of the precipitate radius and number dendty
evolution.

Figure 12 shows the evolution of both precipitate number densty and volume fraction
folowing dnge-pass deformation.  This behaviour was subsequently compared with the
repective number densty and volume fraction of NbC precipitates in undeformed austenite.
This comparison highlighted the fact that the presence of didocations provided numerous
heterogeneous nuclegtion Stes, and hence, the precipitate number density is gpproximately four
orders of magnitude grester (reaching its maximum vaue after 3-4 seconds) for the deformed



ged compared with undeformed audtenite. In addition, precipitation tarts much earlier in the
deformed ded, in times dmogt three orders of magnitude quicker than for undeformed
audenite,.  Coarsening is aso much fagter in the deformed sted as is evident from the onset of
the decrease in the precipitate number dengity. It is further noted that the precipitate number
densty in the deformed audenite reaches a maximum very ealy and subsequently darts
decreasing while the precipitate volume fraction is 4ill increesng.  This is contrary to the
results observed during precipitation in the undeformed augtenite, where the precipitate number
dendgty reaches a maximum when the precipitation is dmost complete (i.e. the precipitate
volume percent is nearly 100). This is a result of enhanced coarsening kinetics in the deformed
material because of didocation-asssted diffuson.
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Fgure 12: Moddled result showing the effect of prior deformaion on the
precipitation kinetics in a 0.084C-0.015N-0.06Nb steel, reheated at 1300°C and

subsequently cooled down to 950°C, deformed at €=0.33, and held isothermally
(40).

Comparison of the Modd with Experimental Results

Figure 13 shows a comparison of precipitate Sze evolution as predicted from the present mode
with the reported experimenta data of Hansen e d. for a sed with a 0.031wt% niobium
concentration (33). This sted was reheated to 1250°C for one hour, cooled down to 950°C,
followed by a 50% rolling reduction (i.e, an equivadent true drain of 0.8) & a dran rae of
2.6s', and subsequently annedled a various temperatures. A constant deformation temperature
and a condant true drain rate sgnify a condant vaue of the Zener-Hollomon parameter (Z) for
dl the conditions. Consdering the experimental scetter, it can be concluded that the mode
shows an excdlent agreement with the experimenta data (40).

Figure 14 shows the experimentaly determined PTT (precipitation-time-temperature) curves
(shown as symbols) for a low carbon, low nitrogen sed containing 0.03 wt% niobium as
reported by Janampa (41). The present modd (40) predictions have adso been shown (as lines)
in the same plots. In this case, the geds were fird given a roughing deformation of 33%
(equivadent true dtrain of 0.46) at 1100°C and then a second deformation of 25% (equivalent
true drain of 0.33) a the respective anneding temperatures. Prior to roughing, the sted was
audenitised at 1200°C for 45 minutes. It is important to note that the microstructure was
completdy recrysdlised following roughing, which indicaies that there was no dran
accumulation before the second deformation. A didocation density factor of 5 was used for the
model caculations.
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Figure 13: Moddled result [40] showing the varidion in precipitate radius with

anneding time in ged containing 0.11C-0.01N-0.031Nb-1.35Mn. The reheat

temperature was 1250°C, and the sted was deformed to €=0.8 a 950°C.

Experimentd data are from Hansen et.a. [33].
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Figure 14: Precipitation-time-temperature plot for a 0.084C-0.006N-0.03Nb sted,
reheated to 1250°C, and deformed to an equivdent true drain of 0.33.
Experimentd data are from Janampa (41) and ae shown as symbols. The
modeled results (40) are shown by the lines.

Although the expeimentd data show an ealy beginning of the precipitation process (as
reveded by 5% precipitation time) compared with the calculated data, the absolute difference
between these two is negligible.  The discrepancy between the experimentd and predicted
results is most likdy due to the particular experimenta technique used for the detection of
precipitates. For example, the results from the experimental precipitation sudies shown in
Figure 13 utilised carbon extraction replicas whereas the experimental results shown in Figure
14 made use of precipitate separation techniques. One important drawback of either of these
techniques is the inability to diginguish between the gran boundary precipitation and matrix
precipitation, which can lead to an overestimation of the precipitation kinetics This is the most
likely cause for the discrepancy observed in the predicted and experimental vaues for 5%
precipitation shown in Figure 14. This further highlights the importance of high resolution
electron microscopy on thin foils of modd aloys such as Fe-30wt%Ni (46). Consdering the
scters involved in the experiments and holding times before deformeation etc., the modd
predictions are found to be in very good agreement with the experimenta observations. It



should be noted that the shape of the PTT curves and the effects of niobium, carbon and
nitrogen concentrations on the PTT curves are successfully predicted by the present model (40).

It is important to note that the success of the present model depends to a great extent on the
accuracy of the solubility product used to predict the driving force for the precipitation. As has
been discussed previoudy, there is some uncertainty associated with the solubility product in
these seds.  Alloying dements, such as manganese and slicon, which do not take part in the
precipitation, aso afect the solubility product through ther interactions with the dissolved
solutes. Manganese is reported to have a very pronounced effect on the solubility of niobium
and this is dearly manifested by its influence on the kinetics of precipitation (12). Therefore,
the present study has used a solubility product that was determined by direct measurements
through atom probe andyss (38). Furthermore, this solubility product was measured in steds
which had dmilar compogtions to those andyzed in the present study. This ensured the
goplicability of this particular product in the present case.

Besdes the effect of the solubility products, the other parameter that plays a key role in
determining the precipitation kinetics is the Ste dendty for heterogeneous nuclegtion.  As the
present model assumes that the didocation nodes are the nuclegtion dtes, the didocation
density in the matrix is a crucia factor, but an accurate estimation of the didocetion dengty is
vay dfficult. Primarily, this is affected by the drain, drain rae, temperature and type of
deformation. However, there are a host of other factors which govern the didocation build-up
in the materid. These include the materid composition, type of deformation etc. In the present
case, the didocation dendty has been estimated from experimenta flow stress data, Equation 4.
A parameter called the didocation dendty factor ;) has been used to account for the effect of
different experimentd conditions on didocation densty. It should be remembered that this
factor is purdy an empirica factor and is used to adjust the value of didocation densty under
different deformation conditions so as to obtan the best fit between the predictions and
experimenta observations. It is wel known that the flow dress is sgnificantly influenced by
the deformation conditions (as mentioned before) as well as material parameters, such as bulk
materia compogtion, and specificaly on the amount of dissolved solute, grain sze etc. All of
these factors that affect the flow stress (and thereby the didocation dendty) are expected to
influence the vaue of the didocation dendty factor. In addition to this, the prior history of the
materid aso plays an important role (this has been observed by various workers (28)). A finer
matrix grain sSze, obtained by a high temperature roughing deformation and recrystdlization is
found to enhance the precipitation kinetics dSgnificantly.  This has been dtributed to a
‘conditioning effect’ of the marix caused by the roughing deformation and following
recrystalization, and some grain boundary precipitation (28).

In the present modd, the effect of pipe diffuson aong didocations is accounted by using an
effective diffuson coefficient (Equation 5) ingtead of the bulk diffuson coefficient during the
coarsening of precipitates. It is known that the diffuson process can be well represented by an
effective diffuson coefficient when the lattice diffusiond length, (Dit)? is Sgnificantly grester
than the spacing (I) between the short-circuit paths (52). In the present study, this criterion is
found to be vaid in al the cases. For an example, in Figure 10, the spacing between the short
circuit paths (i.e. the distance between the didocation nodes) was found to be dmost hdf of the
diffusona length a the onset of coarsening. As the precipitation proceeds, the diffusond
length increases further with increesng anneding time and the use of an effective diffuson
coeffident becomes more and more appropriate.

In summary, it can be noted that the present model (40) for the strain-induced precipitation of
NbC provides a complete evauation of the precipitation kinetics and hence, can be used to
caculate both of the above mentioned temperatures in conjunction with a model predicting the



kingtics of recryddlization. In paticular, the edimation of the precipitate pinning force
requires a prior knowledge of precipitate sze and volume fraction. To date, most of the
researchers who tried to edimate the pinning force have used equilibrium precipitate volume
fraction as an input parameter. A quick look a typicd delay times in between Successve
deformation steps during practicd operations reveds that the time periods are short and
precipitaete volume fraction does not reach the equilibrium vaue in this short time. Hence,
caculaions usng equilibrium precipitate volume fraction will leed to an overestimation of the
magnitude of the pinning force. The present mode will help to obtain an accurate vadue of
precipitate volume fraction.  Furthermore, the time evolution of pinning force can dso be
obtained from the knowledge of the precipitate Sze and volume fraction evolution usng the
present model (40). It is important to note, however, that the present modd is based on the
underlying physcs asxociaed with sngle-pass deformation, which clealy makes it an
inadequate modd for multi-pass deformation, to be discussed in the next section. Nevertheless,
the power of the present modd rests with it representing a fundamenta building block for
subsequent multi- pass deformation models.

Industrial Rolling Applications

All indugrid rolling of flat products from conventiond dab involves multiple passes caried
out over a temperature range which varies widdy for plate, strip rolled on tandem mills and
drip rolled on deckd mills The processng is divided into the roughing stage, which is
broadly smilar for the three product routes, and the finishing stage which is very different for
each route.

Rough Ralling

As discussed ealier, reheging ams to maximize the amount of the microdloying dement
taken into solution and to homogenize the solute concentration in the audenite matrix. It is
never fully effective, but the consequence of holding the sted a a high temperature for long
times is to coarsen the audenite grans. The metalurgica objective of the roughing passes is
therefore to refine the grains by repeated recrystdlization between passes.  This means that
roughing should be complete before the temperature fals to the recrystdlizationlimit (Tosos)
temperature, because partia recryddlization leads to a mixed grain sructure which cannot be
diminated by subsequent finishing passes when the temperaue fdls bdow the
recrydalization-stop (Tse) temperature.  The smple modd (28) is reasonably successful in
predicting the effects of compostion and process varidbles on the gran Sze evolution in
roughing, but experimenta observations indicate that more atention must be pad to the further
development of the model to teke into account: First, the occurrence of reatively coarse
precipitation of Nb(CN), which has little effect on recryddlization, but drans the
microdloying dements from <olution, so tha they ae not avalable for trandformation
hardening. In Imple niobium geds the loss of solute probably arises from grain boundary
nuclestion or growth of undissolved coarse particles, paticulaly in regions of resdud
segregation (53).  In nicbium-titanium geds, the finer TiN particles remaning after reheating
can act in a amilar way, and if a smdl enough interpaticle spacing can be generated, the
epitaxial growth of NbC can lead to the retardation of recrysdlization and a mgor increase in
Tose (27). A second effect of roughing passes in accderaing the kinetics of strain-induced
precipitation in finish rolling has been obsarved (54,55) and atributed to equilibrium
microsegregetion or cdusering of the niobium. It is adso possble that non-equilibrium
clusering due to the diminaion of excess vacancies between passes plays a dgnificant role
(56). While these effects can be dlowed for empiricaly, today’s models of roughing do not
condder the phenomena in the basic sense thet is necessxy if the state and didtribution of



microdloy eements in solution is to be passed on to the precipitation models applied to finish
ralling.

Finish Ralling

The temperature time histories during the finishing of plate and of drip by tandem mill and
geckd mill rolling of drip ae so different in rdation to both the recryddlization and
precipitation start curves that they will be conddered separately.

Pae Rdling. Ealy moddling of controlled ralling established that the recryddlizationstop
temperature is determined by sufficient strain-induced precipitation occurring before the onset
of recryddlization to provide pinning and prevent the nucleation of recryddlization. For
conventiond controlled rolling of plae, the dat finishing temperature is bdow the
recrysdlization-stop temperature, and drain accumulation tekes place throughout the finish
rolling process.

The recent modd (40) discussed earlier for the kinetics of drain-induced precipitation and
coarsening after a single rolling pass based on Figures 10a and 10b indicates that for industrid
plate rolling conditions, only a smal volume fraction of precipitation will have occurred before
the second finish rolling pass.  The deformation in the second pass will cause a change in the
arangement of the didocation network, with the consequences illugtrated schemaicdly in
Figure 15 (35). As shown in Figure 158, many didocation nodes will be displaced from the
postions a which particles are nucleated after the firg finishing pass.  This has two important
consequences. Firdt, the rapid pipe diffuson paths for particle coarsening are removed, so the
coarsening rate, and hence the rate of reduction of particle number dengty will be dramaticaly
reduced. Second, te mgority of the new didocation nodes will lie in volumes of the matrix in
which the solute content has not been depleted by growth of the precipitates after the first pass.
Additiond nuclegtion of new particles should therefore occur (Figure 15b) to increase the
number dengty of the precipitates. Direct evidence for this is provided by the experimenta
obsarvations shown in Figure 16, in which incrementa hardening above that expected for the
cumulative drain  hadening is observed for sequentid  finishing passes a  equivdent
temperatures (57). This increased pinning ensures that no recrystdlization takes place during
finishing rolling, despite the increase in dored energy. It dso results in an incresse in totd
volume fraction of precipitates, and consequently a reduction in the resdual microdloy content
in solution to provide trandformation hardening.

(a)

Figure 15. Schematic diagram of the didocation and particle distribution crested
(@ by a second finishing deformation and (b) by holding after a second finishing
deformation. Solid lines represent didocations and dashed lines indicate the limits
of the solute depleted regions (35).
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Figure 16: Stress-strain curves at 850°C and a strain rate of 5s* for reduction
schedules of 30/15/15/15/15% with various time intervas between deformations
for S-Mn and X70 plate stedds (57).

Currently, these modelling concepts are not yet quantitative, but the modd (40) presented for
the kinetics of precipitation after a sngle rolling pass provides an important and fundamentd
base for the development of a modd for precipitation during multi-pass finishing, which can be
vadidaed by experimenta observetions of the change in flow dress in sequentid passes.  This
is dealy an important gep in providing information about the solute content and its spatid
digribution for modeling transformation and precipitation during ar cooling or acceerated
cooling of plate after finish rolling.

Strip Ralling. During conventiond rolling of strip ina 6 or 7 stand tandem mill, the strain rates
increase progressively from ~20 s* to ~200 s, and the time intervals between passes decrease
from ~2 sto ~0.2 sduring finish ralling.

Currently, there is an enigma about the mechanisms controlling microgtructura evolution,
because the high dran raes and short interpass times preclude direct Smulation of finish
rolling in laboratory tests (58, 59). Torsion testing a lower strain rates of 2 st (60) indicates
that no drain-induced intragranular precipitetion occurs in the short interpass times and that
patid softening tekes place by meadynamic recryddlization following  dynamic
recrystdlization during the finishing passes, as a result of dran accumulaion (61). There is
evidence of patid softening between passes during indudrid rolling (58), but it is not clear
whether dynamic recrydalization can take place during passes a the high dran raes of
indugtrid rolling (59). Patid softening could arise from patid ddic recryddlization a high
accumulated dtrains, but the present models do not enable one to decide between the dternative
mechanisms.  Further development of the modds is therefore important, because it is unlikely
that developments in laboratory smulation methods done can progress the current physical
understanding to the high strain rates of indusirid strip processing.

Seckd Mill Ralling. Steckd rolling mills have the potentid to change the economics of the
flat rolled sted production worldwide, mainly because of lower capitd cogts and the flexibility
in production quantities. The interpass time in seckd mill rolling is rather long, ranging from




30-100 seconds in comparison with 0.2-2 seconds in a semi-continuous multi-stand rolling
mill. This leads to a subgantid difference in the finish ralling caused by daic softening in the
long interpass times in gtecked rolling. Moddling results, laboratory sudies and mill trids have
confirmed the didint advantage of a high niobium (>0.08wt%) low interditid
(<0.03wt%carbon and <0.003wt%onitrogen) design in the development of high-drength high-
toughness plates for line pipe application usng steckd mill rolling.

The draegy for seckd mill rolling of high niobium low interdtitid sted condgs of lowering
the temperature of finish rolling to wel below the nose of the precipitation-time-temperature
(PTT) curve for drain-induced precipitetion of NbC. A low nitrogen design with a titanium
addition to the stoichiometric requirement to tie up al the nitrogen a high temperature as TiN
dlows dl of the niobium to be in solution in audenite, which retards the datic recrysalization
in the low temperaiure window before the onset of the dtrain-induced precipitation of NbC.
The pinning pressure due to the drain-induced precipitation of NbC is more effective than
solute niobium in retarding the datic recryddlization in the inter-pass time. Nuclegtion and
growth of the precipitates occurs in a Smilar way to that described earlier for plate finishing.
Thus, dran accumulation in finish rolling is aded by giving an adequate number of large
reductions so that the pinning pressure is increased through increesng the number of particles
progressively through nuclegtion rather than decreasing the number of particles by coarsening.
However, a resdua niobium of 0.04 wt % in the matrix is required in order to obtain additiona
drengthening due trandormation hardening and  precipitation  strengthening  upon
transdformation (62, 63). Therefore it is essentid to redrict the number of passes so that the
precipitates deplete only a fraction (about 50 %) of the totd niobium in the matrix. The low
temperature window decreases the diffuson kinetics so that the resdud solute niobium in the
matrix is adequately high. Typicdly, the temperature window for finish rdlling for a high
niobium (>0.08wt%) ged is in the range of 850-730°C, the pass reduction typicdly in the
range of 30-15% and the number of passesisfive or lessfor agrade 80 line pipe sted.

Concluding Remarks

This paper has consdered the date-of-the at of moddling of thermomechanica ralling from
cadting to the end of the rolling process. For a complete through-process modd, this is only the
input required for a transformation model of the microstructure developed on cooling, which in
itsdf is the input for properties and atributes models. It may seem that the complexities
dready encountered make development of true through-process models a serious chdlenge.
However, first of al one can recognize the advances that have been made since Niobium 1981
and second, one can see that the concept of through-process modelling has revealed which parts
of the process have been modelled with a consderable degree of sophitication and which parts
have been overlooked.

For an effective through-process model, every step should have inputs and outputs that progress
the moddl a a consgent levd. The experimenta back-up necessary to make this feasble can
therefore be built into future research drategy. This inevitably leads the authors to the view
that enough relevant experiments to cover dl the process variables cannot be carried out in
laboratories on a redidtic time scade for a complete physcaly based, or “white box” modd to
be developed. The devdopments tha have teken place in dternative modeling paradigms,
such as neura networks and genetic dgorithms, for andysing and optimizing process variables
from data recorded by sensors in industrid processng must therefore be recognized. These
provide an efficient means of “black box” modelling for control of specific plant or processes,
because with agppropriate training sets of data, they enable rapid computation of the control
variables in the later stages of processng, which are required to compensate for compositiond



or processng vaidions in the earlier stages of processing. Such modes are, however, only
vaid within the window of data on which they are based.

It is now possble to combine the “white-box” and “black-box” methodologies to develop
“orey-box” moddling for example as illusraed in Figure 17 (64). Here the best avaldble
physcaly-based modd (i.e, some prior modd) provides the foundation, but the wedth of
indugtridl data (i.e, neurd networks) provides a refinement of the quantitative predictions
within the narrow range of variables, which produce acceptable qudity of products on a
particular plant.
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Figure 17: Schematic flow chart illugrating grey-box modelling from both black
and white-box methodologies (64).

Before “Niobium 2021", this combined moddling methodology, undertaken by
multidisciplinary teams, with individud expertise in each of the specidid areas involved, does
offer the prospect of truly “through-process’ models, which incorporate the best scientific base
avalable and the wedth of indudrid know-how. These modds can then encapsulate the
“corporate  wisdom”, which was traditionadly developed through long term dability of
employment from apprentice to senior technicd manager.  Today, “lean” companies with
employee mobility have dready logt this route to advancing corporate wisdom, so the
development of comprehengve through-process models is a socidly, as wel as a technicdly
driven requirement, for continued future competitiveness.
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