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Microstructure, Anisotropy and Formability Evolution of an
Annealed AISI 430 Stainless Steel Sheet

Roberto Iquilio Abarzúa,* Eliseo Hernández-Durán, Tuan Nguyen-Minh,
Leo A. I. Kestens, José Luis Valín Rivera, and Felipe M. Castro Cerda

1. Introduction

Stainless steel represents a large family of iron-based alloys of
which the principal characteristic is its good corrosion resistance.
Nowadays, ferritic stainless steels (FSSs) are widely accepted for
use in a wide variety of applications, as, for example, structural
framework and body panels for buses and cars,[1] not to mention

that it is much cheaper than 300 series
stainless steels. One of its disadvantages
is that it is more susceptible to corrosion
than the 300 series grades because its main
alloying element is chromium.[2] The FSS
has an excellent resistance to stress corro-
sion cracks, pitting, and crevice-type of cor-
rosions. Furthermore, this stainless-steel
grade shows a low strain hardening rate,
which allows them to be easily deformed
by any metal working process.

Steels are strengthened by various possi-
ble mechanisms of hardening. Hardening
by plastic deformation is one of the most
important methods of strengthening met-
als. When a crystalline solid is deformed
plastically, it becomes more resistant, and
a greater stress is required for additional
deformation.[3] The hardening in a crystal-
line structure occurs because these materi-

als deform plastically by the movement of dislocations. When a
polycrystal is deformed in rolling, forming, drawing, and so on,
the randomly oriented grains will slip on their appropriate glide
systems and rotate from their initial conditions, under the con-
straint from the neighboring grains.[3] This leads to a strong
increase in dislocation density, which in turn produces a higher
yield strength. Dislocation sources create new dislocations dur-
ing plastic deformation and serve to increase the dislocation den-
sity. This hardens the material, a process called work hardening,
strain hardening, or sometimes strengthening by cold working.[4]

The formability test is a widely applied technique used in the
manufacturing of metal sheet parts. The formability process
includes a variety of types and operating conditions. An impor-
tant tool used to evaluate the formability of metal sheets is the
forming limit diagram (FLD). The FLD concept was introduced
by Keeler and Backofen [5] and Goodwin.[6] The FLD represents
the maximum values of the principal strains (major ε1 and minor
ε2) that one metal sheet can withstand before the onset of neck-
ing. Currently, there are many different mechanical tests to
determine the experimental FLD. Among these, the most com-
monly used tests are the Marciniak[7] and Nakazima [8] tests,
whereby the sheet metal is plastically strained by a flat tip or
a round-tip punch, respectively.[9] Both tests use different sample
geometries to induce the different strain paths, whereby the prin-
cipal difference is the punch geometry (see Appendix A).

Various approaches are used to determine the onset of necking
and the corresponding limit strain. In one approach, grid circles
and square patterns are applied on the sample, as proposed by
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The effect of the microstructure on the principal strain paths (uniaxial, plane, and
biaxial) in the formability processes of ferritic stainless steel AISI 430 sheets is
studied. The Marciniak test (determination of the plastic strain of sheet metal
with a flat tip punch) is applied to determine the forming limit curves and dif-
ferent strain levels in the strain paths by the digital image correlation technique.
The formability is discussed in light of the microstructure, standard mechanical
properties, work hardening behavior, and anisotropy measurements (R-value).
Electron backscatter diffraction analysis is carried out to determine the texture of
the selected strain paths. The texture evolution shows a marked γ (<111>//
normal direction [ND]) fiber and cube ({001} <100>) texture component under
the biaxial strain mode, whereas the α (<110>// rolling direction [RD]) fiber is
somewhat favored under uniaxial plane strain. The results are compared with
texture simulations performed under the fully constrained Taylor model, finding
reasonable agreement with the experimentally measured main components.
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Keeler et al.[10] and Sowerby et al.,[11] respectively. Bragard et al.[12]

developed a method with a grid of circles, whereby each test piece
produces one single point in the FLD. The technique called digital
image correlation (DIC) has been developed. DIC is a complete
optical technique that allows gauging the displacement of a set
of reference points on the entire sample surface. Different meth-
ods have been used to determine the limit strain and the FLD
based on the DIC measurements of the position (stationary),[8]

strain rate,[13–19] and strain acceleration[20] (time dependent) using
the Hencky strain tensor. Furthermore, some researchers have
presented methods that analyze thickness strain[21–23] and are
capable of analyzing multiple local necks.[24,25]

There are a variety of parameters that influence the limit strain
for the different strain paths, such as strain hardening (n),[26]

plastic anisotropy (R),[26,27] strain rate hardening (m),[26,28] strain
path changes,[29] and strain homogeneity across the sheet thick-
ness.[30] The crystallographic texture is one of the dominant
microstructural characteristics that is of crucial importance for
mechanical properties such as normal and planar plastic anisot-
ropy or yield stress anisotropy. In rolling body-centered cubic
materials (BCCs), α fiber <110>// rolling direction (RD), γ fiber
<111>// normal direction (ND), and ε fiber <110>//transverse
direction (TD) represent the most common texture components.
A number of studies on the influence of texture on formability
properties have focused on texture evolution,[31] strain paths,[32]

localized necking,[33] effects of friction on texture,[34] texture
influence on anisotropy,[35] effects on cube texture, and different
records of nonproportional loads.[36] None of the former inves-
tigations considered the microstructure and texture changes
on annealed AISI 430 stainless steel under different strain paths.

The Taylor theory[37] and the full constraint taylor model
(FCTM) approach[38] have been thoroughly described in previous
studies.[39,40] The essence of the FCTM is that macroscopically
imposed strain is equal to the microscopic strain at crystallo-
graphic level. To apply the FCTM, the experimental textures by
electron backscatter diffraction (EBSD) were converted to a contin-
uous ODF and subsequently discretized according to a method
proposed by Toth and Van Houtte.[41] The distribution of Taylor
factors (M) in the φ2¼ 45� section of Euler space were calculated
considering only the {110}<111> and {112}<111> slip systems,
whereby the critical resolved shear stress on all 24 slip systems
were considered to be identical. The total number of experimen-
tally measured points is reduced, according to the method by Toth
and VanHoutte,[41] to a set of 10 000 equally weighted orientations.

There is a lot of research on FSSs, however in the literature,
there is a very low amount of research on the formability of these
steels. Due to the wide use of AISI 430 steels, its good mechanical
and formability properties, and their low cost compared to 300
series stainless steels, a study of the microstructural evolution,
mechanical properties and deformation capacity is necessary.

In the present work, a detailed microstructure and formability
analysis of AISI 430 stainless steel was carried out. Texture evo-
lution and grain boundary misorientation development during
straining under three different strain paths before the onset of
necking were analyzed using EBSD. Texture analysis was per-
formed to provide a better understanding of the anisotropy
and formability in the studied steel. Furthermore, the texture evo-
lution has been accounted for by performing simulations with the
full-constraint Taylor crystal plasticity model. Through this study,

it was possible to analyze the influence of microstructural
changes on both the mechanical and the formability properties.

2. Experimental Section

The studied material was a 1.2mm-thick metal sheet made of
commercial AISI 430 stainless steel with the chemical composi-
tion shown in Table 1. More details about the microstructural
characterization of the as-received material can be found in
the study by Iquilio et al.[25]

2.1. Microstructural Characterization

The preparation of the samples included standard processes of
cutting, grinding, polishing, and etching. Mechanical grinding
was performedmanually using different grades of silicon carbide
emery paper. The metallographic observation was performed in
the plane spanned by the RD and ND.

EBSD characterization was performed with FEI Quanta 450-
FEG-SEM system operated at 20 kV, with a beam current corre-
sponding to a spot size of 5 for a 30 μmaperture size (2.3 nA) and a
working distance of 16mm. The sample was tilted 70� to the hor-
izontal axis of the microscope stage, and the EBSD patterns were
acquired on a hexagonal scan grid with a Hikari detector operated
with EDAX-TSL-OIM-Data Collection (version 6) software. The
step size of the scans was 1.5 μm. The orientation distribution
functions (ODFs) were calculated by the spherical harmonic series
expansion developed by Bunge.[42] The ODFs were derived from
the EBSD scans by superimposing Gaussian distributions with a
half width of 5�. The resulting ODF was represented as a series
expansion of spherical harmonic functions with a maximum rank
of the expansion coefficient L¼ 16. Each texture calculation is
based on merging three scans with �1mm2 areas with �8.000
single grains each. The raw EBSD data were postprocessed
(cleaned) to reassign the incorrectly indexed points using the grain
confidence index standardization procedure. The grains were
defined as the arrangement of at least four points with a misori-
entation angle less than 5� and a confidence index > 0.1.

Furthermore, misorientation analysis by grain boundary
misorientations was carried out. Microstructural analyses were
carried out for the initial material (undeformed) and for the sam-
ples with different strain levels in uniaxial strain (US), plane
strain (PS), and biaxial strain (BS) paths.

2.2. Tensile Test

The ASTM E8 standard was followed for tensile characterization.
The tensile tests were carried out with three specimens for each
direction at 0�, 45�, and 90� with respect to the RD. The samples
were sized to a gauge length of 50mm and a width of 12.5mm in
the gauge section according to the standard. The tests were per-
formed on a TINIUS&OLSEN universal tensile testing machine

Table 1. Chemical composition of the steel in wt.%.

Element C Mn P S Si Cr Ni Fe

Wt% 0.042 0.52 0.0099 0.0058 0.248 16.81 0.095 Rest.
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with a 30 ton maximum capacity. The test samples were loaded
under displacement control at a grip speed of
2.5mmmin�1 (�10�3 s�1).

The Lankford coefficients (R-value) were determined through
tensile tests according to the ASTM E517 standard [43] at �15%
engineering strain for each direction (0�, 45�, and 90�). The tests
were performed in duplicate at a cross-head displacement rate of
0.5mmmin�1 (�10�4 s�1). The R-values were obtained from the
measurement of values in transverse and longitudinal lines
using DIC. R-values were obtained from the average of the values
contained in a line within a homogeneous deformation zone in
both the major and the minor strain directions.

2.3. Formability Test

The Marciniak tests were performed according to the ISO 12004-2
standard [9] with a 100mm-diameter flat punch with an edge radius
of 10mm. The Marciniak test equipment was mounted on the
universal tensile test machine according to a previous study.[25]

The tests were run at a crosshead speed of 2.5mmmin�1, and
the complete test surface up to fracture was recorded by obtaining
full HD video from which images were extracted every 0.1 s. To
avoid direct interaction between the punch and the sheet metal,
an 85�15 brass mask with an outer diameter of 200mm and
internal diameter of 36mm was fit between the punch and the
specimens. To reduce friction between the punch and the mask,
a sheet of 0.4mm-thick polytetrafluoroethyene (Teflon) and a layer
of molybdenum-based spray lubricant were used.

A Marciniak test was carried out for eight different geometric
dimensions in the sheet for three directions with respect to the
RD: the RD (0�), diagonal direction (45�), and transverse direction
(90�) (see Appendix A). The forming limit curves (FLC) were con-
structed with the average true strain (Hencky) values of the three
samples by geometry according to a previous study.[25] Two strain
percentages were tested for US, PS, and balanced BS before the
onset of necking.

True strains were measured using DIC with VIC-2D commer-
cial software. The DIC analysis was carried out with an analysis
window size of 31� 31 pixels. A speckled pattern was applied to
the surface of each test specimen (surface treatment with white
base paint and black point paint was applied randomly). The
images with the speckled pattern were calibrated with zero-
normalized cross correlation.

2.4. Texture Simulation

A full constraint Taylor (FCT) model was used to obtain the tex-
ture evolution under three different strain paths. For

simulations, the textures measured by EBSD were discretized
into 10,000 discrete orientations, and {110} <111> and {112}
<111> were considered the active slip systems. The hardening
behavior of these two slip systems was assumed to be linear from
the same initial critical resolved shear stress. Of all possible com-
binations of slips that can accommodate the prescribed strain,
those that minimize internal work were chosen. The low-strain
texture simulation results were not presented in this work due to
the low level of effective strain applied in each of the three strain
paths. The equivalent strain was amplified in the simulations to
emphasize the effect on texture evolution. The applied equivalent
strain in the three strain paths was εeff¼ 0.41185.

The effective strain values were determined using Von Mises
criterion according to

εeq ¼
2
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðe2xx þ e2yy þ e2zzÞ

2
þ 3ðγ2xy þ γ2yz þ γ2zxÞ

4

s
(1)

With the deviatoric strain

exx ¼ þ 2
3
εxx �

1
3
εyy �

1
3
εzz (2)

eyy ¼ � 1
3
εxx þ

2
3
εyy �

1
3
εzz (3)

ezz ¼ � 1
3
εxx �

1
3
εyy þ

2
3
εzz (4)

The engineering strain γ is defined as

γij ¼ 2� εij (5)

3. Results

3.1. Mechanical Properties

The mechanical properties of the material are shown in Table 2:
the load direction parallel to the RD, yield stress YS, ultimate ten-
sile stress Su, elongation at fracture El, coefficient of strain hard-
ening n, and coefficient of resistance k, corresponding to the
power law σ¼ kεn. These data were obtained through the
stress�strain curve between the yield stress and the ultimate ten-
sile stress on the engineering stress�strain curve, except for the
fitting with the power law, for which true values were used. The
calculated R-values and normal and planar anisotropy are shown
in Table 3.

Table 2. Tensile properties.

Sample
orientation [�]

YS(0.2%) (SD) [Mpa] Su (SD) [Mpa] El (SD) [%] n (SD) k (SD) [Mpa]

0� 271 (2.12) 373 (1.13) 29.1 (0.18) 0.19 (0.010) 621 (7.65)

45� 291 (2.82) 393 (5.65) 28.0 (0.96) 0.18 (0.006) 651 (16.3)

90� 284 (7.42) 389 (0.99) 27.6 (0.04) 0.18 (0.002) 638 (1.34)

X̄ 282 385 28.2 0.18 636
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3.2. Formability Evaluation

The FLC results are shown in Figure 1a–c, in which each of the
FLCs corresponds to the three directions previously mentioned,
considering ρ¼ ε2/ε1 as the reference line of the strain path,
where ρ¼�0.5 is the US path, ρ¼ 0 is the PS path, and
ρ¼ 1 is the balanced BS path. Under the US condition, the high-
est values of the major strain are equal to ε1¼ 0.37 for both the 0�

and 90� directions, and the lowest value of ε1¼ 0.30 is in the 45�

direction. In the case of minor strain, the highest value is
observed for the 90� direction (ε2¼�0.20), where the value of
the limit strain surpasses the strain path ρ¼�0.5, followed
by the 0� direction (ε2¼�0.15) and finally by the 45� direction
(ε2¼�0.1), whereby both the 0� and 45� directions do not reach
the strain path ρ¼�0.5.

The three FLCs show a tendency to decrease the limit strain
values from the US condition until the PS condition is reached
(left-hand side of the FLC), forming an approximately straight
line. In the PS condition, the lowest values of the three FLCs
can be observed, where none of the results yielded values of null
minor strain. In the case of major strain, the highest value is
observed for the 0� (ε1¼ 0.21) direction, followed by both the
45� and 90� directions (ε1¼ 0.20). On the right-hand side of

the FLD, where the limit strain can be seen from the PS condi-
tion until the BS condition is reached, the three curves show a
parabolic trend. The curves with the higher limit values are those
for the 0� and 45� directions, and the lowest curve is observed for
the 90� direction. In the BS condition, the limit strain values of
the three curves are very similar and very close to the strain path
ρ¼ 1. Generally, the highest values are obtained in the US con-
dition, and the lowest values are obtained in the PS condition.

3.3. Strain Paths

Figure 1d shows the strain values and strain path in the 0� direc-
tion corresponding to the samples with strain percentages and
effective strains shown in Table 4. The highest value indicated
in each strain path is the limit strain in US (gray circle), PS (black
diamond), and BS (white squares). The different strain paths
were fit by a second-order line with an R2 value very close to

Figure 1. Experimental FLD AISI 430 stainless steel studied by performing a Marciniak test for a) the RD (black circles), b) diagonal to the RD (gray
rhombuses), and c) transverse to the RD (white triangles) and d) strain paths to US (gray circles), PS (black rhombuses), and BS (white squares).

Table 4. Analysis of the principal strain values (ε1, ε2, εeff ) of different
strain paths.

US PS BS

ε1 ε2 εeff : ε1 ε2 εeff : ε1 ε2 εeff :

Initial material 0 0 0 0 0 0 0 0 0

Low strain 0.06 �0.02 0.06 0.01 �0.001 0.01 0.02 0.01 0.03

High strain 0.27 �0.11 0.27 0.06 �0.008 0.07 0.13 0.10 0.23

Limit strain 0.37 �0.15 0.37 0.23 �0.03 0.25 0.24 0.23 0.47

Table 3. Anisotropy coefficients.

R0 R45 R90 R ΔR

0.91 0.58 1.48 0.89 0.61
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1. The US path shows that the values begin to separate from the
ratio ρ¼�0.5, exhibiting curvature from the beginning of the
strain until the limit strain value is reached. The PS path shows
that the values begin to separate from the null value, exhibiting a
fairly linear strain path from the beginning of the strain until the
limit strain value is reached. In the case of the BS path, the strain
values depart from the ratio ρ¼ 1. However, the strain path
reaches a limit strain value very close to ρ¼ 1, exhibiting curva-
ture from the beginning of the strain until the limit strain value is
reached.

3.4. EBSD

Figure 2a–g shows an EBSD-based inverse pole (IP) figure of the
studied steel. In Figure 2a, the measurement of initial material
revealed a nonhomogeneous grain size with an average grain size
of �21 μm. Figure 2b,d,f, corresponding to US, PS, and BS paths
to low strain level, respectively, does not show a predominance of
orientation, except in Figure 2f, where a slight increase of grains
with (001) orientation can be seen. In Figure 2c, corresponding to
US at high strain level, it is possible distinguish an elongation of
the grains induced by strain. The grain orientation does not show a
marked trend on the orientation changes. Figure 2e corresponding
to PS at a high strain level shows a great similarity for both grain
orientation and grain shape compared with the grain orientation
and grain shape for both initial material and low strain level. The
changes most relevant are shown in Figure 2g corresponding to
balanced BS at high strain level. Clearly, a significant change on
the grain orientation can be observed, which shows changes
toward (001) and (111) orientations.

3.5. Texture Evolution

Figure 3 shows the ODF of the initial material and the two strain
levels of US, PS, and BS in the RD direction of the samples
(experimental and numerical simulation to high strain). In
Figure 3a, the ideal positions of the most important BCC rolling
texture components in the φ2¼ 45� section of the Euler space are
shown. The texture analysis of the initial material (undeformed)
is shown in Figure 3b. The strongest intensities are near the
{554} <225> component with �2.8 multiple of random density
(mrd), followed by the {001} <010> and the {001} <110> com-
ponents with �2.2 mrd. Figure 3c shows that after US is applied
to ε1¼ 0.06 and ε2¼�0.02, the {113} <110> component inten-
sifies (from �3.1 to �6.3 mrd), the near-{001} <1̄10> compo-
nent slightly decreases (from �2.5 to �2mrd), and the
intensity peak of the {554} <225> component slightly weakens
(from �3.9 to �3.2 mrd) and widens.

Figure 3d shows the texture after applying US to ε1¼ 0.27 and
ε2¼�0.11; the {113} <110> component shows a decrease in
intensity, while the {001} <110> and {554} <225> components
do not exhibit significant changes. In Figure 3e, drastic decreases
in the {001} <110> and {001} <010> components can be
observed after applying PS compression to ε1¼ 0.01 and
ε2¼�0.001. The ODF of Figure 3f corresponding to PS with
ε1¼ 0.06 and ε2¼�0.008 shows intense peaks close to the
{001} <010> component together with a low-intensity peak
for the {001} <110> component. Figure 3g shows the texture

measured after BS with ε1¼ 0.02 and ε2¼�0.01; with respect
to the initial material, it shows an increase in the intensity of
the {001} <010> component with �6.2 mrd and a decrease
in the intensity of the {554} <225> component with �3.2mrd.
The strongest changes can be seen for the texture of Figure 3h
observed after applying a BS of ε1¼ 0.13 and ε2¼�0.10, exhib-
iting an increase in components that constitute the γ fiber and an
increase in both the {001} <010> and {001} <110> compo-
nents, all of which have an intensity of �5mrd.

3.6. Texture Simulation

Figure 4 shows the initial starting texture (Figure 4a), together
with the ODFs, of the deformed samples after uniaxial, PS,
and BS tests, which were simulated by the FCT crystal plasticity
model. In most cases, in the different strain paths, the simulated
intensities are very similar to the experimental texture compo-
nents. For the uniaxially strained sample, as shown in
Figure 4b, a low concentration of intensity close to the cube ideal
component and a decrease in the {554} <225> and an increase
in the {hkl} <110> components could be observed. In Figure 4c,
corresponding to PS compression, a strong {554} <225> com-
ponent is observed and is similar to the experimental compo-
nent; the presence of the {111} <110> component is also
observed. Furthermore, a decrease in {hkl} <110> components
and near absence of cube and rotated cube components can be
observed. Similar to the experimental results in Figure 4d, the
simulation of BS can be observed, whereby the most marked tex-
ture components are close to the {111} <uvw>, {554} <225>,
and {001} <100> components in both the experiment and sim-
ulations. Clearly, there is good qualitative agreement for most of
the simulated textures, particularly for BS conditions. However,
the most similar simulated texture, both qualitative and quanti-
tative, is the initial texture.

3.7. The Evolution of Fiber Textures

Figure 5b–h shows that during the tests, both the α and γ fibers
show different behaviors in the US, PS, and BS paths. In the case
of the US condition with ε1¼ 0.06 and ε2¼�0.02 (Figure 5c) and
ε1¼ 0.27 and ε2¼�0.11 (Figure 5d), the γ fiber does not show
significant changes in any of the three states. In contrast, the tex-
ture intensities of the α fiber exhibit an increase near the {113
<110>, {112} <110>, and {223} <110> components with
ε1¼ 0.06 and ε2¼�0.02, while with ε1¼ 0.27 and ε2¼�0.11,
α fiber shows a decrease. In the case of PS with ε1¼ 0.01 and
ε2¼�0.001 (Figure 5e) or with ε1¼ 0.06 and ε2¼�0.008
(Figure 5f ), the intensity of the γ fiber shows slight changes, spe-
cifically near the {111} <110> components of the three states
(undeformed, low strain, and high strain). In the same way,
the α fiber shows various changes in intensity in most of the
{hkl} <110> fiber components, with ε1¼ 0.01 and ε2¼�0.001
and an increase to ε1¼ 0.06 and ε2¼�0.008, specifically for
the {001}<110> and {111}<1̄10> components. The γ fiber after
strain with ε1¼ 0.02 and ε2¼ 0.01 does not show significant
changes, but with ε1¼ 0.13 and ε2¼ 0.10, a significant increase
can be observed for the main components.
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Figure 2. ND IP figure maps observed after different strain levels and different strain paths. a) Initial material, US with b) low strain and c) high strain, PS
with d) low and e) high strain level, and balanced BS f ) low strain and g) high strain. The color code corresponds to the legend next to (a).
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Figure 3. a) Ideal positions of the most important BCC rolling texture components in the Ø2¼ 45� section of the Euler space. ϕ2¼45� section of the ODF
of the b) initial texture (undeformed), c) US to low strain, d) US to high strain, e) PS to low strain, f ) PS to high strain, g) BS to low strain, and h) BS to high
strain.
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3.8. The Evolution of Grain Boundary Misorientation

Figure 4 shows the angular grain boundary misorientation of the
initial material (undeformed material) for both low- and high-
strained materials. In Figure 4a, the grain boundary misorienta-
tion under US shows that the low-angle grain boundaries
(LAGBs) tend to increase the number fraction to low strain,
and the high-angle grain boundaries (HAGBs) tend to decrease
the number fraction. At high strain, the LAGBs show a trend of
decreasing the number fraction, and the HAGBs do not show
significant changes. For PS, as shown in Figure 4b, at low strain,
the LAGBs show a tendency to increase the number fraction, but
the LAGBs show a tendency to decrease. At high strains, both low
and high grain boundaries initially return. For BS, Figure 4c, at
low strain, neither LAGBs, nor HAGBs show a significant
change; however, at high strain, the LAGBs tend to increase,
and the HAGBs tend to decrease.

4. Discussion

4.1. Formability and Strain Path

Figure 1a–c shows that for the limit strain values corresponding
to US, the highest values obtained with major strain correspond
to the 0� and 90� directions (Figure 1a,c), and the lowest value

corresponds to the 45� direction (Figure 1b). It was theoretically
expected that the major strain values would reach approximately
two times the coefficient of the strain hardening exponent (n),[26]

for which the experimental results in the 0� and 90� directions
were reached. However, in the 45� direction, the limit strain
value is low at �17%. This may be due to the low R-value given
that under US conditions, the minor limit strain values move to
the right or left of the strain path ρ¼�0.5 (continuous gray line)
depending on whether its value is less or larger than 1. The n-
values and R-values corresponding to each direction are shown in
Table 2 and 3, respectively. The limit strain values correspond to
minor strain; the highest value is at 90�, followed by 0�, and the
lowest value corresponds to 45�. As previously mentioned, the
minor strain is directly influenced by the R-value, whereby it
is displaced to the left of the strain path ρ¼�0.5 (gray line)
for an R-value > 1 and displaced to the right when the R-value
< 1.[26] The experimental results of the minor limit strain show
good agreement with the R-value, as shown in Figure 1a–c.

The coefficient of the strain hardening value in the 45� direc-
tion is n¼ 0.18, and the limit strain value is 17%, where the limit
strain should be close to two times the coefficient of the strain
hardening value (n). This could be attributed to the fact that neck-
ing was caused by the maximum minor strain, which was
allowed due to the low R-value (R¼ 0.58). For the limit strain
values corresponding to the PS condition, the highest value
obtained with major strain corresponds to 0�, and the lowest

Figure 4. a) Numerical simulation of the initial texture, b) numerical simulation of the texture at high strain by US (ε1¼ 0.27, ε2¼�0.11), c) numerical
simulation of the texture at high strain by PS (ε1¼ 0.06, ε2¼�0.008), and d) numerical simulation of the texture at high strain by BS (ε1¼ 0.13,
ε2¼�0.10).
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values correspond to 45� and 90�, with a very small difference. In
the same way as was observed under US conditions, it was the-
oretically expected that the major limit strain value would reach
approximately n and that the minor limit strain would be 0. In the
case of the PS condition, the major limit strain values are very
similar and close to the coefficient of the strain hardening value.
Some authors have reported that when the strain rate sensitivity
coefficient (m) is high, the major limit strain in the PS condition
is larger than the coefficient n.[26,44] This could be the cause of the
small increase in the major strain. The limit strain values corre-
spond to minor strain; the highest value is obtained at 90�, and
the lowest value corresponds to 0� and 45�. Theoretically, the

minor limit strain should be zero. The experimental results show
that FLCs under PS conditions did not yield minor limit strain
values of null. This may be caused by the geometry of the sam-
ples on the strain path. We further discuss this particular issue in
the next section. On the right-hand side of the FLD, the three
curves (0�, 45�, and 90�) show a parabolic trend. The highest val-
ues are shown by the 45� curve followed by the 0� curve, and the
lowest values are shown by the 90� curve. This cannot be related
to any mechanical property. Some authors argue that a high value
of normal anisotropy decreases the limit strain values on the
right side of the FLD [26,44] and mention in numerical simulation
analysis that high R-values decrease the limit strain values on the

Figure 5. Evolution of the a) initial, low strain, and high strain of γ fibers in the US condition, b) initial, low strain, and high strain of α fibers in the US
condition, c) initial, low strain, and high strain of γ fibers in the PS condition, d) initial, low strain, and high strain of α fibers in the PS condition, e) initial,
low strain, and high strain of γ fibers in the BS condition, and f ) initial, low strain, and high strain of α fibers in the BS condition.
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right-hand side of the FLD. However, this is unrealistic because
the model used does not involve sheet materials with internal
defects. In contrast, Bhargava et al. [45] mentioned that this
increase can be attributed to an increase in γ fibers. It is inter-
esting to observe in Figure 1a–c that the BS values of the three
limit strains are very similar, yet not the same. The latter is attrib-
uted to the fact that the biaxial load is the same and independent
in all directions in the sample.

4.2. Influence of Texture on Strain Path

4.2.1. Strain Path-Related Texture Evolution

In Figure 1d, the strain path under US is a straight line with a
weak tendency toward a second-order line. In the PS path, the
experimental points follow a straight line, whereas under BS,
similar to the US path, a straight line with a weak tendency
toward a second-order line is observed. The curves indicate that
the experimental tests were carried out correctly as there are no
abrupt changes in strain paths.[29]

4.2.2. Unaixial Strain

In the US path condition, comparing Figure 3b–d shows that
there are no significant changes in texture, except for a concentra-
tion of textures close to the {113} <110> ideal component with a
maximum mrd of �6.3, at ε1¼ 0.06 and ε2¼�0.02. An increase
in this component could cause a shift to the right from the ideal
strain path (ρ¼�0.5, left gray straight line) due to a decrease in
the overall R-value produced by the appearance of this component,
as was reported by Ray et al.[35] It is interesting to note that none of
the components of the γ fiber show significant changes in intensity
in any of the three US states (undeformed, low strain, and high
strain), indicating that the γ fiber has no influence on the strain
path. In case of the α fiber, changes in intensity can be observed in
the different components of the fiber close to the {hkl} <110>
components. These variations could be related to the slight shift
from the reference line of the strain path ρ ¼ �0.5 toward the
right side, causing the curvature of the strain path.

4.2.3. Plane Strain

Under PS conditions, Figure 3b,e,f does not show significant
changes in the texture components. The maximum intensity
was observed in the undeformed condition, decreasing the inten-
sities under low- and high-strain conditions. Note that the maxi-
mum intensities are very similar in the three stages, and the
slight variations in orientation could be due to the low strain
levels in the plain strain path (ε1 ¼ 0.01andε2 ¼ �0.001;
ε1 ¼ 0.06and ε2 ¼ �0.008). In the case of γ and α fibers, slight
changes can be observed in different components. These
changes do not show a clear trend after straining; therefore, it
is not possible to attribute these fiber changes to the behavior
of the PS path condition.

4.2.4. Biaxial Strain

Under BS path conditions, changes in texture were observed.
Figure 3g denotes a sharp maximum of both cube components
{001}<010> with�6mrd and {554}<225> component with�5
mrd. Figure 1b shows that there is a clear tendency for the path to
start moving to the left of the reference strain path ρ¼ 1 (right gray
straight line) despite the biaxial deformation path. This may
be due to changes in texture intensities between the two stages
(undeformed and low strain). In the case of high strain,
Figure 3 h clearly shows a concentration of {111} <uvw> and
{554} <225> rotated cube components and a spread of compo-
nents close to the ideal cube component. It is known that the form-
ability progressively decreases when the volume fraction of the
ideal cube orientation increases.[36] Furthermore, it has also been
established that the γ fiber developed during deformation
improves the formability behavior.[46] As shown in Figure 3 h, a
high BS increase in the γ fiber was observed. In the case of the
α fiber at ε1¼ 0.02 and ε2¼ 0.01 and at ε1¼ 0.13 and
ε2¼ 0.10, the fiber does not show any clear development that
can be used identify the tendency of the strain path in biaxial
conditions. In contrast, for γ fibers, an increase in the number
of α fibers decreases the formability properties.[46]

In summary, the relationship among the evolution of
microstructural, mechanical, and formability properties can be
described as follows:

The curvature of the US path is due to the fact that the texture
(predominantly γ fiber) does not show significant change neither
at low strain, nor at high strain. Only slight changes can be
observed in Figure 3b,c and 5a,b. In contrast, the α fiber shows
an increase in volume fraction, which is the prime cause of the
decrease in R-value and for the same reason a trend of strain path
curvature to move away to the right of the ratio ρ¼�0.5. It
should be noted that the reorientation of the grains resulted
in a significant increase near the component {113} <110> at
low strain. This increase is the main cause of the decrease in
the R-value and, therefore, the cause of the tendency to move
away to the right of the ratio ρ¼�0.5.

The trend observed in the evolution of the PS is due to the
limited change of the crystallographic texture. The intensities
in the undeformed material and at the two strain levels are simi-
lar, which eventually leads to the straight path in PS.

The balanced BS path is clearly a second-order line. This trend
is, obviously, a consequence of the different texture component
intensities developed during the deformation process. It is inter-
esting to observe that at the low strain level, even though the
applied load is balanced, the strain path shows a trend to move
away to the left of the ratio ρ¼ 1. This is a consequence of the
development of the cube component of which intensity reaches a
value of �6.2 mrd with a near-null variation of the γ fiber com-
ponents and a slight variation of α fiber components. During the
deformation process from low strain to high strain, a decrease of
the cube component can be observed and an increase of the γ
fiber component, whereby the strain path tends to the ratio
ρ¼ 1. This trend could be related with the development of the
γ fiber components.
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4.2.5. Fiber Evolution

The γ fiber remains almost constant under US and PS condi-
tions, both with slight variations. It is important to note that
under US and PS conditions, there is a small spreading of com-
ponents toward the γ fiber, although the variations in intensity
are low. These changes can be seen as slightly more noticeable in
the PS condition by considering that the effective strain levels are
low in both states, 0.01 and 0.07 (see Table 4), compared with
those in the other strain paths. The strain path with a linear trend
under both conditions (uniaxial and plane) could be attributed to
the slight changes in intensity of each component. In the case of
BS conditions, the variation in the γ fiber is evidently greater as
the amount of effective strain increases. In the case of the α fiber,
changes in intensity can be observed in different components of
the fiber in the three strain paths. However, a clear trend related
to the strain is not defined, as in the case of γ fibers.

4.3. Simulated Texture

The evolution of the crystallographic texture was calculated using
the FCT model. The simulated texture components show general
qualitative agreement with the experimental results for the three
strain paths; however, small differences in the intensities of
some components can be seen.

By comparing the experimental and simulation textures, the
following can be observed: in Figure 4b, the experimental compo-
nents with the highest intensities are {554} <225> with 3.9 mrd
and {113}<110> with 3.1mrd. In Figure 4a, the simulated inten-
sities of the {554} <225> and {113} <110> components are 2.8
and 1.4mrd, respectively. In the same way, both cube and rotated
cube components have, experimentally, higher intensities than the
simulated components. The ODFs in Figure 4 show the smooth
rotation of the grains of the cube component in the direction of the
rotated cube components. Figure 3 and 4 show the experimental
and simulated texture components, respectively, with US, PS, and
BS applied at high strain levels. As previously mentioned in
Section 3.5, qualitatively, the simulated texture has a good approx-
imation for the different components; however, there are small
differences. Clearly, the presence of grains with both orientations
close to {113} <110> and cubic components in the experimental
texture can be seen (Figure 4d); in contrast, these grains cannot be
seen in the simulated textures (Figure 4b). A similar description of
the US path can be seen in the PS path, where the presence of
grains with both orientations close to {113}<110> and cubic com-
ponents can be observed. The most similar results between both
the experimental and the simulated textures are shown in
Figure 3h and 4d, corresponding to BS at high strain levels. In
quantitative terms, differences can be observed in the three strain
paths; however, in qualitative terms, the observed components,
both experimental and simulated, are very similar. In general,
the intensities of the simulated texture components are higher
than the experimental intensities.

Differences between the experimental and simulation results
could be attributed to the specific constraints of the model.
First, the interaction between neighboring grains was not consid-
ered,[47] and this condition could influence the internal stresses
between neighboring grains. Internal stresses affect texture

development in terms of quantitative deviations, such as the rota-
tion rate and texture intensities, and qualitative deviations, such as
stable orientations, are not considered.[34] Furthermore, the
absence of components such as those close to {113} <110> and
cube components are attributed to their initial simulated textures.

4.4. Evolution of Grain Misorientation

The low-angle (≤15�) misorientation distribution comes from the
contribution of dislocation accumulation, whereas the high-angle

Figure 6. Grain boundary misorientation with a) US, b) PS, and c) BS.
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(≥40�) distribution is attributed to texture evolution during defor-
mation.[45,48] Figure 6 shows that the grain misorientation of the
initial material has a larger fraction of low-angle boundaries,
which could be caused by the existing residual deformations pro-
duced in the skin-pass rolling process. In the three strain paths
(Figure 6a,b,c), the fraction of HAGBs decrease with increasing
strain, and they form LAGBs. The behaviorr of the LAGB and
HAGB misorientations has a direct relationship with the effective
strain levels. The higher the effective strain, the greater the dislo-
cation density and the formation of LAGBs. In contrast, there was
an increase in the distribution of grain boundary misorientations
at low strain levels. In Figure 6a, the fraction of LAGBs increases,
in contrast to what is indicated by the literature.[48] The increase in
the fraction of LAGBs at low strain could be correlated with the
increase in texture intensity. Figure 6b shows that the fraction
of HAGBs increases. Note that HAGB formation caused by high
strain could be thought of as an energy-storage mechanism.[49]

The literature only reports results on high PS [48] that cannot
be compared with the former dataset under low strain. Similar
misorientation behavior was observed for the BS path.

5. Conclusion

A thorough formability and microstructural analysis of an AISI
430 stainless steel was performed. The microstructure analysis
revealed a single-phase ferritic structure with a heterogeneous size
distribution and average grain diameter of �21 μm. The texture
analysis showed the predominance of {100} <100> cube,
{001}<110> rotated cube, and {554}<225> texture components.

Experimental formability for FSS AISI 430 sheets was evalu-
ated. The following conclusions were obtained.

The studied material showed a capacity to withstand plastic
strain before the onset of necking within standard ranges.
Limit strain values reasonably correlates with both strain hard-
ening exponent, in the case of major strain value and for the
minor strain values, with R-value.

The analyzed strain paths showed a slight trend to a second-
order line in the case of uniaxial and BS paths. This deviation
from linearity is attributed purely to the evolution of R-value
whose crystallographic texture is predominantly α fiber {hkl}
<110> for US paths. For the BS path, a second-order line with
a trend to the balanced BS is observed. This is clearly a conse-
quence of the increase in γ fiber {111} <uvw>. The PS path
shows a trend to a first-order line. This is due to the negligible
crystallographic texture changes.

The evolution of grain boundary misorientations shows a
mixed behavior for different strain paths. LAGB fraction
increases markedly in both PS and BS paths, whereas HAGB
misorientations represent a small contribution in US path.

The texture evolution determined via the FCT model shows a
good qualitative agreement with the experimental results under
high strains. The simulations reproduce well the intensity max-
ima in all three strain paths.
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