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Synopsi:

A new, more physically realistand practically usef model is presented for the simulation of h
temperature austenite flow curves. It is atension of our earlicempirica model based on tt
Avrami kinetics of dynamic recrystallization. In the new approach, the normalizatiameger is
expresed in terms of tF fractional recrystallization and not - amount of softening. Compressi
experments carried out on a -modified plain carbon steel enable the simulated flow cLand

progress of recrystallization predictby the two models to be compatr
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1.Introductior

The modeling of austenite flow curves is required for the calculation of separatierafa¢orque i
rolling mills. When dynamic recrystallization (DRX) takes plin addition to dynamic recovel
during strainin, the net softening produchas an influence on these parame. For this reasor
models incorporating Avrami kinetics have been devel”™ to take this phenomenon into accot
Some authors have defined the amount of DRX softening with respec peak stresc,>*°.
Alternatively, the net softening due to DRX can be defined as the difference between tf
hardening curve pertaining to the-yet unrecrystallized grains and the experimental flow (.
The amount of softening can then be ndized so that the kinetics are expressed in terms ¢
fractiona softenin¢®. Still other models have described the progress of DRX in tof the volume
fraction recrystallize”.

In the present study, a n method is proposed for quantify theanmount oisoftenin¢produced by
DRX that is expressein terms of the fractional recrystallizat. The previous approach employe
normalization term based on the net softening attainable at large strains. In ¢m¢ prethod
softening is dscribecinsiead in terms of thvolume fractiol of material that has undergo
recrystallizatiorand does not require knowledge of the large strain steady stat. The modifiec
normalization technique now represents the current state of the materiallgosc that the
fractional softening is described irmorephysically appropriate mantr. It also employs a
experimental measure of the stress required to propagate DRX and thus avoids tlitg né
extrapolation to estimate the steady state stress cequirement to carry out experiments to le
strains.

Some compression tests were carried out Nb-modified plain carbon steel to test the new met|

Flow curves derived using the two approaches were then calculai the result obtainecdare



compaed below

2. Flow curve modelin

In the previous approach to flow curve modeling, the flow spertaining to the «yet
unrecrystallized grains was first deriv From this, the net softening attributable to dyna
recrystallization (DRX) was then culate®®. This led to equation 1, in whiyn is the work
hardening flow stresics, the saturation value of the work hardening flow cuc. thelarge strair
flow stress of the experimental flow curve, ar=(cwn — 6)/(csa — 1s) IS the fraction f net softening
due to DR>. This will be referred to athe "empirical softening parametebelow.

G =Cw — X(Gseu _G|s)

As long aghe strain remains below the critical value for the initiation of De., the experimente
flow stress is defined by the work hardening flow curve. Cec has been exceeded, the softer
generated by the activation of DRX, givenX(osa — ois), must te subtracted froroy.

Here the fractional softening X was defined with respect to the net overall sgffgoduced
large strainosa - oi.. When the work hardening flow stress and the experimental flow stres
respectively reached thefinal values, X was arbitrarily seiequal tc 1. This method employed tl
final softening attaineat large strainto define the fractional softening at any strain betwee
critical andfinal strains. It had the drawback that it describes the state of theial atanytime t
with regard to a reference stthat is present at ttend of the tesanc which, as will be show!
below, is in fact microstructurally varial. It also had the drawback ttthe final state depended
the maximum strain that could kmposed by the testing equipm. For these reasons, a n

approach is proposed h, where the fractional softening is defined in terms oicurrent stat of



the material and not as a functionos, andois.
According tc thismethod the flow curvecar be modeled usina rule of mixturs based onhe

current value of thework hardening flowstres o, pertaining to theunrecrystallized ortion of the

materia and the dynamic recrystallization flcstressc .. Thelatter representheaverage flow
stres of the remainder of the material, that isthe grains thi have already underne dynamic
recrystallization. This concept is expressed by equs 2 and 2b, where the latter follovthe
formalismof equation 1 for comparison [poses.

6 =(1-X)o 4 + X' G rex 2
Gzcwr—X'(GWr—grex) (2b)
By comparing equations 1 a2, it can be seen that tlempirica softeningterm has been replac
by the current value of the difference betwthetwo flow stressesown - o . FOr this reasc, the
previous method descrid by equation 1 will be referreto hereas the empirica softening

parametemethod” and the new approach as tphysica softenin¢ paramete method”.Under thest

conditions, he new fractional softening X’ is defined as fws:

X = 2 3

O \wh — O rex

Note that the denominator in equation 3 differs from the one applicable to X, wiosa — oI (See

equation 1)

3. Descriptiors of work hardenin

In order to use equatis 1 and2 to model flow curvesrelation: for oy, andc e mus first be

derived. For this purpose, work hardening is described by equ4, which states that the evoluti



of the dislocation densitp with strainonly depends on the current value of the dislocedensity
via the work hardening paramet : r, the rate of dynamic recovery, ah, the athermal wor
hardening ra*®. Here, ther andh parameters are taken to be strain indepe "*V.

dp/de =h-rp (4)
In order to obtain a general equation describing the work hardening flow curve, e4 must be
integrated anip converted into stre, using the expressi ¢ = MaubY (p). HereM is the Taylot

factor,u the shear modulub the Burgers vector aro. a material constant about equal to 0.5. °

conversiorleads t equatior5, as demonstrated our previous papt”.

Owh = [Gjau - (G 2 _Gg)exr(_ r(g _80))]1/2 ©)
Hereown is the work hardenir flow stress aniog is the yield stres, at which poinp=po ande=«.
The work hardening flow curvdescribes the evolution of the flow stress from its viopat the
yield straineo until it reaches theaturation strescs,. It has been shown thes, depends oh andr

according t”:

Gy = Maub‘ih/ r (6)

In the case (o e, Which represen thework hardening behavi of the grainthathave alread:
undergoneDRX, its descriptio, given by equation, is based on a modification equatior5, which
only applies to the unrecrystallized mate. It comes into operaticat the critical strail. instead o
the yieldstrainas there is no DRX before this strairt the critical strai, the flow stress of the fir

grainto undergo DRX decreas from own to o (here it is assumed that the effect on the yield s
of the grain size changes brought about by recrystallization can be neglFor this reasc, o rex

begins witl a stress valuof o at the critical straile.. As thestrair is increased, the flow stre & rex

representa population of grainat later and late stages of the recrystallization proc. It finally



reathesthe saturatiorvaluecs, consideec as theaveragestress when all the grains have underc
at least one cycle DRX.
It has been previously demonstré that for a broad range of steel gradthe steadystate stress

equal to the critical strs for the nucleation of DR”. For this reason, in equationc, plays the role

of the saturation strevalue ol o rex .

o =lol-lo2-0f)exi(-r'e —¢.)] "’ ™
This is physically reasonable as it siies that the stress required to continue the propagat

DRX once all the grains have undergone at least one cyrecrystallization (and have continuec
work harden) i the same as the critical str«. that was required to initiate the procen the initial

work hardned materia
An experimental flow curveey is displayedin Figure ’, where the values fGwn, G rex, o, Oc, Osa,

ois andos are also show. This diagram reveathe difference between th empirica terns (csa —

os¢) anc (osa — oi5) and themore physically realist term ioyn — c_rex). In figure 1,c1s represents th
final flow stress attained in a particular test o the steady state strewith ois=cs if the later is
reachec

Theflow stressc x describes the average statea mixture of grains, some of which are ne\
recrystallized ancothers araecrystallized grains at different ges of beingwork hardeiec. As a
consequeng the work hardening parameir” no longer dscribes the recovery rate alone but ¢
takes into accourthe appearance of newly recrystalli (and therefore fully softene grains.

Thereforer” differs from the definition or referred to abo\. By contras, h is identica for o, anc

o 0N the bas that theintrinsic work hardening ratis the same in recrystallized and not

recrystallized grains. The relation betwesc, h andr’ is given by equatio8.



.= M(xub-‘ih/ r) (8

In order o mcdel flow curves and compare prediction: of the“empirica softeningparamete

method” and thephysica softenin¢ parametemethod’, the values (X and X have to be

calculated as a function the Zene-Hollomon parameter Za.exp(Qde/RT), Wherea. Is the strair
rate, Cgerthe activation enercof the deformatio, and R the gas constant. For X ar’, the Avrami
formalismis usedhereto describe the kinetics of DF”. This is givenby equatiots 9 and10 below,
where t is the time during which dynamic recrystallizahas been operati, k is the Avram
constant, and n the Avrami time exponent. Thus, thedependences of n ak on Z are needed

describe X (" and } for X).
X =1-exq-kt") (9)

logIn[1/(1- X)]=logk + nlogt (10)

4.Experimental procedu

Flow curvemodeling requres thathe experimental dependencon Zof the following quantitie:
must first be established:oy, oc, 6sa, I', 0" and V' for the present approach; andoy, o, Gis, Csa,
r, n and k for the previous methi In the present examy, a Nt-modifiedplain carbon ste, of
which the compositioris C 0.11, Si 0.26, Mn 1.1, Nb 0.038, S 0.003, P 0.004, O 0.004, Al 0.
0.003 (wt%) was tested in compressicThe deformation conditions used are listeTablel
Cylindrical compression samples (11.4 rin height and 7.6mm in diameter) were machined f
rolled plates with the cylinder axes parallel to the rolling direction. Grooves vwarieimed into the
end faces of the samples in order to provide reservoirs for the boron nitride lubricardd

empoyed.Constant strain ratcompression testing was carried out on an MTS «hydraulic



machine with a maximum load capacity of 100 kN. Samples were heated up to 1200°C and
15 minutes and then cooled to the deformation temperature. The spewere held for 5 minute

at temperature to permit homogenization prior to tes

5. Experimental flow curve

A selection of stre-strain curves is presentedFigure2-a. At 1200C, these curves exhibit we
defined peaks and steady state stressical of the occurrence of dynamic recrystalliza™®.
Conversely no peas wer¢ observed aihe lowest temperature (T=950'in the range of strain rat
studied The deformation activation energyeswas determined from the peor maximumstresse:
anc a value of 351 kJ.m*was obtaind; the latte is in good agreement withose reported b
previous workers??,

The yield stresses were defined using a 2 % offset. The part of each flow curve bgtalday’

ETM

ande. was fitted with a ™ order polynmial using the MATLAE™ software. The critical stress

and strains associated with the initiation of DRX were calculated by means of the
differentiation metha.

Thedifference between ttarge strairstresso;s and the critical stre o is hichlighted inFigure -b.
At low Z values, o= o, as observed iothel steel”, which means that the steady state sics has
been reache. As Z is increaec o deviates more and more fric.. These deviations are taken h

to signify that, under latively high Z conditionsthe extent to which DR’has propagaed through

the microstructur at a given straidecreases with increasin..

6. Modeling result

To calculateswn, the parameteth andr were derived using tl proceduredescribe in our ealier



pape7). This involvec replotting the stre-straindatz in the form o0 266 vs.o? curves, with 6 the
strain hardening ra. As long as this plot is lineer is obtained from the slope whics, can be
determined from the vertical intercerosa®. Ther hin turn is calculated froth=r [osa/(Mapb)] ?

15)

(equation 6 The temperature dependenceb' andu’® were taken into account aM anda were

set equal to 3 and (9, respectivelyFor the description ¢o e, I Wascalculded using equatios,
ash andc are known

A set of 0o vs. o plots derivedn this wayis illustrated in Figur3-aand the values « andr’
obtained are displayein Figure3-b as functios of Z. Eachpair olr-r” values characterizea single
expeimental flow curve

With the aid of these quantitiehe o anco . flow curveswereconstructed for eacset of
experimentaconditions. Then, \alues 01X (g) and X'(¢) were determined from each experimental
curve using equations 1 and 3, examples of which are shown in Figure 4. The Avrami kinetics (X and
X") were determined for each experimental condition using equation 10 and the parameters n, n’, k
and k" were derived from these plots as described above.

The dependences of 6o, 6¢, Gy, ', N @and k on Z, used for thephysica softening parametse
model”, aredescribed by equations 11 to 16. The stress dependendisplayed in Figure-a. The
dependences (o, G¢, Gis, Osa, I, N @and lon Z, used foithe “empirica softening peameter model
are described by equations 11 3 plus 17 to 2(In this cas, the stress dependencesdisplayed ir

Figure &Db. It should be noted that the peak stic, is not employed in either treatme

6, =157* log(Z)-157 (11)
o, =29.7* log(Z)-30¢ (12)
6., =327*log(Z)-327 (13)

10



r=6+25+*10°z2°% (14)
n=297* 7700 (15

~In(05)
(93* 1021* T—7.3* 8. -0.7 )n'

K= (16)

o\, =32.7* log(Z)-327

—exp-3* 10 2% |3* log(2)- 18] (17
r=4+96*10°Z2°° (18)
I (19)
‘. ~In(05) 20

(1.3* 107+ T25% ¢ 09"
The above equations (11 to are onlyapplicable tcthe presenNb steeland their equivalents mu
be determined experimentally for eacew composition of intere: As examples, the effects on 1
Avrami kinetics of adding Mo and Nb to a plain C steel are illustrated in F6. These data al
described in more detail in rel7. It is evident from this diagram that, at 1000°C, s¢'s for DRX
are2.34, 2.7% and3.4¢ for the plain C, Mo and Nb steelrespectively. Thus the additi of the lattel
two elements to a plain C steel retards the rate of DRX by ratl.17 and1.4¢, respectively

Theprediction: of the two methodare compaid in Figure7 for T=1050°C and four strain rat

(s; =0.05s%, 015, 0.25<* and0.5sY). The resultdisplayedn this diagranshow thathe“empirica
softening parameter method” and tlphysica softening parameter metholead tc similar flow
curve:. However, there are important differences in the s(time) dependences of X and (see
Figure4).While both adequately specify the progrof mechanical softenir, X’ provides &

reasonable description of the volume fraction rstallized as well. By contrast, X does not. T

11



difference is examined in more detail bel

7.Fractional softenin and volume fraction recrystalliz

As shown in Figure-b, casesarise whereX’ approaches its asymptotic value osignificantlymore
slowly thar X. This corresponds to tfcasewhere the o  flow curvehas notyetreaclec its
asymptotic valu of o at the maximur strainattainable in a given te. Under these conditions, 1
final flow stressoi. is greate than the ritical stres o (Figure zb). This differenceincreass with Z;
in a corresponding manner, the final veof X' decreases. This signifies that DRX is less and

capable of propagating through the mate(per unit strainas Z is increase

Importart support for this interpretation is provided by the plots of the valuthe fractiona
softening X and X’ calculated at the peak strain and displin Figure8. Here it can be seen t
the peak strain value of X’ takes a constant value of 0.12 is independent of when calculate:
by the“ physica softening parameter methc This is physically appropriate the peak strai
representthe stagedn the DRX procesat which the softenin effects of DRX exactly match tt
hardening effects in the recrystallized materi. By contrastwith the empiricamethog, “full
softening” (X=1 is associated with a variable amount of fractional recrystalliz, i.e. with a rang:
of values olois - o Where the latter difference is zero when DRX has propd completely throug'
the material. Conversely, at the peak strain, where the volume frrecrystallized can be assumr
to be constant, X can take a range of values (Figure 8) depending again on the extentois has
approached its asymptotic ve 6sc = o.. Thus it can be seen tlaccording tche“physical
softening parameter methc the fractione softenin¢has i direct interpreatior as a measure the

recrystallizec volume fractionIn addition, hefinal stresson a stresstrain curveis a straightforwarc

12



measur of thisfractior in that X’ equals zerwhenoc|=cs5 andone whenci=ace.

Numerous results ve shownthat DRXcan beinitiatec under many thermomechani procesing
conditions, butthe present approaconfirms thatDRX is slowerat high Z, that is, it is less able
propagate through the mate per unit strai. This leads ti situations where thcritical stresss. and
straing; are attained, but the flow curve does not exhibit a dit peakor any significant softenin
(Figure -a). Experiments are currently under way in materials that do not undergo a phase
during quenching to examine the relationship between softening and frarecrystallizatior™.

These results will be reported in a separated public

8. Conclusion

A newway to calculate thdow curve ofhot deformed austen has been propos¢ Thisrequires a
definition ofthemean low stres of the dynamically recrystallized mater The new approac
provides a physicallmorerealistic descriptin of DRX than ourearlierempiricalmode, which was
limited to the quantification of the amount of mechanical softeningdid notaddress the questic
of the volume fraction recrystallizeThesimulated flow curve generate by the new‘physica
softening parameter metho were compare with those obtained from thqprevious*empirica
softening parameter methc for aNb-modified plain carbon ste. It is evidentthat the twc
approaches lead to similar flow cur, butthe new method providesdescrigtion of thevolume
fractionrecrystallized while the earlier approach does

A significant advantage of the new method is that it only requires knowledge ¢-dependence
of the yield strescp and critical stresc, for the initiation of DRX. In adition, the zdependences «

the Avrami coefficients must also be known, which can be readily determined from #re o

13



between the work hardeniioy, and experimentés flow stresse.
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Figure caption

Figure 1 Schematic diagram of an experimental flow clcex, andthe derivec work hardeninws

and recrystallizatiowc?rex flow curves The dependences on strain of the numerators in the defs

of X and X’ are also show

Figure 2:a) Experimental flow curves determined on the preser-modified plain carbon steel. Tl
curves for 1000, 1075 and 1150°C are ncplayed here b) 6,c ando. data determined on tt

preser steel. The data are compared to a line represecis = cc.

Figure 3: aSelected o vs.o? plots derived from the compression curves of Figure 2. The ci
stressec, are represented by n circles and the linear regimes by dashed lines. b) Depender

the work hardening paramete andr” on Z, the Zen«Hollomon paramete

Figure 4: Values of fractional softening X an” calculated for the following experimen

conditions: aT=1150°C ands.:0.255'1, b) T=1050°C an(s.:0.255'1

Figure 5:a) Dependences (6, 6. andos, on Z. b) Dependences y, o, 6is andcs, on Z

Figure 6 Avrami plots calculated for T=1000°C ac =0.1¢ for 3 steels (a plain C st® (labellec
A), a Mo high C ste® (labellec B) and a Nb low ' stee® (labellec C)) showing the effes of

addng Mo anc Nb to a plain C ste¢
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Figure . Comparison of the simulated flow curves derived usie “empirical” and “physice

softening parameter metho

Figure & Dependenceon Zof thefractional softening values X anc” calculated at the peak str.
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Table

Table]

95C 0.5, 0.25, 0.1, 0.(
100¢ 0.1,0.2!

1050, 1075,

1100, 115 0.5, 0.25, 0.1, 0.(
120C 0.0t
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Figure ¢
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Figure ¢
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