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Abstract

A fast Fourier transform (FFT) based full-field formulation for viscoplastic polycrystals
was applied to the analysis of subgrain texture evolution in both interstitial free (IF) and dual
phase (DP) steels during biaxial deformation. An image measured by electron back-scattering
diffraction (EBSD)-based orientation imaging microscopy (OIM) was used as an input
microstructure after the construction to a 3-dimensional unit cell as a columnar structure.
Changes in local orientation were measured by the EBSD-based OIM with a biaxial stretching
device specially designed for this study. The average orientations and local misorientations of
grains predicted by the FFT-based simulations were compared with the experimental data. The
deformation behavior and texture evolution in IF and DP during biaxial forming steels were
compared with each other.

Introduction

It is well known that the mechanical properties of materials are a function of their
microstructural parameters. Many numerical approaches for the prediction of the mechanical
behavior of plastically deforming polycrystalline materials have been proposed, based on
microstructure-property linking methods including mean-field approaches [1-3]. Especially, the
crystal plasticity finite element method (CP-FEM) has been applied to solve the
micromechanical fields that develop inside grains of polycrystals with a particular microstructure
during the plastic deformation [4-10]. However, the difficulties related to meshing and the large
number of degrees of freedom required may limit the complexity and the size of the
microstructures in FE calculation.

As a very efficient alternative method to obtain the full-field solutions for the
deformation of polycrystalline materials, a fast numerical method using the Fast Fourier
Transform (FFT) algorithm was proposed by Moulinec and Suquet [11, 12] for calculating the
mechanical properties of two-dimensional materials by using the pixel-based microstructural
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data. While they calculated the linear and non-linear behavior of two-phase isotropic composites,
Lebensohn et. al [13, 14] applied their scheme to calculate the local response of the anisotropic
polycrystals in the context of viscoplasticity.

Owing to the image-processing technique, this FFT formulation is particularly suitable
for use with direct input from actual images of the material, e.g. optical or scanning electron
microscopy (SEM) images that show the phase distribution in the case of composites [12], or
orientation images in the case of polycrystals. Here, a quantitative analysis of the pixel-based
orientations and intragranular misorientations was performed for interstitial free (IF) and dual
phase (DP) steels biaxially deformed. In addition to this numerical analysis, here, the
microstructual changes in both steels were experimentally measured by the electron back-
scattering diffraction (EBSD)-based orientation imaging microscopy (OIM) with a biaxial
stretching device specially designed. We compared experimental data on the reorientation of
individual grains and the development of intragranular misorientations with corresponding
simulations.

Experimental

The materials used in this study are IF and DP steels, whose chemical compositions were
listed at Table 1. While IF steel is single ferrite phase, DP steel consists of the soft ferrite and the
hard martensite. The volume fraction of the martensite in DP steel was measured as about 7.2%.
The grain sizes of ferrite in IF and DP steels were 21.4pum and 10.2um, respectively.

A new experimental setting was developed to perform biaxial tensile tests of both steel
specimens, as shown in Fig. 1. The mechanical device was designed to develop equi-biaxial
tension at the center-top part of the specimen, as the top part of screw rotates up. The
hemisphere-shaped cap was used to minimize the frictional stress between the specimen and the
screw. A disk-shaped specimen with a diameter of 16mm was prepared by a wire cutting method
as shown in Fig. 1 (a). The specimen was mechanically polished down to the thickness of 300um
by using the diamond suspension. Then, a final surface polishing by colloidal silica was
conducted for the measurement of high quality Electron Back-Scattered Pattern (EBSP).

To trace the crystallographic orientation of the same area in the specimen during biaxial
tensile deformation, four micro-indentation marks were placed on the specimen surface before
the loading as shown in Fig. 1(a). From the shape change of the rectangular indentation marks
during the deformation, the equi-biaxial deformation was confirmed. The biaxial tensile tests
were carried out in a device equipped in a field emission gun SEM (JEOL, JSM-6500F).
Macroscopic strains at each deformation step were obtained by measuring the relative
displacement of the indentation marks in SEM images. The crystallographic orientation changes
of strained grains were analyzed using an EBSD system (INCA crystal, Oxford and HKL
channel 5, Oxford-HKL). Accelerating voltage and probe current were maintained as the values
of 20kV and 4nA, respectively. Fig. 2 shows an example for the measurement during biaxial
tension of IF steel using the EBSD system.

Table 1 Chemical composition of IF and DP steels

wt. % C Mn Si Al Cu P Ti
IF steel 0.004 0.07 - 0.035 - <0.015 0.05
DP steel 0.1 1.46 0.29 1.51 0.52 - -
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Figure 1 Biaxial tensile device in field emission gun SEM. (a) Schematic diagram of biaxial tensile specimen, (b)
Side view of biaxial tensile device and (c) Picture of specimen after biaxial tensile deformation.

(b)

Figure 2 Example of EBSD measurement during biaxial tension of IF steel. (a) Initial state and (b) 8.1% biaxial
strain state

Model for Calculation

For a statistical volume element (SVE) with periodic boundary conditions, the system of
differential equations in the viscoplastic heterogeneous medium to be solved is [13, 14]

Lt () +¢,,;(x)=0  inSVE (a)
1‘1k,k(x):0 in SVE (b) 1)

periodic boundary conditions across SVE  (¢)

where L is the stiffness of a homogeneous reference medium, u, (x) is the velocity field, and
@ij(x) is a polarization field [13]. If the strain-rate and deviatoric stress fields &(x) and o'(x) are
known, the polarization field can be calculated as:

D (x)= G'ij (x)— Loijklékl (x) (2)

To solve the system of differential equations shown in Eq. (1), the Green function method
can be used. The solutions for the local fluctuations in the velocity, the velocity gradient and the
strain rate can be expressed as convolutions in the real space. Numerical calculations for
convolutions in the real space are not an easy task. On the other hand, a convolution in the real
space can be calculated in the Fourier space a simple product [13].
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The perturbation stress field at each Fourier point cannot be determined unless the stress
and strain-rate fields in Eq. (2) are known. This requires an iterative method with an initially
specified strain rate. Once the initial strain rate field is given, the deviatoric stress tensor can be
obtained by solving the following constitutive equation:

&(x) =§/OZmS(X)QmS(X) ¥l (x)‘/rc(x))' xsgn(ms(x) ¥ (x)) 3)

where m°(x) is the Schmid tensor for a specific slip system s, t¢(X) is the critical resolved stress
as a threshold stress signifying the hardening of the material at local position x, and y, is a

normalization factor. n is a rate-sensitivity exponent. In this work, n = 10 was used. As a
hardening law of the material, we used here an extended Voce law [15], characterized by an
evolution of the critical stress with accumulated shear strain. An iterative procedure based on
augmented Lagrangians [16] was applied.

Neglecting the velocity fluctuation term, the updated coordinates of the Fourier points
were obtained from the average velocity term. In this way, the Fourier grid remains regular after
each deformation increment. The distances between adjacent Fourier points, however, do change,
following the variations of the unit cell dimensions, thus determining an average stretching of the
grains, following the macroscopic deformation.
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Figure 3 Grain orientation spread extracted from the measured OIM images of IF and DP steels. : Intragranular
misorientation distribution in initial state of (a) IF and (b) DP steels, and after equi-biaxial tension of (c) IF (9.8%)
and (d) DP (13.3%) steels.
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Results and Discussion

By the EBSD-based OIM, the local orientations were measured in an area of about 600 x
600 um, located in the rectangular indentation marks at the center-top part of the specimen. The
spatial resolution (given by the distance between two consecutive pixels) was about 1um in each
direction. The OIM software gives the intragranular misorientation distribution (grain orientation
spread) for every identified grain. Figs. 3 (a) and (b) show the misorientation distributions of IF
and DP steels before the deformation, respectively. At the initial stage, the mean value of the
misorientation per grain in the DP steel is slightly larger than that in IF steel. This may be related
to the volume expansion associated with the martensitic transformation. After 9.8% (IF) and
13.3% (DP) biaxial strains, the mean values reached 3.68° (IF) and 6.03° (DP) as shown in Figs.
3 (c¢) and (d).

For the comparison with the FFT-based calculation for the IF steel, the scanned area of
about 256 x 256 pixels among the rectangular marked area was chosen as the initial
microstructure as shown in Fig. 4. Here, the columnar microstructure was generated to be 32
pixels in the thickness direction, resulting in a unit cell of 256 x 256 x 32 = 2,097,152 Fourier
points. The surface grains would become bulk grains, upon the imposition of periodic boundary
conditions across the unit cell. Therefore, in order to reproduce the actual free surface condition
on the grains, the bottom five layers of Fourier points in the thickness direction were replaced by
a buffer zone with zero local stress. Such buffer phase allowed us to consider the presence of
surface grains while keeping the periodicity across the unit cell [14].

Fig. 5 shows the inverse pole figures of the initial and 9.8% equi-biaxially deformed OIM
global textures and the corresponding prediction using the FFT-based approach. The initial
texture of IF steel is close to y-fiber (<1 1 1>//ND) orientation due to the recrystallization after
cold rolling. The y-fiber orientation after the deformation becomes stronger. The measured and
predicted textures after 9.8% equi-biaxial tension show similar trends. Fig. 6 shows the measured
OIM images and the corresponding prediction using FFT-based calculation. While the matching
between the measured and predicted global texture development after equi-biaxial tension is
remarkable, there are some differences between the measured and calculated microstructures
including the development of intragranular misorientations. These differences may be due to the
simplified assumption of 3D columnar microstructure. More reasonable 3D orientation data to
construct the unit cell is required for the precise FFT-based calculation.

Figure 4 Measured OIM images of IF steel before deformation. (a) ND, (b) RD and (c) TD maps.
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Figure 5 Inverse pole figures for ND of IF steel: (a) initial texture, measured with OIM; (b) texture after 9.8%
biaxial tension, predicted with the FFT-based approach; (c) texture after 9.8% biaxial tension, measured with OIM.

Figure 6 OIM images of IF steel after 9.8% biaxial tension: (a) ND, (b) RD and (c) TD maps calculated by FFT-
based approach; (e) ND, (f) RD and (g) TD maps measured by OIM.

Figs. 7 (a) and (b) show the measured inverse pole figures of several grains of IF steel at
the initial stage and after 9.8% equi-biaxial deformation. The grains in the region close to the <0
0 1> corner, rotate towards the stable orientation <0 0 1>. The grains with orientations close to
the <1 1 1>, also keep the stable orientation <1 1 1>. The grains with initial orientations close to
the <0 1 1> corner exhibit rotation towards the <0 0 1> - <1 1 1> line. All these features are
fairly well reproduced by the FFT-based simulation as shown in Fig. 7 (¢). Some differences in
the development of intragranular misorientations and the rotation level between the measured
and calculated results may also be related to the assumption of the columnar microstructure as
mentioned above.
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Figure 7 (a) Initial inverse pole figures for ND of several grains in IF steel, and comparison between (b) measured
and (c) calculated inverse pole figures for each grain after 9.8% biaxial tension.

Fig. 8 show orientation maps of ND and ¢,=45° sections of Orientation Distribution
Function (ODF) at the initial stage and after 13.3% biaxial tensile deformation in DP steel. From
the orientation map and the combined band contrast and slope map [17] measured by OIM, the
martensite phase can be indentified. As shown in Fig. 8, the martensite mainly exists in the
region of grain boundary of ferrite. The grain size of martensite is quite smaller than that of
ferrite. This hard martensite may act as an obstacle to the rotation of ferrite grain during the
deformation. From the ODF, it can be seen that y-fiber (<1 1 1>//ND) orientation was developed
after the equi-biaxial tension like IF steel. The extent of development of the y-fiber in DP steel,
however, 1s somewhat weaker than that in IF steel.

Figs. 9 (a) and (b) show the measured inverse pole figures of several grains of DP steel at
the initial stage and after 13.3% equi-biaxial deformation. The grains in the region close to the
<0 0 1> corner rotate towards the stable orientation <0 0 1>. The grains with orientations close to
the <1 1 1> also keep the stable orientation <1 1 1>. The grains with initial orientations close to
the <1 0 1> corner rotate towards the stable orientation <l 1 1> and also develop a large
intragranular orientation. The grain with <3 0 5> orientation shows the similar trend. Although
all these features are fairly similar to IF steel case, the extent of grain rotation is somewhat
smaller under the consideration of higher biaxial strain and the intragranular misorientations are
larger.
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Figure 8 ND maps and ¢,=45° sections of ODF measured by OIM (a) at initial state and (b) after 13.3% biaxial
tension of DP steel
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Figure 9 Measured inverse pole figures for ND of several grains in DP steel : (a) initial state and (b) after 13.3%
biaxial tension.

Summary

An FFT-based full-field formulation for viscoplastic polycrystals was applied to the study
of the subgrain texture evolution in a IF steel under biaxial tension. Direct initial input for the
calculation was obtained from OIM images. Changes in local orientation were measured by the
EBSD-based OIM with a biaxial stretching device specially designed. In the calculation, the
columnar microstructure was assumed for the 3D microstructure and the presence of a free
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surface was considered. The orientation changes of several grains after equi-biaxial tensile
deformation, predicted with the FFT-based approach, were directly compared with OIM
measurements. The experimental data and the predictions showed reasonable agreement. It was
observed, however, that there were some differences between the measured and calculated
microstructures including the development of intragranular misorientations. These differences
might be deduced from the assumption of the simple 3D columnar microstructure. Therefore,
more reasonable 3D orientation data to construct the unit cell should be required for the precise
calculation. It could be seen that y-fiber (<1 1 1>//ND) orientation was developed after the equi-
biaxial tension in both IF and DP steels. In DP steel case, the extent of grain rotation is
somewhat smaller and the orientation difference between the pixels in a grain is larger after
deformation.
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