Description of microstructural intragranular
heterogeneities in a Ti-IF steel using a
micromechanical approach

A. Wauthier", R. Brennet, H. Réglé* and B. Bacroix

*Laboratoire des Propriétés Mécaniques et Thermodynarsiges Matériaux,
Université Paris Nord, avenue Jean-Baptiste Clément, 83ABetaneuse
TArcelor Research, Voie romaine — BP30320, 57283 Maizilresvietz

Abstract. A classical problem in metallurgical research is to conthe recrystallisation texture
which forms during the last annealing process and whichraete the mechanical behaviour of
the final products. It is now widely admitted that the locafadmed state and the substructural
heterogeneities within the polycrystal are key parametetsderstand the recrystallisation mech-
anisms.

In this work, we present a micromechanical approach basdtiense of the affine extension
of the self-consistent scheme for viscoplastic behaviam a phenomenological description of
dislocation patterning using a hardening model recentheliged for two-stage strain paths. These
two ingredients allow to compare the model with experimierigstallographic texture after rolling
as well as experimental observations of the intragranulastsucture using orientation imaging by
Electron Back-Scattered Diffaction. It is shown that théimg texture is correctly simulated and
successful predictions of the orientation of dislocatibeets are obtained.

1. INTRODUCTION

To create the desirable crystallographic textures thatorgthe formability properties
of low carbon steels, a high degree of deformation by colilgis needed. Since it
is evident that this deformation substructure plays an @ role in the nucleation
process during recrystallisation (see e. g. [1]), it is imi@ot to characterize deformation
heterogeneities and to explore the possibilities to linkmhwith a micromechanical
model describing the deformation process. We present haieramechanical approach
based on the use of the affine extension of the self-conssteme. A local hardening
law based on dislocation patterning is used to describevbkition of the dislocation
density within the walls. In this paper, we report resulttadted in the characterization
of the deformation traces often observed in several grdtes etching in a cold-rolled
IF steel. The deformation traces are first analysed from EB&ihs in relation with
their crystallographic orientation and then compared tbldeck boundaries (CBBS)
predicted by the micromechanical model.



2. EXPERIMENTAL PROCEDURE

2.1. Material studied

The material studied is a Ti-IF steel, issued from a previmisolling, which presents
an average grain size of gt and a low crystallographic texture (Figure 1). It has been
deformed by cold-rolling with different thickness redwets (15%, 30%, 40% and 50%)
in a laboratory rolling mill. The crystallographic textusethe material after cold-rolling
presents classically two fibers:((110) direction aligned with the rolling direction) and
y ({111} pole aligned with the normal direction of the sheet). The imaxn value of
the orientation distribution function (ODF) is located hetx fiber.
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FIGURE 1. Pole figures of the Ti-IF steel in the as-received state (hatlp

2.2. Experimental analysis of the substructure

The dislocations tend to form structures during plastiodehtion. It is well estab-
lished that the morphology of the structure depends on nomsgrarameters : the num-
ber of active slip systems, the grain size, the crystallinesure . . . In our case, a cellular
structure with dislocation sheets parallel to the crystathphic planes of highest plastic
slip activity is expected [2]. The development of such durtes, implying significant
intragranular misorientations, can be studied using @)dhentation imaging technique
based on electron back-scattered diffraction (EBSD) withscanning electron micro-
scope (SEM) and (ii) “direct” observations of the local striéeld caused by dislocations
by transmission electronic microscopy (TEM).

EBSD measurements were carried out on a Cambridge S360maiheaating voltage
of 25kV and a probe current of about 3nA. All observationsev@iade on the section
normal to the transverse direction (TD) with a step size d@r20. The samples were
mechanically polished and then electro-polished to renamyework-hardened surface
layer with a solution made up of 5% of perchloric acid and 95%tbanol during 10s at
38V. The inclination of the traces along the rolling directiis regarded versus their
orientation or, more exactly, the orientation just neat tha@ce inside the considered
grain. For example, in figure 2 we can see two areas (delinmyednhite ellipsoids)
inside the same grain with several parallel traces. In ths®@nly one orientation and
one inclination for this set of traces are noted.
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FIGURE 2. Image quality EBSD map after 30% of thickness reductiom(stee of 0.1um) and TEM
micrograph in bright field showing dislocation microstuure after 40% of thickness reduction

Their main inclination can be compared to the dislocatioisa@bserved with TEM
in these materials. For instance, for a sample cold-roletbu#0% thickness reduction,
the mean trace inclination along RD is about 88verage value obtained for a set of 20
grains) and in TEM we generally observed 2 dislocation walls

3. MICROMECHANICAL MODELLING

3.1. Transition-scale scheme

To predict the local and overall response of the Ti-IF stes,adopt a microme-
chanical approach which allows to derive the mechanicahbielr and the microstruc-
tural evolution (especially the development of crystaiégahic texture) of the polycrys-
tal from the behaviour of the constituent grains. In thigrfeavork, a polycrystal is
viewed as a composite material with a large number of mechbphases and a granu-
lar topology. A phase includes all the grains with the sanystailine orientation. The
homogenisation procedure delivers an estimation of the@saopic response and a sta-
tistical description of the stress and strain fields withacte phase (average, standard
deviation etc ...) by making use of Eshelby’s inclusion falism. For polycrystalline
microstructures, it is known that the most relevant modéhesself-consistent scheme
which assumes that each phase plays the same role from a otmgjal point of view
(concept of perfect disorder [3]).

For plastic behaviours, and more generally for any nontineastitutive laws, an ad-
ditional choice has to be made regarding the way the nonlimesaonse can be obtained
from a classical linear homogenisation model. Here, we attapso-called affine ex-
tension of the self-consistent scheme. It has been shovws] fAat this affine approach
leads to a more realistic description of the (visco)plasticaviour than the usual secant
model of Hill and Hutchinson [6, 7]. Besides, it present®iasting connections with
some more advanced variational formulations [8].



3.2. Constitutive viscoplastic flow rule

It is assumed that the deformation occurs by viscoplasiitegin the following slip
systems {111) {110} and(111) {112}. On a slip systerk, the flow rule reads
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with 1 the resolved shear stresg,the slip rate anctg the reference (critical)) shear
stress. To describe the plastic behaviour of steel at roonpéeature, we consider a
nonlinear exponenh = 40 and a reference slip rayg = 10~!s~1 [9]. Finally, it is
necessary to specify the value of the reference shear sﬁemd its evolution with the
deformation.

3.3. Local hardening law based on dislocation patterning

To take into account phenomenologically the dislocatidigpaing, Peeterst al.[10]
proposed a local hardening law which makes use of dislatasmsities. Compared to
previous approaches like the one developed by Tabetiadt[11], this model supposes
that cell-block boundaries form during deformation. It$samed that these dislocation
sheets form parallel t¢110) crystallographic planes. To describe this structure, sse i
made of different variables : the dislocation denggywithin the cells, the dislocation
densityp, within the walls (dislocation sheets) and a “polarized’laistion densityp.
Each of these variables has its own evolution equation whultbws the general form
p = (A/p —Bp)|y|. This leads to a stationary state with a saturation of thiecksion
densities. For more details, the reader is referred to [10].

The following features can be pointed out :

+ At each time step, the model assumes that cell-block boigsltorm on the two
(110) planes of highest slip activity.

« During a strain-path change, progressive destruction @¢fGBBs occurs. This
feature must be considered even in the present case of d adianonotonic
loading because of the crystalline rotation which implieoatinuous strain-path
change for each orientation. Consequently, it is worthngpthat more than two
CBBs can exist within a crystalline orientation.

» The CBBs are associated with latent hardening since thegsacbstacles for the
mobile dislocations on subsequently activated slip system

» The reference shear stragds obtained by a rule of mixture within each crystalline
orientation according to the “composite” model of Mughrgd]. It reads

6
To=(1-fu)7°+ fW.ZrFBB (2)

with f,, the volumic fraction of CBB1C the reference shear stress within the cells
andt“BB the reference shear stress for each potential cell-blockdbery.



The parameters identified in [10] have been used. They leadaturating dislocation
density of 13 10~°m~2 within the CBBs. A nice feature of this model is that it allows
to link intragranular crystalline misorientations withgesific dislocation densitg,.

4. RESULTS AND DISCUSSION

The model has been used to simulate (i) the overall respamseding the crystal-
lographic texture evolution and (ii) the dislocation patteg at the intragranular level.
Simulations are performed up to 50% of thickness reduc@amcerning the microstruc-
tural description of the initial state of the polycrystalmust be noted that the crystal-
lographic texture of the hot-band (Figure 1) is used and ah@ndom distribution of
equiaxed grain is assumed.

The model is able to capture the intergranular heterogemethin the polycristal.
Indeed, it predicts a higher mean deformation for the graelenging to thex fiber
compared to the mean deformation within th&éber. Concerning the overall crystal-
lographic texture, a rather good description of the maitut@xcomponents is obtained
(Figure 3). Especially, compared to Taylor-like modelg,tliiber is correctly predicted.
Nevertheless, it can be observed that the intensity of thés fs too high with respect to
the experimental texture.
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FIGURE 3. Experimental versus simulated ODF obtained with the affele@nsistent model (50%
thickness reduction)

To compare experimental traces with CBBs predicted by thdehave considered
different initial crystallographic textures : isotropexture described by a set of 2016
orientations following the vector method and two sets oématations randomly taken
from an EBSD scan of the as-received state (respectivel® 406 3000 points). For the
experimental crystallographic texture, it has been ch&:tkat the ODF obtained with
the two sets is comparable to the one obtained with the eéBB®&D scan.

From EBSD observations, we know the orientation of the g(gip) near each
experimental trace and for each strain level observed. Rlmmmodeling, for each
deformation step, we have a new set of orientations and waatxhe ones at less
than 5 from gexp. Then, we have access to the dislocation density and thiaaticin
along the rolling direction for each dislocation walls forsat of orientations near
experimental ones. We then compare the inclinations ofwirepredicted walls with
maximum dislocation densities, for all orientations aslésan 8 from geyp, With the
inclination of the experimental trace. It is worth notingtithe model often predicts only
two dislocations walls with a high dislocation density fagigen crystalline orientation.



Besides, we mention that within the set of crystalline aaéons predicted by the
micromechanical model, it is possible to have grains witselcrystalline orientations
but different deformation histories because of the texéwmution and work-hardening.

Our analysis shows that there is a correct agreement betergmrimental traces
and predicted CBBs. Besides, the best agreement is obtaimexl considering the real
initial texture represented by 3000 orientations (Tabldritgrestingly, it has to be noted
that the majority of experimental traces that do not cowespto the CBBs predicted
by the model belong to grains with a high orientation gradi€his observation might
be related with the fact that the self-consistent model onhysider average orientations
per phase. It could also be necessary to consider the fameattiCBBs on(112) planes
in the hardening model.

TABLE 1. Agreement between experimental traces and predicted

CBBs.
Isotropic  Exp. ODF (1000 points) Exp. ODF (3000 points)
60%+ 12% 57%+ 9% 66%+ 7%

5. CONCLUSIONS

By comparing experimental with simulation results we shbat the evolution of the
deformation substructure of this Ti-IF steel is quite wealproduced by the present
model with a good prediction of dislocations sheets up to %@ld-rolling. Since the
deformation texture is also well estimated, we now aim afptiag these results with
a recrystallisation model to predict the kinetic of subsedustatic recrystallisation and
the final crystallographic texture. For that goal, the paisy of considering specific
dislocations densities, linked to interior cells and ¢#tek boundaries, is very attractive
to describe phenomenologically the so-called grain fragateon and its influence on
recrystallisation.
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