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Abstract

This paper considers the crystallographic texture evolution in a 1008 low carbon steel.
The texture evolution along uniaxial, plane strain and balanced biaxial strain states
were measured. For uniaxial testing, grains tend to rotate such that the {111}〈11̄0〉 slip
directions are aligned with the loading axis. For plane strain and balanced biaxial strain
states, the majority of grains are distributed with the {111} plane parallel to the sample
normal direction. Accompanying visco-plastic self consistent (VPSC) predictions of the
texture evolution were made along same strain paths and strain increments.
Comparing between the measured texture evolution and computational texture
evolution indicate that the VPSC model qualitatively predicts the measured texture
evolution, but the rate at which the texture evolution occurs is over predicted.
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Introduction
Steel has been in use for nearly 4000 years, and remains one of the main materials (along
with concrete, glass and asphalt) used around the world. A large majority of the steels
created are carbon steels, with a large proportion of these carbon steels strained after pro-
duction to create a required shape. Accurate prediction of the final shape and mechanical
properties after straining continues to be an important industrial goal. One of the meth-
ods applied to this problem is measurement of the crystallographic texture (or preferred
orientation) as a function of strain path and strain increment. Accurate prediction of the
crystallographic texture and how the texture evolves will allow better estimates of the
flow stress and plastic contraction, which in turn provides a more accurate prediction of
the final shape and failure during forming. The particular case of deformation of sheet
stock material is discussed in this paper. The majority of the literature discusses the high
strain increments relevant for rolling sheet material. Unfortunately existing [1-6] experi-
mental data on the texture evolution along multiaxial strain states at intermediate strain
increments (�ε) relevant for forming are incomplete, so assessment of model accuracy is
difficult in this regime.
This paper focuses on the measurement of the crystallographic texture evolution in

1008 AISI/SAE low carbon steel sheets after strain increments typical in forming struc-
tures from the rolled sheet. The texture is measured by neutron diffraction to interrogate a
large number of grains. Five different strain states were investigated: uniaxial strain along
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the rolling direction (URD), strain along the rolling direction with the transverse direction
fixed near zero strain (a plane strain condition, or PSRD), balanced biaxial strain (BB) in
the rolling and transverse directions, strain along the transverse direction with the rolling
direction fixed near zero strain (PSTD), and uniaxial strain along the transverse direc-
tion (UTD). In the plane of the sheet (normal direction or ND) the sample is assumed to
be in a plane stress condition. In addition, the texture evolution is predicted from the as
received texture using the visco-plastic self consistent (VPSC) model and compared with
the experimental data. Data on the texture evolution of low carbon steels will also provide
a well characterized reference for comparison tomore complicatedmaterials, such as high
strength steels (HSS) like high strength low alloy (HSLA) steel or advanced high strength
steels (AHSS) such as dual phase (DP) or transformation induced plasticity (TRIP) steels.
The data described in this paper has been submitted to the NIST/MatDL DSpace repos-

itory as part of the IMMI General Articles Collection [7]. The repository contains files
that include a description of the data contained in the repository, a schematic of the the
analysis and computational processes, some of the programs used to analyze the data, a
collection of the texture data files at various points in the analysis, and input files to the
VPSC model.

Background
Using the American Iron and Steel Institute (AISI) and Society for Automotive Engineers
(SAE) grade designation, 1008 steel is defined as an iron alloy possessing a mass fraction
of carbon ≤ 0.0010, a mass fraction of manganese between 0.0030 and 0.0050, a mass
fraction of phosphorus≤ 0.0004, and a mass fraction of sulfur ≤ 0.0005 [8]. Owing to the
low carbon content and absence of austenitic stabilizers, the structure is almost entirely
ferritic (body centered cubic crystal structure) with some carbides. This allows for high
ductility (approximately 40% elongation), but low strength (tensile strength approximately
350 MPa) [9].
The texture evolution of steels has been widely studied in the past, particularly with

respect to the complete processing path from the melt to hot and cold rolling. These top-
ics are of interest to create desirable textures for deep drawing. Some articles on these
topics include [2,3,10,11], which discuss steel textures and their origin from deformation
and recrystalization of the austenite phase and subsequent transformation from austenite
to ferrite. The complex details of the austenitic transformation are beyond the scope of
this paper, but it is important to note that deformation and recrystallization in the austen-
ite phase are one of the primary causes of crystallographic texture in the ferritic phase.
The review by Inagaki [12] summarizes work on the inter-relationship between texture,
grain boundaries and dislocation structures in low carbon steels. Hutchinson [13] dis-
cusses texture control in low carbon steels as a function of processing parameters. Bodin
et al. [2] shows the strong effects of processing path and temperature on the texture.
The predicted plastic strain ratio (R value) has been used to correlate the effect of a par-

ticular texture component to the macroscopic properties. For deep drawing applications,
sheetmaterial that has a large volume of grains aligned with the γ -fiber ({111} plane paral-
lel to the ND) are preferred as they have a high average R value (R̄) and a planar anisotropy
(�R) value near 0 [10,13]. Orientations with the {100} plane parallel to the ND direction
such as ‘cube’ and ‘shear’ orientations are not desirable, since they have low average R val-
ues [10,13]. This is due to the orientation of slip systems for body centered cubic (BCC)
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materials. Conversely, for high strength materials where high ductility is not required,
orientations along the α-fiber (〈110〉 crystal direction parallel to rolling direction) are pre-
ferred for high strength [14] but may produce anisotropy and brittleness, particularly for
the {113}〈110〉 orientation [10].
There is also a significant amount of investigation into the textures caused by cold

rolling in the ferrite phase. This data is particularly relevant to this paper as cold rolling,
apart from a hydrostatic term, produces a stress state similar to plane strain along the
rolling direction (PSRD). As shown in a series of review papers, cold rolling ferrite
strengthens the α and γ fibers, particularly the α fiber at higher reduction ratios [3,10,11].
Figure thirteen in Kestens and Jonas [11] shows relative amounts of texture intensity as a
function of thickness reduction. Inagaki [12] discusses some of the microstructural rea-
sons for this, and theorizes that grain pairs with {111}[uvw] type grain boundaries that
allow the grain to rotate easily, keeping orientations along the γ fiber stable.
Kestens and Jonas [11] proposes that {211}〈011〉 along the α fiber is the stable final ori-

entation in plane strain compression, while {111}〈110〉 and {554}〈225〉 orientations are
caused by ferritic recrystallization after plane strain compression. Inagaki [12] proposes
that the {223}〈011〉 orientation is the final stable orientation in plane strain compression.
There is additional literature on cross-rolling of low carbon steel sheets [5], a strain state
similar to plane strain along the transverse direction (PSTD). Results fromWronski et al.
[5] show that the shear orientation and γ fiber are stable orientations after near 80%
thickness reduction.
There has been limited investigation into the texture evolution along other strain paths

relevant for sheet metal forming. Yerra et al. [6] is one of the most complete, following five
different strain paths from equal biaxial to uniaxial tension, all with the largest strain val-
ues in the rolling direction. The orientation distribution functions (ODFs) are measured
at a single level of strain for each strain path. In Yerra et al. [6], the experimental tex-
tures were not found to change greatly between the different strainmodes nor the volume
fractions of specific orientations. However a calculation using the Lamel model by the
same authors show a significant difference between the strain paths. Other notable works
include Luzin et al. [15], which measured texture after balanced biaxial straining. The γ

fiber in a balanced biaxial strain mode is intensified, in agreement with Mirshams et al.
[16] and theoretical calculations that predict the θ (〈100〉 parallel to ND direction) and
γ fibers to be the stable orientations in uniaxial compression along the ND. Other strain
modes, such as torsion [17] and simple shear [18] are outside the scope of this paper.
As steel is such a relevant industrial material, there have been attempts to predict the

texture evolution. Savoie and Jonas [19] used a rate sensitive analysis to model the texture
along a flange during deep drawing. These simulations include a rotation rate map that
shows the stable end orientations for different constraints imposed on the models. They
found that all initial orientations tend to rotate toward the {223}〈110〉 orientation. Toth
et al. [20] used a rate dependent slip theory that contains models for pancake, lath and
Taylor models to calculate texture evolution in low carbon steels during rolling. Starting
with the ‘RGoss’ orientation, {111}〈110〉, and shear orientations; they found the {111}〈112〉
orientation also forms, but becomes unstable at higher strains. Many more stable orien-
tations were found using this method, but most were observed along the α fiber and γ

fiber as well as {554}〈225〉. Raabe [21] used a Taylor type model to predict the rolling
texture in low carbon deep drawing steel as a function of reduction ratio. The Taylor
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model showed increases in the intensity of the α fiber and γ fiber in good agreement with
experiment [21].

Methods
Experimental

Chemical analysis

Chemical analysis was performed following ASTM E415 [22] for all elements except sul-
fur which followed ASTM E1019 [23]. The resulting elemental mass fractions are given
in Table 1. These are within the required parameters for AISI/SAE 1008 steel with the
exception of manganese which is slightly lower than specified.

Grain size measurements

The average grain size was measured according to ASTM E112 [24]. Linear intercept
methods along the rolling direction (RD), transverse direction (TD) and normal direc-
tion (ND) were performed along five lines in three images over two different samples
for all six cross-sectional views (N = 60 per direction). These averages were summed
together to find the overall average grain size of 18.7 μm and aspect ratios of 1.0:0.78:0.46
for RD:TD:ND, normalized to RD. Complete information on the grain size is shown in
Table 2.

Uniaxial sample testing

Samples were rough cut from 1.17 mm (0.046 in, 18 gauge) thick sheet stock into sam-
ple blanks approximately 19 mm (0.75 in) × 200 mm (8 in) using a hydraulic shear. A
TENSILKUTa machine was used to create dogbone samples that conform to ASTM E8
[25] standards for sheet specimens with a 50.8 mm (2 inch) gauge length and 12.7 mm
(0.5 inch) width. After machining, samples were loaded into a screw driven tensile frame
moving at a crosshead speed of 0.1 mm

sec resulting in a nominal strain rate of 0.002 strain
sec .

Axial and transverse strains were measured using extensometers. The strains imparted to
the samples are listed in Table 3. The von Mises effective strain was calculated assuming
volume conservation and neglecting shear strains:

εeff =
√
2
3

[
(ε11 − ε22)

2 + (ε22 − ε33)
2 + (ε33 − ε11)

2] 1
2 (1)

Multi-axial sample testing

Samples for non-uniaxial stain paths were loaded in a custom testing machine [26] using
a sample geometry developed by Raghavan [27]. A clamp hold down force of -450 kN
(force control) and a ram rate of 0.1 mm

sec was applied resulting in a nominal strain rate of
0.2 strain

sec . Digital Image Correlation (DIC) was used to measure the plastic strains from a
circular area with an undeformed diameter of 32 mm (1.25 inches). Strains are listed in
Table 3.

Table 1Mass fraction analysis performed by an independent lab per [22] and [23] for sulfur

Element Measured 1008 AISI-SAE carbon steel grade [8]

Carbon 0.0007 0.0010max

Manganese 0.0029 0.0030 to 0.0050

Phosphorus 0.00010 0.00040max

Sulfur 0.00014 0.00040max

Iron Balance
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Table 2 Average grain sizes for 1008 steel using the linear interceptmethod

Average Standard Confidence Relative
Plane Direction grain size [μm] deviation [μm] interval [μm] accuracy [%]

ND RD 24.15 2.94 1.10 4.55

TD RD 28.72 3.25 1.21 4.22

ND TD 17.85 1.50 0.56 3.14

RD TD 23.40 2.27 0.85 3.62

RD ND 11.79 0.93 0.35 2.96

TD ND 12.59 0.78 0.29 2.32

Images were recorded after etching with Nital (2%) for 45 seconds. Images were recorded at 200× magnification on all
three planes on two different samples each. n = 30 for each row.

Texturemeasurements

Crystallographic texture measurements were performed using neutron diffraction at the
BT-8 Residual Stress Diffractometer at NIST [28]. Strained and as received samples were
cut into 8 mm squares and stacked and glued together until a cube was formed. For the
average grain sizes calculated in Table 2, there are on the order of 2 × 107 grains in each
sample. Three complete pole figures from the (200), (220), and (211) reflections weremea-
sured. A 5° hexagonal grid [29] of the pole figure space was used, resulting in 469 separate
measurements, with the exception of theURD andUTD samples strained to 10% and 20%.
In these four samples a hexagonal grid of 6° spacing was used, resulting in 331 separate
measurements. The raw data was then processed in the program PF [30] and converted
to pole figures in the popLA format [31]. The as received samples exhibited orthotropic

Table 3 Applied strains,measured after unloading the samples, expressed as true strain

Name Nominal strain (%) εRD εTD εND εeff

URD10 10% 0.100 -0.063 -0.037 0.101

URD20 20% 0.200 -0.127 -0.072 0.202

URD30 30% 0.302 -0.186 -0.116 0.305

PSRD10 10% 0.10 -0.01 -0.09 0.11

PSRD10 10% 0.10 -0.01 -0.09 0.11

PSRD20 20% 0.20 -0.02 -0.17 0.21

PSRD20 20% 0.20 -0.02 -0.17 0.21

PSRD30 30% 0.33 -0.03 -0.29 0.36

PSRD30 30% 0.33 -0.03 -0.30 0.37

BB10 10% 0.10 0.10 -0.19 0.19

BB20 20% 0.20 0.20 -0.40 0.41

BB30 30% 0.32 0.32 -0.63 0.63

PSTD10 10% -0.01 0.10 -0.09 0.11

PSTD10 10% -0.01 0.10 -0.09 0.11

PSTD20 20% -0.02 0.22 -0.20 0.24

PSTD20 20% -0.02 0.22 -0.20 0.24

PSTD30 30% -0.03 0.34 -0.31 0.37

PSTD30 30% -0.03 0.33 -0.30 0.37

UTD10 10% -0.063 0.100 -0.037 0.101

UTD20 20% -0.125 0.201 -0.076 0.203

UTD30 30% -0.167 0.297 -0.130 0.297

For uniaxial testing, strains are measured along the RD and TD by extensometers, for BB and PS testing RD and TD strains are
measured by digital image correlation. ND strains are calculated from volume conservation. The von Mises effective strain is
calculated as shown in equation 1.
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sample symmetry from the rolling process. All sample strains occurred aligned with the
initial orthotropic symmetry resulting in orthotropic symmetry in the strained samples.
For these reasons, orthotropic sample symmetry was applied to the pole figures and the
orientation distribution functions (ODFs).

OrientationDistribution Function (ODF) calculation

From the series of pole figures, orientation distribution functions (ODFs) were calculated
to determine the distribution of grains as a function of crystallographic orientation in
the bulk material. Two different ODF solvers were investigated, the WIMV method [32]
in popLA and mTex [33]. The calculation of the ODF is an inverse problem, which are
known to not necessarily have a unique solution. For each solver a range of different ODFs
can be calculated that match the pole figures depending on the, number of iterations of
the ODF solving loop, resolution of the ODF, and other input parameters. To facilitate
comparison with the VPSC ODF calculations, the WIMV method was used. Uncertainty
in ODF measurements is an ongoing measurement challenge currently under investiga-
tion [34]. For the purposes of this paper, an uncertainty of 10% in the ODF values is
assumed [35].
Good agreement (2% calculation error) with the pole figures was found after 12 iter-

ations. Experimental and recalculated pole figures were qualitatively inspected to check
agreement as well. The ODF from the as received sample was used to calculate an input
file for the VPSC analysis. The ODF is expressed in a crystal orientation distribution file
that has a regular 5° grid in the Bunge Euler angles φ1,�, φ2. Due to the crystal and sam-
ple symmetries, the ODF can be expressed in a subspace with the range 0° ≤ φ1 ≤ 90°,
0° ≤ � ≤ 90°, 0° ≤ φ2 ≤ 90°, albeit with an additional three fold symmetry in this
subspace. A value for intensity is listed at each point in this grid, expressed in units of
‘multiples of a uniform distribution’ or MUD (often referred to as ‘multiples of a random
distribution’ MRD).
Excerpts from the ODF were also extracted along fiber textures. The fibers of interest

for this paper are the α fiber, γ fiber and θ fiber. The α fiber runs along the � axis, with
φ1 = 0° and φ2 = 45°. The γ fiber runs along the φ1 axis, with � = 55.4° and φ2 = 45°.
The γ1, γ3 and γ2, γ4 pairs are equivalent points by symmetry.The θ fiber runs along the
φ1 axis, with � = 0° and φ2 = 45°. Specific orientations of interest are listed in Table 4,
with a shorthand name, Miller indices, and Bunge Euler angles. Additionally, difference
ODF plots were created between adjacent strain steps. These difference ODFs show the
locations that grains are rotating to or away from. However, as a consequence of the non-
linear nature of the intensity scale of the ODF, caution should be applied to ascribing
quantitative significance to the values in the difference plots. To aid in the idenification of
the orientations listed in Table 4, a key showing the location of each orientation located
in the φ2 = 45° cross section is shown in Figure 1.

Computational

The viscoplastic self-consistent (VPSC) model developed by Lebensohn and Tomé [36]
was used to simulate the texture development. The VPSCmodel treats each grain as a vis-
coplastic ellipsoidal inclusion embedded in and interacting with a homogeneous effective
matrix (HEM). Under the HEM assumption, individual grain response varies as a func-
tion of its orientation and the stiffness of the grain-to-matrix interaction, depending on
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Table 4 Relevant orientations investigated

Name {hkl} 〈uvw〉 φ1 � φ2

Cube {001} 〈100〉 45° 0° 45°

Shear {001} 〈11̄0〉 0° 0° 45°

Goss {011} 〈100〉 90° 90° 45°

RGoss {011} 〈01̄1〉 0° 90° 45°

Copper {112} 〈1̄1̄1〉 90° 35.26° 45°

Brass {011} 〈21̄1〉 54.74° 90° 45°

S {213} 〈3̄6̄4〉 58.98° 36.70° 63.44°

{554} {554} 〈2̄2̄5〉 90° 60.50° 45°

γ1 {111} 〈11̄0〉 0° 54.74° 45°

γ2 {111} 〈12̄1〉 30° 54.74° 45°

γ3 {111} 〈01̄1〉 60° 54.74° 45°

γ4 {111} 〈1̄1̄2〉 90° 54.74° 45°

α1 {115} 〈11̄0〉 0° 15.79° 45°

α2 {113} 〈11̄0〉 0° 25.24° 45°

α3 {112} 〈11̄0〉 0° 35.26° 45°

α4 {223} 〈11̄0〉 0° 43.31° 45°

All orientations are described by Miller Indices and Bunge Euler angles.

the choice of homogenization methods at grain level. Details of the model can be found
in [36].
A file containing 24 938 discrete orientations was created to approximate the calculated

ODF from the as received sample. This list of orientations was used as an input file to the
VPSC algorithm. Three other input files were also required: a file containing the applied
velocity gradients and applied Cauchy stresses; a file containing the unit cell parameters,
elastic moduli of the single crystal, slip planes, and hardening behavior of slip families; and
an input file containing the path and name of the subfiles, grain aspect ratio, hardening
model, and interaction model.

Figure 1 A key showing the Bunge Euler angle location of orientations described in Table 4 for the
φ2 = 45°cross section of ODF space. All orientations except the S orientation appear in this cross section.
The same tick mark intervals were used in the key shown above as Figures 2, 3, 4, and 5.
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For all simulations a velocity gradient is imposed on all components of the velocity
gradient tensor matching the macroscopic strains in Table 3 in the following manner.
Imposed velocity tensors were the εRD, εTD and εND strains normalized such that the
highest positive strain was set equal to 1. The strain increment was the value of strain
along the highest positive strain direction. All stresses calculated by the VPSC model
are therefore deviatoric stresses. Only the {110}〈111〉 and {112}〈111〉 families of slip
planes and directions were considered in this model as initial experimentation includ-
ing the {123}〈111〉 family of planes did not show a significant effect on the texture.
The ellipsoid ratios used were based on the experimental data listed in Table 2 normal-
ized along the rolling direction and having values of 1.0, 0.78 and 0.46 for the RD, TD
and ND respectively. Secant linearization and first nearest neighbor interaction mod-
els were chosen. The outputs used here from the VPSC algorithm include a list of
discrete orientations that have been rotated to new orientations due to the imposed
velocity gradient. These discrete orientations were binned into a regular grid to create
an ODF.

Results
Experimental textures

Three different techniques have been used to show how the experimentally measured
texture evolves as a function of applied strain. Figure 2 shows the intensities of the ODF

Figure 2 Experimentally determined orientation distributions for 1008 steel as a function of applied
strain path and strain value, including the as received (AR) data. Bunge Euler angle convention was
used, with only the φ2 = 45° sections shown. Tick marks are shown in 15° increments. The color key shows
the value of intensity in terms of multiples of a uniform distribution (MUD). The strains paths are abbreviated
as follows: URD - uniaxial along the rolling direction, PSRD - plane strain along the rolling direction,
BB - balanced biaxial strain, PSTD - plane strain along the transverse direction, UTD - uniaxial along the
transverse direction. Strain values are the nominal strains of the largest strain, exact values can be found in
Table 3. The key in Figure 1 shows the locations of particular orientations in the same style plot.
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Figure 3 Differences between experimentally determined orientation distributions. Differences are
taken between adjacent strain steps (10% - as received (AR), 20% - 10%, 30% - 20%). Red indicates increasing
intensity, blue indicates decreasing intensity.

Figure 4 Orientation distributions calculated by VPSC for 1008 steel as a function of applied strain
path and strain value. The conventions described in Figure 2 also apply here.
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Figure 5 Differences in orientation distributions calculated by VPSC. Adjacent strain states were
subtracted (10% - as received (AR), 20%-10%, 30%-20%). Red indicates increasing intensity, blue indicates
decreasing intensity.

on φ2 = 45° cross sections. Figure 3 is a plot of the differences between adjacent strain
steps (10% - as received, 20% - 10%, 30% - 20%) on the same φ2 = 45° cross sections
shown in Figure 2. The smaller strain step is subtracted from the larger strain step, so
positive values indicate an increase in intensity at the given orientation. The third tech-
nique extracts line profiles along a path with two fixed Euler angles. These line profiles
correspond to the α fiber (Figure 6 top), γ fiber (Figure 7 top), and θ fiber (Figure 8 top).
For brevity, the discussion of the URD deformation contains the relevant figure num-
bers for discussion of the fiber components, they will not be repeated for each strain
mode.
Figure 2 includes the as received texture, as well as the three nominal strain increments

along the five strain paths explored. The as received texture of the 1008 steel is typical for
a rolled body centered cubic (BCC) material for deep drawing applications, with strong
intensity along the γ fiber, and peaks along the 〈110〉 RD directions of the (111) plane. The
intensity values for α fiber orientations and the shear orientation are also larger than in
a uniform texture distribution. The intensities of cube, shear, Goss, RGoss, copper, brass,
and S orientations are low, as expected in a BCC material.
When samples are strained in uniaxial tension along the rolling direction (URD), the

ODF intensity along the γ1 and γ3 orientations increases, as shown in the first row in
Figure 2, Figure 3, and Figure 7. The ODF intensity along the {554}〈2̄2̄5〉, γ2, and γ4

decrease. The largest change in the ODF intensities are along these orientations occurs
while straining from 0% to 10%. The ODF intensity along all of the α fiber orientations
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Figure 6 Top: experimentally measured texture along the α fiber, only highest strain levels shown.
The width of the line corresponds to the assumed standard deviation of 10% of the value. Bottom:
computationally predicted by VPSC texture along the α fiber, only highest strain levels shown. The width of
the line corresponds to the assumed standard deviation of 10% of the value. The ordinate range between the
two figures is dissimilar, a thin black line was drawn in the computational data set to show the maximum
scale (MUD = 20) for the experimental data.

increase, shown in Figure 2, Figure 3, and Figure 6. Along the θ fiber the grains along
the shear orientation increase, shown in Figure 2, Figure 3, and Figure 8, but the ODF
intensity along the cube orientation remains the same.
The PSRD strain state is notable in that there are very few changes from the as received

structure, depicted in the second row in Figures 2 and 3. For all of the orientations
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Figure 7 Top: experimentally measured texture along the γ fiber, only highest strain levels shown.
The width of the line corresponds to the assumed standard deviation of 10% of the value. Bottom:
computationally predicted by VPSC texture along the γ fiber, only highest strain levels shown. The width of
the line corresponds to the assumed standard deviation of 10% of the value. The ordinate range between the
two figures is dissimilar, a thin black line was drawn in the computational data set to show the maximum
scale (MUD = 20) for the experimental data.

investigated, the ODF intensity changes only very slightly at each strain level. The ODF
intensity of orientations along the α fiber are basically unchanged. There are somemodest
increases in the intensity along the γ fiber, particularly filling in the γ2 and γ4 orien-
tations to make the intensity along the γ fiber slightly higher and more uniform in
intensity. The θ fiber shows the same trend as the samples deformed with uniaxial tension
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Figure 8 Top: experimentally measured texture along the θ fiber, only highest strain levels shown.
The width of the line corresponds to the assumed standard deviation of 10% of the value. Bottom:
computationally predicted by VPSC texture along the θ fiber, only highest strain levels shown. The width of
the line corresponds to the assumed standard deviation of 10% of the value. The ordinate range between the
two figures is dissimilar, a thin black line was drawn in the computational data set to show the maximum
scale (MUD = 6) for the experimental data. The inset figures show the details near φ1 = 45° where the data
plots overlap.

along the rolling direction with the shear orientation increasing and the cube orientation
unchanged.
The dominant texture evolution in the BB strain state is intensification of the γ fiber.

The 20% sample still shows the highest intensity along the 〈110〉 RD directions, but by
30% strain all orientations along the γ fiber are approximately equal and have an intensity
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of 15 to 16 times higher than a uniform distribution. Grains oriented along the α fiber
have decreased sharply outside the range of the γ fiber and θ fiber. The BB strain state
also shows the strongest changes along the θ fiber. The cube orientation increases from
a value of 0.5 MUD in the as received strain state to over 5 MUD after 30% BB straining.
Similarly, the shear orientation increases dramatically.
The PSTD strain state results in a texture evolution that is similar to the BB strain

state. Grains oriented along the γ fiber increase, particularly the γ2 and γ4 orientations,
to become nearly constant in intensity at 10 MUD by 30% strain. Grains oriented along
the α fiber decrease, except for those near the γ fiber. The ODF intensity along the lower
part of the α fiber (φ1 ≥ 60°) increases more than observed in the RD, PSRD or BB strain
states. There is an increase in the number of grains oriented along the shear orientation,
while the cube orientation remains unchanged.
Due to the symmetries in this projection of Euler space, the texture evolution of UTD

samples look like the corresponding URD ODF mirrored about the φ1 = 90° axis. Grains
oriented along the γ2 and γ4 orientations increase, while γ1 and γ3 intensity decreases.
Orientations along the α fiber decrease. There is some increase in the copper orientation,
which can be related by symmetry operations to an orientation near the α3 orientation.
Along the θ fiber the fraction of grains oriented along these directions are similar to
measurements of the URD and PSRD samples.

Computational textures

Similar to the experimental data shown in Figure 2, Figure 4 shows the calculated inten-
sities of the ODF in φ2 = 45° cross sections from VPSC simulations. Figure 5 is a plot of
the differences between adjacent strain steps (10% - as received, 20% - 10%, 30% - 20%) in
the ODFs calculated with VPSC. Line profiles along the α fiber (Figure 6 bottom), γ fiber
(Figure 7 bottom) and θ fiber (Figure 8 bottom) are also shown. Similar to the experimen-
tal data, the discussion of the URD deformation contains the relevant figure numbers for
discussion of the fiber components, they will not be repeated for each strain mode.
The intensity scale for each of the computational figures was adjusted to accommodate

the higher intensity values calculated in the VPSC code. However the color scale in the
range of the experimental intensities are unchanged for Figure 4 and Figure 5 to allow
for comparison, additional colors were added for intensities outside of the experimental
range. For Figures 6, 7, and 8 a thin black line is used to depict the maximum in the
experimental line profile figures.
The VPSC as received texture shown in Figure 4 is similar to, but less smooth than

the experimental as received texture shown in Figure 2. Regions around γ2 and γ4 are
slightly depleted in intensity compared to the experimental data. Similarly, areas around
the copper and brass orientations are also lower than observed experimentally.
The main intensity changes for URD occur along γ1 and γ3. There are corresponding

decreases in the γ2 and γ4 orientations. As the amount of strain increases, the intensity
around the γ3 orientation increases in a very narrow band in the φ1 axis while broad-
ening in the � axis at higher strains. The α fiber increases from the as received sample,
but with larger increases at � > 55° than at � < 55° observed in the experimental
data. Along the θ fiber, the shear orientation shows a sharp drop, observed in all VPSC
data sets. These observations are likely computational artifacts due to the low num-
ber of grains (2.5 × 105) compared to the experimental data (≈ 2 × 107). The θ fiber
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orientations showmodest increases in the shear texture, but the cube texture is essentially
unchanged.
When the strain state changes to plane strain along the rolling direction (PSRD), the

texture evolution is similar to the VPSC URD sample. The γ1 through γ3 orientations
increase but the γ2 and γ4 orientations decrease. However, the {554} orientation, which is
close to the γ4 orientation, increases like the γ1 and γ3 orientations. Unlike experimental
data, orientations near the α3 and α4 orientations show large increases, particularly at 20%
strain, but the other α fiber orientations only show slight increases in ODF intensity. Sim-
ilar to the α4 orientations, the shear orientation shows a large increase at 20% strain, and
then decreases back to the as received intensity at 30%. The cube and shear orientations
in the θ fiber are also largely unchanged.
Balanced biaxial (BB) strains show the sharpest texture evolution. The texture sharp-

ening is primarily along the γ fiber. All orientations along γ fiber increase by similar
amounts for each strain step, such that by 30% strain, intensities of 80MUD are observed.
The α fiber shows a sharp peak where it intersects with the γ fiber, but decreases in all
other orientations. The θ fiber shows a large increase as well, predominantly along the
shear orientation.
Plane strain along the transverse direction (PSTD) shows increases in theODF intensity

at all orientations along the γ fiber after 10% strain, and then increases in the γ2 and γ4

thereafter. Similar to the URD sample, the α fiber increases more at � > 55° than at
� < 55°. The shear orientation increases in intensity, but the cube orientation remains
nearly constant.
Finally, the UTD samples show intensity increases along γ2 and γ4, the 〈110〉 TD direc-

tions of the (111) plane, but of lower magnitude than the PSTD strain state. The intensity
of orientations γ1 and γ3 decrease. Like the URD case, as strain increases the highest
intensity bands tend to align themselves with the � axis. The intensity along the α fiber
orientations generally decrease, with only a slight increase at� = 65° to 70°. Orientations
near the shear texture also show large increases.

Discussion
Qualitatively there is good agreement between the experimental and computational tex-
ture evolution models. Most changes from the texture evolution have the correct ‘sense’
to them, experimental increases are matched to computational increases and vice versa.
Both the computational and experimental textures show significant changes even at
relatively low (10%) values of strain. There are some subtle differences between the Exper-
imental and VPSC as received textures. As discussed in the results and methods sections,
the VPSC as received texture is less smooth, likely due to the three order of magnitude
reduction in the number of grains explored in the VPSCmodel (24 938 orientations) than
in the experimental data (estimated at ≈ 2 × 107). For orientations with φ2 = 45° and
� < 20° there are less than 10 grains for each of the orientations in the 5° bin and at � = 0
most of the orientations only have 1 grain associated with each bin. This may also be the
cause of oddities around the shear orientation in Figure 8, where large peaks are observed
5° from the orientation that are not observed experimentally in Figure 8.
There are a few places where there is qualitative disagreement between the trends in

the VPSC predictions and experimental data. In the experimental URD and PSRD strain
states there are broad increases in the α fiber, particularly at � < 55°, shown in Figure 6.
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The VPSC data in Figure 6 shows some increase in the intensity at � < 55°, but a larger
increase in intensity at � > 55°. Similarly the increase in cube orientation over the shear
orientation observed experimentally in Figure 8 under BB straining was not observed
in the VPSC predictions in Figure 8. At higher strain levels the VPSC model seemed to
rotate grains away from the γ fiber to orientations ±5° to ±10° away from � = 55°
(γ fiber), as shown by the decreases in intensity along the γ fiber in the difference map in
Figure 5. This may also affect the PSTD results data, where the intensity pattern observed
experimentally in Figure 7 does not match the VPSC predictions shown in Figure 7.
Quantitatively, the VPSCmodel tends to over predict the rate of texture evolution lead-

ing to much higher intensities and sharper orientation distributions. Overall, the intensity
values for experimental data at 30% strain better match the VPSC data at 10% strain. The
BB 30% strain state is a particularly good example of the difference in rate of texture evo-
lution, with the intensity predicted by the VPSC over-predicted by a factor of 5. Another
example is the PSRD strain state, where the α4 and {554} orientations are predicted to
have increases larger than are observed experimentally.
Comparing this data with prior computational and analytical work, the uniaxial samples

show the 〈110〉 slip directions of the {111} plane as stable orientations, and instability of
slip directions 〈211〉 in the {111} plane. The PSRD strain state is indeed similar to the
predictions for cold rolling the ferrite phase. The experimental data indicates that while
the α4 ({223}〈11̄0〉) orientation is the most stable, there seems to be a broad distribution
of orientations that are increasing at the strain levels investigated. The stability of the α

fiber changes with more transverse direction strain, such that in the BB and PSTD strain
states this fiber is not as stable. This result could be used in production, for applications
where α fiber is not desirable, as more lubrication on the rollers or cross rolling could be
used to remove some of the α fiber and increase the number of grains with orientations
aligned with the γ fiber; albeit with some increase in the cube and shear components as
well. The increase in γ fiber agrees well with observations by [15] and [16] but in our work
more cube orientated grains are observed than by Luzin et al. [15]. The experimental and
VPSC data are more consistent with the Lamel predictions than experimental data from
Yerra et al. [6].
A similar study 5754 aluminum compared Los Alamos polycrystal plasticity (LApp),

VPSC and visco-plastic fast Fourier transform (VPFFT)models formultiaxial strain states
[37]. Hu et al. [37] showed similar trends to those observed here, with the rate of tex-
ture evolution over predicted in the VPSC model, particularly for the BB strain state. The
VPFFT model calculated a rate of texture evolution closer to those observed experimen-
tally. In the VPFFT model, the inter-grain and intra-grain interactions are included in the
model, likely improving the accuracy. However, the VPFFT model described by Hu et al.
[37] is discretized as voxel elements. Approximately 500 voxels were required for each
grain, as opposed to the single ellipsoid per grain in the VPSC model, resulting in the
VPFFT model containing one fifth as many grains as the VPSC model for a similar com-
putational time. The reduction in number of grains resulted in a lower fidelity to the as
received texture. The texture in the 5754 aluminum studied was much closer to a uniform
distribution than the steel texture measured here, so a larger number of grains would
be required to accurately model the steel microstructure. Following work by Dawson
et al. [38], the addition of the elastic component to the viscoplastic models (EVPSC or
EVPFFT approaches) is not expected to improve the model as the strains in this study are
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relatively large strains along monotonically increasing strain paths. Additionally, the con-
struction of an accurate microstructure with respect to the spatial correlation of adjacent
grains required as an input to a VPFFT or crystal plasticity based finite element analysis
(CP-FEA) models is a topic of current research.
However, there is some concern that even accurate microstructure may be insufficient

to model the deformation of polycrystalline materials. Pokharel et al. [39] compare a
modeled microstructure in VPFFT that is taken from experimental data from near field
high-energy X-ray diffraction microscopy (nf-HEDM) [40]. Even with a microstructure
model that closely matches the experimental data, the agreement between experiment
and model are not as close as desired. Similar to the results shown in this paper, there
is reasonable qualitative agreement, but there are significant qualitative and quantitative
variations. Pokharel et al. [39] conclude that the “empirically derived constitutive rela-
tions used in continuum scale simulations” (i. e. the Voce model in VPFFT and VPSC)
as the likely cause of the disagreement and recommend further work on the develop-
ment of a constitutive relation based on dislocation interactions. Pokharel et al. [39] also
touches on CP-FEA, but states that the empirically derived continuum level constitu-
tive relationships used in FEA may suffer similar problems as observed in the VPFFT
model.

Conclusions
To summarize, the crystallographic texture evolution in a 1008 low carbon steel along
five different strain states have been experimentally measured and computationally
predicted using VPSC. Comparisons between measured texture evolution and computa-
tional texture evolution indicates that the VPSC model is generally qualitatively accurate
in predicting the orientations to which grains rotate. Quantitatively, the VPSCmodel over
predicts the rate at which grains will rotate, particularly in multi-axial strain states such
as balanced biaxial.
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