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Abstract

In this article, the Mo-Mn dual phase sted and its process parameters in hot rolling are
discussed. The process window was derived by combining the experimental work in a hot
deformation dilatometer and numericd cdculation of process parameters using rate law
models for ferrite and martensite transformation. The ferrite formation model is based on the
Leblond and Devaux approach while martensite formation is based on the Koistinen-
Marburger (K-M) formula. The carbon enrichment during ferrite formation is taken into
acourt for the following martensite formation. After the completion of the parameter
identificaion for the rate law model, the evolution of phases in multiphase sted can be
addres=ed. Particularly, the simulations alow for predicting the preferable degreeof retained
strain and holding temperature on the run out table (ROT) for the required ferrite fradion.

| ntroduction

Dua Phase steds (DP steds) have shown high potential for automotive applications due to
their remarkable property combination with high strength and good formability [1]. The hot
rolling processas ill ustrated in Figure 1 has been proven to offer econamicd benefit for the
produwction of DP sted as it provides good microstructure homogeneity with acceptable
surfacequality for many applications.

The hat rolli ng processof dual phase sted consists of 4 steps as shown in Figure 1:

1. Roallingin roughing and finishing stands, which results in the refinement of austenite
grain sizedue to the repeding static reaystalli sation,

2. Laminar codinginto two phase region,

3. Isotherma haoding at ferrite transformation region temperatures, where the
temperatures remain relatively constant,

4. Fast continuows codling to the required coili ng temperature, during which martensite
transformation takes placeand bainite transformation can be avoided.

The processwindow in hat rolling of dual phase sted is shown to be tight as only very short
time in order of lessthan 10 s is alowed on the run out table (ROT) acarding to its limited
length. An appropriate algorithm for the online control of the process parameters such as the
time and temperature on ROT as well as the codling rate during coaling down to coili ng (step
4 in Figure 1 is desirable indeed. An initial step towards this goal, the modelling and
simulation of the evolution of phases on ROT will be discussed in this paper. The resulting
model consists of two rate laws to predict the phase transformation in multi phase steds taking
into acount different process parameters such as austenite condtioning, hading time,
temperature on ROT, and the foll owing codling rate to coili ng temperature.



Initially, the process windonv was suggested by means of experiments in deformation
dilatometer, whose results contributed to the parameter identificaion of the ferrite
transformation model in terms of the effed of retained strain. After parameter identification
the model is able to predict the resulting microstructure acrding to given processparameters
and temperature profile. The results from processsimulation in deformation dil atometer were
then utili sed to evaluate the simulation results.

The current work employed a Mo-Mn dual phase sted containing 0.08 wt-% C, 1.44 wt-%
Mn, 0.15wt-% Mo, 0.03wt-% Si, 0.05wt-% Al. The transformation kinetics show sufficient
sensitivity to the process parameters mentioned above. It is therefore beneficia for the study
and validation of the propased numericad model.
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Figure 1: A sketch of the processng scheme for hat rolled dual phase sted.
Rate law transformation model for hot rolled dual phase steels

The kinetics of phase transformations in sted can be described by a system of ordinary
differential equations (ODEsS). Detail s abou the model can be foundin [2]. In this paper the
focus is on the formation of ferrite and martensite. In the sequel, their volume fradions will
be denoted by f and m, respedively. Moreover, T is the temperature with time derivativeT .
With these natations the growth of ferrite and martensite in hot rolled dual phase sted can be
described by the system

f(t)=]f - f]. DM @,(D, &) (1)
() :Ti[m(r,cy) -m|. (2)
f(0)=m(0)=0. &)
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The expresson [u]+ in the model equations describes the positive part of a value u, i.e.

[u]+ =max{u,0} . The term fo, describes the asymptotic equili brium fradion of ferrite as a
function of temperature T after isothermal holding. It can be identified utili zing isothermal
dilatometric experiments from a homogenised austenite state. The function g (T) relates to
the isothermal transformation behaviour of ferrite, starting from homogeneous austenite state.
The function gi(D,€) coupes the influence of austenite grain size D, and the effea of
retained strain £ ontheisothermal ferrite transformation kinetics.

The growth of martensite is described by a variant of the Koistenen-Marburger formula
Asauming that at any time t the maximal volume fradion of martensite that can be produced
corresponds to the remaining volume fradion of austenite, i.e., 1- f , the function m is
defined by

m(T,C,) = min{m,, (T),L- f}_

Here, m,,, describes the volume fradion of martensite acording to the Koistinen and
Marburger formula[3], i.e.,

M, (T,C,) =1-e >, @

C, is the carbon content in the remaining austenite after the ferrite transformation, which is

increased due to cabon enrichment. An easy way to take care of carbon partitioning between
ferrite and austenite is to define C, by
- CtotaI _Cf [ﬂ
/ 1-f
where C,, corresponds to the nominal carbon content of the respedive sted, and C; is the

carboncontent in ferrite, which can be computed from the empiricd formula
4850

C, =255@ T
Then, Mg asafunctionof C, can be caculated from [4]:

M.(C,) = 5066 -3387(C,) ~183(Mn) +13(S) ~145(Cr) (5)

The coefficient ¢, can be drawn from the respedive dil atometric data.

The effea of austenite condtioning in step 1 of Figure 1 is contained in the function
0r2(D4€), which has the following form:

9:2(D,.6) =a,S,(D,, &) +a,.
Here a,,a, are the parameters that have to be fitted to the experimental data and the function
S, describes the effed of austenite grain size and retained strain. Due to the difficulty in
defining S, by experiment as the prior austenite grain boundxries are severely obscured by

bainiti ¢ transformation during quenching deformed samples, S, was taken from the empiricd
equation from Kvadkg [6] as shown in Eq. (6) andill ustrated in Figure 2

S = 429% + 1571e— + [157.2(1— e’)- 59.47] (6)
Dye Dy +

Provided that reaystalli sation arises during multiple deformation steps, the portion of the
retained strain £ must be spedfied and subtraded from the total strain. In this case, the
austenite grain size D, means the reaystalised austenite grain size The quantity in the



parentheses comes from the deformation bands, which are taken into acournt by Kvadkaj only
when the retained strain £ exceals 0.475.

Austenite grain size, um Degree of deformation

Figure 2. S, function which represents the austenite condtioning as a function of austenite
grain size D, and retained strain & The austenite grain size must be that after the repeaed
reaystalli sation, which might take placeduring deformation.

Theidentificaion of the functions g1(T) and gr(D ,€) in egn. (1) aswell as the coefficients
r,andc,,, in(2), (4) from experimental datawill be discussed later.

Experimental procedure

Physical process simulation. The process simulation of hat rolling for dual phase sted has
been dore in deformation dil atometer so that the roughprocesswindow can be addressed and
the necessry experimental data on the effed of retained strain can be provided for the
parameter identification of ferrite formation. Small cylindricd samples with a diameter of 5
mm and a height of 10 mm were prepared for hot compresson tests in deformation
dilatometer Baehr DIL-805A/D with thermomedhanica cycle as described in Figure 3.
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Figure 3: The thermomedhanicd cycle ssmulating hat rolli ng by means of dil atometer.

The samples were heaed at 200°C/minute and austenitized at 1150°C for 15 minutes. Four
deformation steps were caried out at deaeasing temperatures of 1100 100Q 950, and 90C°C,
respedively. The process parameters varied only in the last deformation step, isothermal
holding simulating ROT and the continuots coaling to coiling temperature. The degree of
deformation in the last deformation, &,, ranged from 0.0 to 0.3. The hading time on ROT
(troT) varied between 0 and 9 s while halding at an isothermal temperature of 640to 770°C. It
has been dore for diff erent ferrite fradion resulting in diff erent average carbon content in the

remaining austenite. The codling rate to coili ng temperature T. was varied between 7 and

coil

67 K/s. It shoud help to reved the hardenabilit y of the current dual phase sted.

The phase fradion was then analysed at the end of the thermal cycle in opticd microscope by
etching with nital as well as Le Pera reagent for the adequate differentiation between
martensite and bainite. If posgble, the metalographic analysis has been performed using
automatic image anaysis software AnalySIS®. A difficulty arises for the differentiation
between bainite and martensite as well as between bainitic ferrite and paygoral bainite. In
these cases, the phase fradion has been identified manuall y.

Experiment from prior austenite grain size. The initial austenite grain size after
austenitization was investigated in small shed samples with dimension of 7x4x1 mm by
reheding the sample in the dilatometer to 1150°C for 15 minutes, then quenching with the
coadling rate as high as 600 K/s before anneding at 550 °C for 20 hous followed by etching
with picric aad solution. However, the austenite grain sizeis subjed to refinement due to the
static reaystalli sation which takes placeduring the foll owing deformation steps. As the prior
austenite grain boundxries are proved to be hardly visible in deformed samples, the analysis of
reaystalli sed austenite grain sizein this work employs the equation propased by Sunet a. [7]

D, =BD;e " exp - i (7)
RT

where B = 100pm?®, z = 1/3, p = 0.37 and Qgx = 28 kJ/mole for 0.17 wt-% C sted. Dy is the

austenite grain size before reaystalli sation and D, iS the newly reaystalli sed austenite grain

size The applicaion and the proof of this analysis have been dore by doulde hit test as

described in [5]. The newly reaystallised grain size must be recdculated for eadh
deformation step.




Only the last deformation step was predicted to be under the reaystalli sation stop temperature
(Tnr), by employing the foll owing empirica equation [8]:

T_(°C) =887+ 464C + (6645Nb - 664/Nb) + (732/ — 230/V ) + 890Ti +363Al -3575  (8)

This shows that the T, could be as high as 93(°C, while the temperature in the last
deformation step is 900 °C. Besides, acmrding to the following high cooling rate applied to
achieve the required isothermal temperature (Tror), the time alowed for static
reaystalli sation is shown to be extremely limited. The degree of deformation applied in this
last deformation step is hence considered to be the retained strain.

Experimental Results

Theinitia austenite grain size after the austeniti zaion in the cycle in Figure 3 was measured
to be 100 um. As during all threefirst interpasstime intervals, enoughstatic reaystalli sation
was shown by doule hit test, the reaystalli sed austenite grain size was therefore cdculated
by repeaedly applying eqn. (7) for al three deformation steps. The wording ‘the
reaystallised austenite grain sizeé from now on will mean the final reaystalli sed austenite
grain size after the threefirst deformation steps and before entering the last deformation in
nonreaystalli sation zone. It was foundto be 35 um acwrding to the cycle in Figure 3. It is
the austenite grain size before entering the last deformation step, which is considered to be
nonreaystalli sation zone.

The ferrite fradions obtained from the same cycle with different varying process parameters
on last deformation step and ROT are reveded in Figure 4, as the results of different retained
strain € as well as temperature and halding time on ROT (Trort, tror). Figure 4(a) represents
the ferrite fradion obtained from strain freeaustenite, while Figure 4(b) represents the effed
of retained strain of 0.3. Both cases correspond to the austenite grain size of 35 um. The
ferrite transformation time varies from 0 to 10 s, while the holding temperature varies from
650to 770°C.

Note that the scatered experimental data of phase fradion arise on the one hand from the
inacarracy in the interpretation of the metalographs, generally of order £5%. On the other
hand, it is a result from the significant temperature overshoaing in some samples during fast
coaling down to the required isothermal temperature. The isotherma holding time stated in
the diagram is therefore the time interval, during which the temperature deviation from the
expeded isothermal holding temperature was lessthan +2%.
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Figure 4. Ferrite fradion obtained by varying process parameters. The isothermal ferrite
transformation time tror ranges from 0 to 10 s and the holding temperature Tror Varies from
650to 770°C. The reaystalli sed austenite grain size from former deformation step Dy equals
35um; (a) retained strain € = 0.0, (b) retained strain € = 0.3.



The variation of the cooling rate Too" after the ferrite formation in the process simulation in

Figure 3 can reved the hardenabilit y of the remaining austenite acwrding to diff erent degrees
of carbon enrichment, which is propationa to the ferrite fradion. This can be rougHy
visuaised by ‘modified” CCT diagrams as shown in Figure 5. Figure 5(@) shows the
hardenability of the remaining austenite with average carbon content of 0.2, after forming
ferrite isothermally at 680 °C for 3 s and the ferrite fradion of 0.7 was formed. The four
curves show the codling profile of samples with different cooling rates varying from 7 to 60
K/s. These codling rates were measured as an average from 600to 200°C.
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Figure 5: The modified CCT diagram from carbon enriched austenite. The curves represent
the codling profile of the samples, whil e the regions of bainite and martensite were drawn by
using empiricd equations for Bs, Ms, M¢ , and the phase fradion analysis; (a) average carbon
content of 0.2%, (b) average carbon content of 0.3%.



The bainite and martensite region must be estimated from the cdculated temperatures of
bainite start Bs, martensite start Mg, and martensite finish M;, which were cdculated from
empiricd equations propased by Leefor B [9], Lorenz for Ms [4] (egn. (5) shown in model
description), and Petty for M¢ [10], respedively, as shown below:

B, = 745110C-59Mn-39Ni-68Cr-106Mo+1 M nNi+6(Cr)>+29(Mo)> ©
Ms=506.6 - 3387C -18.3Mn-14.5Cr+1.3Si (20
Mf = Ms'215- (11)

This is because the fradion of bainite and martensite is relatively small compared to the
volume of the whole sample, in total as small as 0.3 in this case, and results in aredly we&
dilatation signal.

The nose of the bainite region and the latter part of the martensite region could be suggested
by the fradion of bainite and martensite, which are stated at the end of their phase regions. It
has to be nated that only the remaining austenite is being considered and therefore rescaed to
be 1.0. The fradion of the bainite and martensite discussd in this diagram are cdculated from
this portion. The higher the bainite fradion obtained in the sample, the deeper is the coding
curve of the sample in the bainite region. The distance between the bainite nose (dashed line)
and the M temperature along the codling line of ead sample is therefore propational to the
bainite fradion. Constructing the martensite region follows the same approacd. In this case,
the lessthe martensite fradion, the higher is the M; temperature. A goodreasoning is that the
higher fradion of bainite results in more carbide predpitation. Consequently, less carbon
enrichment remains in the austenite. This corresponds to the literature [11] showing the
increase in the temperature interval MMs with carbon content from 0-0.6%.

The shift of these criticd temperatures as well as of the bainite and martensite nose due to the
higher carbonenrichment can be seen in Figure 5(b). The austenite in this case has the carbon
enrichment of 0.3% after forming ferrite at 680 °C for 5 s for a ferrite fradion of 0.8. The
bainite region was shifted to the right hand side and the criticd coadling rate to avoid bainiteis
deaeased.

Parameter identification for therate law model

To identify the data functions for the growth of ferrite at first an isothermal experiment is
considered. Assuming that the retained strainis zero, i.e., £ =0, one can conclude that

ng(Dyi‘g) =1.
For aparticular temperature T the function g, ,(T) can beidentified from egn. (1) asfoll ows:
f,— it
I fEtS;
gfl(T): - = (12)

tE _ts
Here, tsstands for the time, when the transformation starts, whil e tg stands for the time when
it ends. To derive gn(T) over a range of temperatures, several data sets (t., f(t:)) with

measured isothermally transformed ferrite fradions and correspondng transformation times
for varying transformation temperatures have to be given. The equili brium volume fradion of
ferrite foq can be predicted by the thermodynamic cd culation software ThermoCal c™.



The results of the identification of the function g,,(T) are shownin Figure6.
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Figure 6: Equili brium ferrite fradion fe (T) computed with ThermoCal c™ andthe
functiong,,(T) computed from egn. (12)

Using dil atometer results for the case of fast codling, where only martensite is produced, one
can obtain the parameters c,,, and T ineqgn. (4) in astraightforward way as

Cey =0,0214
r =0.67.
An esentia part of the parameter identification is a fitting of the function g,(D,,£)in eqgn.

(1). This fador describes the influence of austenite grain size and retained strain couped in
the function S, on the ferrite transformation. The simplest choicefor g;,(D,,£) isto assume

alinea relationshipon S, , i.e.
ng(Dylg):alS/(Dy’g)-'-GZ ’ (13)
where S, is cdculated from (6) and the parameters a,,a, have to be fitted to the experimental

data.
It shoud be noted that afitting of the function g;,(D,,€) iscaried out for the austenite grain

size D, =35um acording to the experimental data from the former sedion. Moreover, for
vanishingretained strain, i.e. =0, g;,(D,, &) hasto satisfy

0,(350) =1.
Sincein this case §,(350) =57.14 it follows immediately from (11) thata, =1-a, [57,14.
To estimate the unknovn parameter value a, from the given experimental data set
(Tiorteors ), 1 =1,..., 1, the least squares function

I(@) = X (fi(tror @) ~ £)°

isminimized under the constraint

f(t)=[f ~ | 911(Teor)(@, [8,(350.3) ~ @, (57.14+1), t0(0teey)
f(0)=0

10



To solve the optimization problem formulated above the MATLAB optimizaion toolbox was
used. The obtained optimal solutionis a; =0.2174.

Simulation results

Using a MATLAB ODE solver, the phase transformation kinetics of ferrite and martensite
can be computed as a function of the related process parameters, namely, austenite
condtioning (step 1 in Figure 1), isothermal holding time and temperature (step 3 in Figure
1) aswell asthefina cooling(step 4 in Figure 1).

An example is depicted in Figure 7, where the development of phases is shown along the
processng time and temperature profile and compared with those derived at the end of
dil atometer experiment. It simulates the transformation from austenite deformed with strain of
0.3. The dashed li ne shows the temperature profil e taken from the experiment.
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Figure 7: Simulated evolution of phase fradions along the processng time and measured
temperature profile, in comparison with the measured phase fradion at the end of the
dilatometer experiment. The elapsed time starts from the beginning of ROT. Retained strain
is 0.3, hading temperature 690 °C and halding time 7 s. The average codling rate in the
foll owing step, measured from 600to 200°C is 61K/s.

The transformation shown here starts after 1 s of the ssimulated process on ROT, at 69C0°C.
After the time interval of 7.85 s, which includes the holding time on ROT t.,; =75, the

ferrite fradion reades 0.81. The next coding region simulates the codling step to cailing
temperature (step 4 in Figure 1), in this case with the average coding rate of 61 K/s,
measured from 600°C down to 200°C. When the temperature reades the martensite start
temperature M, which was cdculated to be 351.3°C acmrding to the carbon enrichment from
the correspondng simulated ferrite fradion, martensite starts to form and then finishes at
267.7 °C with the phase fradion of 0.19. The phase fradion analysed from the dil atometer
sample is reveded to be as follows: ferrite 0.78, bainite 0.03 and martensite 0.19. The
numerica simulation results are in a goodagreement to the measured ferrite and martensite
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fradions. The deviation of the ssmulated ferrite fradion from the experimental one islessthen
4%.

The available experimental data of transformed ferrite fradions for different holding
temperatures on ROT and holdingtime t, ;. =7s presented in the previous sedionin Figure

4 have been compared with the ones cdculated from the rate law model. The results of this
model validationare shown in Figure 8.

In view of the scatering of experimental data the qualitative agreament is quite good Some
deviations of the predicted phase fradions from the measurements arise from the fad that the
halding time on ROT, which shoud be 7s, canna be readed exadly during ead experiment.
However, one shoud remark that further experimental studies with different values of
retained strain are necessary for amore reli able parameter identificaion.

Additiondly, the isothermal ferrite growth has been simulated during the holding time on
ROT, tgor =7s, with hading temperatureT,,, =680°C and for two different retained

strains, £ =0 and € =0.3. The simulation results and experimental data are compared in
Figure 9. It shows very goodagreement between cdculated and measured ferrite fradions for
the degreeof deformation £ =0 (dashed ling). The prediction of the ferrite transformation in
the case of the degree of deformation of 0.3 shows deviations from the experimental values
for the ealy transformation stages. The reason for the big deviation of the simulation result
from the measurement for the end time t = 7s is an inacaracy in experimental data, which
shows a deaeasing growth of ferrite fradion at this time instant.
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Figure 8. A comparison between the simulated and measured transformed ferrite fradion for
different holding temperatures on ROT and degreeof deformation € =0.3. The hadingtime
onROT is7s.
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Figure 9: comparison between the simulated and measured ferrite fradionfor Tror = 680°C.
Numerical process design

The most important process parameters influencing the final phase mixture are the holding
time and temperature as well as the degreeof deformation. For a better processunderstanding
a systematic parameter study has been performed, whose results are depicted in the following
Figures. Figure 10 shows the resulting ferrite fradion as a function of degreeof deformation
and of haolding temperature for holding times of 5s, 7s and 9s, respedively. Figure 11 depicts
the ferrite fradion as a function of halding time and temperature for degrees of deformation of
0, 0.2 and 0.3, respedively.
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Figure 10: Contours of the simulated transformed ferrite fradion represented as a function of
different retained strains and halding temperatures on ROT for holding times of 5s (a),7s (b),
9s (c), respedively. The contour lines charaderize the process parameters deformation
degree and isothermal halding temperature, where for a prescribed holding time the marked

fradion of ferrite has been reaced.
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Asfor the processdiscussed in this paper the final ferrite fradion after coilingis afunction of
threeprocessparameters ¢ (degreeof last deformation), Tror (isothermal holding temperature
on ROT) and tror (isothermal holding time on ROT), respedively, the results are plotted as
isothermal contour plots for one fixed parameter and two freeparameters on the axes.

Holding in mind that a proper dual-phase sted consists of approximately 80 % ferrite thase
process parameters have to be identified, where this fradion can be readed. Aiming a a
robust processit is important to have a look at the gradient in the contour plot. Figure 10
shows that for all isotheral halding times there is a processwindow between 720and 740 °C
and between 0.6 and 1.0 deformation, where the ferrite fradion stays remarkably constant. On
the other hand, Figure 11 shows that for a halding time of O s the desired ferrite fradion will

nat be achieved within 9 s halding time, but for higher halding times there is a stable process
window in terms of haldingtime at 640°C.

Conclusion and outlook

Rate equations for ferrite and martensite formation have been employed to describe the phase
transformation in hot rolled dual phase steds as functions of process parameters such as
austenite condtioning, halding condtion on the ROT and the codling to coili ng procedure.
The experimental process simulation was caried out in hot deformation dil atometer for the
rough process windowv and for the quantities required for parameter identificaion. The
simulation results were validated with those derived from the process A detail ed parameter
study allowed for the determination of a stable process window to obtain the desired phase
distribution for dual phase sted. In a forthcoming paper it will be shown how the results of
processsimulation and numericd simulation using the rate law model can be utilized for the
design of ared hat rolling mill . Here, the computation of the most proper process parameters
by means of optimal control theory will play an important role[12,13].

Ancther diredion of future reseach is the appropriate modelling of bainitic growth. An
important issue will be to acount for a passbly inhamogeneous carbon enrichment in the
remaining austenite, since the carbon distribution profile in the remaining austenite generally
shows higher concentration in the region nea the a/y interfacedue to the limited diffusivity in
austenite. Provided that this inhamogeneity has been proven to result in significantly different
bainite and martensite phase fradions from taking the average carbon content, it would be
chalengingto include this effed in the model asa‘finetuning'.
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