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Crystallographic texture development and hardening characteristics of a hot-rolled, low-carbon steel
sheet due to cold rolling were investigated by idealizing the cold rolling process as plane-strain compres-
sion. The starting anisotropy of the test material was characterized by examination of the grain structure
by optical microscopy and the preferred crystal orientation distribution by x-ray diffraction. Various
heat treatments were used in an effort to remove the initial deformation texture resulting from hot roll-
ing. The plastic anisotropy of the starting material was investigated with tensile tests on samples with the
tensile axis parallel, 45°, and perpendicular to the rolling direction. The grain structure after plane-
strain compression was studied by optical microscopy, and the new deformation texture was charac-
terized by x-ray diffraction pole figures. These figures are compared with the theoretical pole figures
produced from a Taylor-like polycrystal model based on a pencil-glide slip system. The uniaxial tensile stress-
strain curve and the plane-strain, compressive stress-strain curve of the sheet were used to calibrate the ma-
terial parameters in the model. The experimental pole figures were consistent with the findings in the
theoretical study. The experimental and theoretical results suggest that the initial texture due to hot rolling
was insignificant as compared with the texture induced by large strains under plane-strain compression.

1. Introduction

Conventional thermomechanical treatments of metals, such
as hot and cold rolling, tend to produce microstructural aniso-
tropy. This, in turn, can result in significant directionality of
mechanical properties and hence change the optimal way to
orient these materials in service conditions (Ref 1). Therefore,
it is desirable to characterize the microstructural development
within these materials resulting from thermomechanical treat-
ments. This study focuses on  the changes in microstructure, in-
cluding grain structure and crystallographic texture, of a steel
sheet under plane-strain compression and is one part of a com-
prehensive investigation of formability of body-centered cubic
(bcc) steel sheets. One primary purpose of this study is to pro-
vide the necessary material parameters and validations for a
companion study (Ref 2) on the texture development and plas-
tic anisotropy of the bcc steel sheets.

A low-carbon, hot-rolled steel (AISI 1006) was selected as
the test alloy for this investigation. Although this material had
a nearly isotropic microstructure with respect to grain struc-
ture, it possessed a preferred crystal orientation, or rather a
crystallographic texture. The initial microstructure of the hot-
rolled steel sheet was characterized for both grain structure and
crystal orientation. Various heat treatments followed by micro-
structural observation were applied to the test alloy in an effort
to remove the initial texture. Because the material had been hot
rolled and therefore was already recrystallized, it was predicted

that a simple annealing heat treatment would not have an effect
on the initial texture. Furthermore, it has been shown in litera-
ture (Ref 3, 4) that recrystallization textures are nearly identical
to the as-rolled textures for bcc materials. However, it has been
postulated by Walter et al. (Ref 5) and Weiner et al. (Ref 6) that
deformation textures can be partially removed by inducing a
phase change, such as austenitization. The effect of the initial
anisotropy on the mechanical response of this alloy was inves-
tigated by performing tensile tests on samples with different
orientations with respect to the rolling direction.

Rolling of sheet alloys causes lengthening and thinning of
the sheet with very little width expansion. This width constraint
is a result of deformation geometry in which the large ratio of
width to indenting breadth creates a state of plane-strain com-
pression. Therefore, it is possible to simulate rolling processes
with plane-strain compression. To this end, plane-strain com-
pression tests were performed both to analyze the effects of the
constrained deformation on the microstructure and to quantify
the hardening characteristics of the material during cold roll-
ing. Specimens of various width-to-thickness ratios were stud-
ied to investigate the effect of specimen geometry on
deformation. Optical microscopy was used to study the grain
structure of the post formed material, and the development of
crystallographic texture was examined with x-ray diffraction
pole figures. These figures are pictorial representations of the
orientation of certain planes within a material. They quantify
the frequency that particular planes are in certain orientations
with respect to the specimen geometry.

2. Materials 

The hot-rolled, low-carbon steel, designated AISI 1006
(0.025C-0.12wt%Mn), in the form of a 203 by 305 by 5 mm
sheet provided by Ford Motor Company was used for this
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study. A blanchard grinder was used on the as-received mate-
rial to produce samples of various thicknesses, ranging from
3.8 to 0.53 mm. The material was mechanically ground and
polished and then etched with a 5% nital solution (5% nitric
acid, 95% ethanol) in order to reveal the initial grain structure.
Figures 1(a) and (b) show this microstructure in the L-T (plane
containing the rolling and transverse directions) and L-S (plane
containing the rolling and thickness directions) planes, respec-
tively.

3. Experimental Procedures

Plane-strain compression tests were used to simulate both
the hardening characteristics and the microstructural develop-
ment during cold rolling of the material under study. It was de-

sirable that the starting material have as near a random structure
as possible with respect to both grain structure and crystal ori-
entation. The initial microstructure was explored by examining
the microstructure through optical and x-ray diffraction tech-
niques. As shown in Fig. 1(a) and (b), it appears that the grain
structure resulting from the thermomechanical treatment (i.e.,
hot rolling) was nearly equiaxed. The grain anisotropy ratio,
defined as the average grain size in the rolling direction to the

Fig. 1 Micrographs of the starting material depicting the grain
structure in the (a) L-T plane (plane containing the rolling and
transverse directions) and (b) L-S plane (plane containing the
rolling and thickness directions)

Fig. 2 Micrographs of the (a) as-received, (b) annealed, and (c)
austenitized specimens depicting the grain structure in the L-T
plane (plane containing the rolling and transverse directions)

Table 1 Heat treatments applied to test material

Type Temperature, °C Time, min Atmosphere Cooling Comment

Annealing 550 65 Air Air Placed in preheated furnace
Austenitizing 950 15 Positive argon pressure Furnace Furnace ramped up to

temperature in 90 min
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average grain size in the thickness direction, was found to be
approximately 1.15 for the as-received material.

Heat Treatments

Two different heat treatments were applied to the as-re-
ceived material in an attempt to remove the rolled texture de-
veloped during thermomechanical processing. The first
consisted of a simple recrystallization step followed by air
cooling, while the other consisted of an austenitization step,
which induced a phase change in the material from bcc to face-
centered cubic (fcc), followed by a furnace cool. Table 1 lists
these two heat treatments. The effects of these treatments on the
microstructure were determined by x-ray diffraction analysis
of the crystallographic orientation and through optical micros-
copy techniques discussed previously.

Figure 2 shows micrographs of material prior to and after
heat treatments in the L-T orientation. It appears that the mate-
rial experienced significant grain growth during these treat-
ments. Grain sizes in the three principal directions (rolling,
transverse, and thickness) were measured for each of the three
different cases via the mean linear intercept method, plotted in
Fig. 3. It appears that the grains grew proportionally in all three
directions, and the slight degree of grain anisotropy in the as-
received material was not affected by the heat treatments. 

X-ray diffraction peak intensities were used to explore how
the heat treatments affected the crystallographic orientation.
Relative diffraction intensities were recorded over a wide range
of angles (2 to 60°). Theoretical diffraction angles, listed in Ta-
ble 2, were calculated based on the Bragg law (for example, see
Ref 7), interatomic spacing of α-iron (2.866 Å), and the wave-
length of copper Kα x-rays (1.542 Å). In Table 2, θ represents

the diffraction angle. Because the diffraction angle is only a
function of the x-ray wavelength, diffraction plane, and intera-
tomic spacing, it was anticipated that the measured peaks for
any one particular plane would occur at the same angle for all
of the specimens. This is consistent with the data reported in
this article. A sample output from the computer-controlled dif-
fractometer is shown in Fig. 4(a), depicting diffracted intensity
as a function of 2θ.

The relative diffracted intensities from the (200), (211), and
(220) planes, normalized with respect to the diffraction inten-
sity from the (110) plane, are shown in Fig. 4(b). That is, the
relative intensities for each specimen are percentages of the dif-
fracted intensity from the (110) plane for that specimen. This
representation of the data offers a convenient method of quan-
tifying the degree of preferred orientation in the material. The
relatively low peaks from the as-received specimen indicate
that some degree of texture was formed in the material during
thermomechanical treatment. As predicted, the annealing heat
treatment had very little effect on the initial texture. This is
shown in Fig. 4(b), where only a small increase in diffraction
peaks from the annealed specimen was detected as compared
with that of the as-received material. Contrary to this, the dif-
fraction peaks were significantly greater for the austenitized
specimen, possibly indicating that this heat treatment may have
modified the initial texture.

It has been suggested that repeated austenitizations fol-
lowed by cooling can further reduce this deformation texture.
However, this temperature cycling, because of slow furnace
cooling, would be at the expense of grain growth and may pres-

Fig. 3 Graphic representation of the degree of grain anisotropy
in the as-received, annealed, and austenitized specimens. Grain
size was measured by the mean linear intercept method.

Table 2 Theoretical diffraction angles defined by the
Bragg law

2θ, degrees Plane

44.7 110
65.1 200
82.4 211
99.1 220

Fig. 4 (a) Example output of intensity versus 2θ from the com-
puter-controlled diffractometer used in this study. (b) The rela-
tive intensity peaks with respect to the (110) plane from the as-
received, annealed, and austenitized specimens
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ent problems with the development of x-ray diffraction pole
figures. In view of this, the as-received material was chosen for
the study, and the initially preferred orientation was quantified
with pole figures. It was found that this initial texture was of lit-

tle consequence in the development of the deformation texture
resulting from plane-strain compression at large compressive
strains.

Tensile Tests

The effect of anisotropy on the mechanical response of the
as-received material was investigated by performing tensile
tests on specimens with the tensile axis oriented parallel, 45°,
and perpendicular to the rolling direction. Tests were con-
ducted in a computer-controlled 4505 Instron machine (Instron
Corporation, Canton, MA). Tensile specimens were prepared
from ground and polished sheets via a milling apparatus spe-
cifically designed to prepare tensile specimens from sheet ma-
terials. Specimens were milled to a gage length of
approximately 100 mm, a width of 12 mm, and a sheet thick-
ness of 2.7 mm. The Instron was driven at a constant crosshead
speed of 0.6 mm/min, and specimens were pulled until maxi-
mum load was attained. A 12.7 mm extensometer was attached
to the middle section of the gage length to monitor nominal
strain throughout the test.

The resulting nominal stress versus nominal strain curves
for tests run on longitudinal (tensile axis parallel to the rolling
direction) and transverse (tensile axis perpendicular to the roll-
ing direction) specimens, respectively, were converted to true
stress versus true strain curves with the assumptions of pure
uniaxial deformation and uniform straining within the gage re-
gion. Figure 5 shows the true stress versus true strain curves as
well as the point at which necking begins to occur. The differ-
ence in the yield stresses between the transverse and longitudi-
nal specimens, depicted in Fig. 5, is further evidence of an
initial anisotropy. However, the effects of the initial anisotropy
tend to disappear with continued straining as seen from the
similar hardening characteristics of the two samples.

Another method of quantifying plastic anisotropy is through
the strain ratio, R, defined as the ratio of width strain to thick-
ness strain during a tensile test. For an isotropic material in
uniaxial tension, the value of R is 1. A very large R value (i.e.,
3 to 7) suggests a large resistance to thinning in the material
(Ref 1). Because the strain ratio tends to vary with respect to the
direction of the tensile axis, an average value of strain ratio, R,
is often reported. According to Hosford and Caddell (Ref 8)
this value can be calculated as:

R
__

 = 
R0 + 2R45 + R90

4
(Eq 1)

where Ro, R45, and R90 are the strain ratios from specimens with
the tensile axis parallel, 45°, and perpendicular to the rolling di-
rection, respectively. Strains were measured from the tensile
tests in the width and thickness directions with a point mi-

Fig. 5 The converted true stress versus true strain plots from
tensile tests conducted on specimens with the tensile axis both
parallel and perpendicular to the rolling direction

Fig. 6 Micrographs depicting the grain structure in the L-T
plane (plane containing the rolling and transverse directions) af-
ter deformation in tensile specimens oriented with the tensile
axis (a) parallel and (b) perpendicular to the rolling direction

Table 3 Strain ratio values determined from tensile tests

Direction R εw εt

Ro 1.09 0.112 0.102
R45 1.01 0.131 0.130
R90 1.16 0.119 0.102
R 1.07 … …
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crometer and listed with the corresponding strain ratio values in
Table 3. It appears from these strain ratio values that the mate-
rial did not display any significant degree of anisotropy after a
tensile strain of approximately 0.2 was reached. However, it is
possible that the material had a significant amount of aniso-
tropy at the initiation of plastic straining. With further straining
this anisotropy disappeared, and the material emulated that of a
nearly isotropic material.

The microstructures of the deformed tensile specimens were
examined to gain information on the effect of the deformation
on the grain structure. Figure 6 shows micrographs of these
specimens in the L-T orientation. It appears as if the deforma-
tion resulted in a large degree of grain elongation, producing an
elongated grain structure in the direction of the tensile axis.
Further, it does not seem as if the slight degree of initial grain
anisotropy, resulting from the hot rolling, had any significant
effect on the formation of this new grain structure.

Plane-Strain Compression

Plane-strain compression tests were performed to simulate
the rolling process and investigate the subsequent strain hard-
ening behavior and microstructural development in this alloy.
The miniature press used for these experiments, shown in Fig.
7, was placed in an Instron 4505 machine, which was used for
control of deformation and accurate measure of loads. Figure 8
is a pictorial representation of a plane-strain compression
specimen within the press depicting the pertinent specimen di-
mensions. The criteria on these dimensions for plane-strain
compression, as defined by Caddell (Ref 9), are:

w/b > 6 (Eq 2)

2 < b/t < 4 (Eq 3)

where w, b, and t are defined in Fig. 8. A specimen compression
area of 1.5 by 12 mm (i.e., b = 1.5 mm and w = 12 mm), which
adheres to the constraint of Eq 2, was chosen for all the tests.
The as-received plate was ground to four different thicknesses
in order to investigate the second criterion, Eq 3. Table 4 lists
these initial thicknesses as well as the associated b to t ratios.
The two thinnest specimens (i.e., largest b to t ratios) satisfied
the criterion for plane-strain compression, Eq 3, while the other
two specimens were thicker than the criterion allowed.

Tests were conducted by compressing specimens to differ-
ent amounts of deformation and recording the peak loads from
the Instron. Layers of Teflon coated with mineral oil were
placed between the specimen and press surfaces to minimize
the frictional effects associated with compression tests. Strains
were determined by accurate measurement of final thicknesses

with a point micrometer after compression. Using this method
rather than crosshead displacement of the Instron eliminated
problems associated with system compliance. Six compression
strains were made on each of the different specimens.

The stress data were adjusted for friction from a simple slid-
ing friction model developed by Hosford (Ref 1) that relates the
indent pressure to the actual compressive stress through the
specimen dimensions and the coefficient of friction. This can
be expressed as:

σ = 
µb
t

1

[exp




−µb
t




−1]

σavg (Eq 4)

where σ is the corrected flow stress, µ is the coefficient of fric-
tion, and σavg is the average contact stress, as recorded by the
Instron. The coefficient of friction was assumed to be 0.065,
which lies between 0.05 and 0.08, values typical for this type of
lubrication. The stress data were transformed to those of the ef-
fective stress (based on the von Mises criterion) with:

Fig. 7 Photograph of the miniature press used for the plane-
strain compression tests

Fig. 8 Pictorial representation of the press and specimen (in-
cluding specimen dimensions) used for plane-strain compres-
sion tests

Table 4 Specimen dimensions for plane-strain
compression

Thickness, mm b/t

2.71 0.55
1.49 1.00
0.74 2.02
0.53 2.85
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σ
__

 = 
1

√2
[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2]

1⁄2
(Eq 5)

where σ is the effective stress, and σ1, σ2, and σ3 are the princi-
pal stresses in the thickness, width, and simulated rolling direc-
tions, respectively. The effective stress definition is simplified
with the assumption of plane-strain compression with the strain
in direction 2 and the stress in direction 3 taken as zero. Equa-
tion 5 simplifies to:

σ
__

 = 
√3
2

σ1 (Eq 6)

Similarly, the effective strain based on the same assump-
tions is defined as:

dε
_
 = 

2
√3

dε1 (Eq 7)

where dε and dε1 are increments of the effective strain and the
strain in direction 1, respectively. 

The effective stress-effective strain data, corrected for fric-
tion with Eq 4 and a coefficient of friction value of 0.065, are
plotted in Fig. 9. Error bars depict the spread of data resulting
from coefficient of friction values of 0.05 to 0.08. The harden-
ing behavior from the tensile test, extrapolated from the power-
law relation to a strain of 1.0, is also shown in Fig. 9 for
comparison. It is evident from this data that as the b to t ratio in-
creases from a relatively thick specimen to a specimen more
consistent with plane-strain compression, there is a significant
decrease in the effective stress. Data for each specimen geome-
try were fit with the simple power-law hardening equation:

σ
__

 = kε
_

n (Eq 8)

where σ and ε are the effective stress and strain, respectively.
The values of the constants k and n are listed in Table 5.

It appears that the decrease in the effective stress, with
changes in specimen thickness, begins to decline for thinner
specimens. This is shown in Fig. 10 where this same stress data
is plotted as a function of the initial b to t ratio for several levels
of strain. It is possible that the effective stresses are asymptoti-
cally approaching a fixed value with further decreases in speci-
men thickness. Furthermore, it appears in Table 5 and Fig. 9
that the hardening rate is greatest for the tensile test, reaching
stresses in excess of the thinner two specimens, which meet the
plane-strain compression criterion in Eq 3. However, the hard-
ening curve for the tensile test has been extrapolated from the
measured stress-strain data and therefore may not be com-
pletely indicative of the true hardening characteristics of the
material under uniaxial tensile conditions.

The effect of rolling processes on the grain structure was ex-
amined by revealing the microstructure after plane-strain com-
pression. Figures 11(a) and (b) show the grain structures of the
specimen before and after plane-strain compression, respec-
tively. In the figure, t indicates the thickness direction and b in-
dicates the equivalent rolling direction. Figure 11(b) shows the
extremely elongated grain structure in the equivalent rolling di-
rection (parallel to the b dimension) in the compressed sample.
It also appears as though the small degree of grain anisotropy
found in the initial material (Fig. 11a) was negligible with re-
spect to this new deformed grain structure Fig. 11(b).

Fig. 9 Effective stress versus effective strain plots for plane-
strain compression tests corrected for friction performed on
specimens with a range of breadth to thickness ratios (b/t).
The hardening behavior from the tensile test, extrapolated
from the power-law relation to a strain of 1.0, is also shown
for comparison.

Fig. 10 Stress values of specimens deformed in plane-strain
compression to equal strain levels plotted as functions of
breadth to thickness ratio (b/t)

Table 5 Power-law hardening constants

b/t k, MPa      n

0.55   689.2 0.108
1.00   604.6 0.105
2.02   473.2 0.144
2.85   443.0 0.178
Tensile test   653.1 0.201
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Pole Figures

Texture development in this material during plane-strain
compression was quantified with x-ray diffraction pole figures.
Larger plane-strain compression samples (w = 101.6 mm, b =
12.7 mm, and t = 3.3 mm), which adhered to the criteria of Eq 2
and 3, were machined to provide test specimens that satisfied
the size requirement of the x-ray diffraction equipment. These
specimens were compressed to two different levels of strain in
a 250 ton Instron press equipped with a similar press, as shown
in Fig. 7. As in earlier tests, Teflon with mineral oil was used as
a lubricant between the press and the specimen surfaces. The
crosshead was moved at a constant velocity of 2.5 × 10–2 mm/s,
and the thickness strains, as measured by a point micrometer, of
0.34 and 0.79 were achieved.

Small sections of the deformed material (15 by 10 mm) were
cut from the tested samples and prepared for x-ray diffraction.
The surfaces of compressed material typically contain rem-
nants of deformation caused by the contact, and because back
reflection x-ray analysis reaches a penetration depth of only 10
to 15 µm, it was essential that surface material be removed prior
to x-ray analysis. To this end, material was alternately me-
chanically ground and etched with a 5% nital solution (5% ni-

tric acid, 95% ethanol) until a near optically perfect surface was
attained.

Pole figures of the (110) and (200) planes, whose 2θ values
are listed in Table 2, were produced for the untested material as
well as for the two deformed samples. Specimens were oriented
so that the simulated rolling direction was oriented at the top of
the pole figure, (φ = δ = 0°), as depicted in Fig. 12(a) and (b).
X-ray diffraction data were normalized, corrected for back-
ground scatter, and recalculated to produce the pole figures.
Figures 13(a) and 14(a) show the resulting pole figures for the
material prior to deformation in the (110) and (200) planes, re-
spectively. The contour lines define lines of constant intensity.
As shown in Fig. 13(a), the orientation of the (110) planes in the
untested material seem to be fairly evenly distributed, display-
ing only a slight degree of preferred orientation. The effect of
the deformation in terms of the (110) planes is shown in Fig.
13(b) and (c) for strains of 0.34 and 0.79, respectively. It ap-
pears from these figures that a considerable amount of grain re-
orientation occurred, and a large degree of texture formed. This
is most evident in the absence of any (110) planes in the center
of the pole figure (φ = 90°). The majority of the grains rotated
such that the (110) planes were parallel to the transverse direc-
tion, displaying intensities at both the very edge of the figure (δ

Fig. 11 Micrographs depicting the grain structure in the b/t ori-
entation for a plane-strain compression specimen (a) before and
(b) after deformation to the thickness strain of 0.91

Fig. 12 (a) Sample pole figure depicting angles as well as the
rolling (RD) and transverse (TD) directions. (b) Pictorial repre-
sentation of the sample geometry and the angles δ and φ relative
to the incident beam
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= 0°, φ = 0°; δ = 180°, φ = 0°) and at approximately 30° off
from the sheet normal (δ = 0°, φ = 60°; δ = 180°, φ = 60°). In
other words, the concentrations are at a 30° angle with the sheet
in the rolling direction and perpendicular to the sheet in the roll-
ing direction.

The (200) pole figure of the untested material also shows a
fairly even distribution of orientations with a possible concen-
tration at the center of the figure (φ = 90°). The pole figures of
the deformed specimens, Fig. 14(b) and (c), show a slightly
more complicated orientation of planes than (110). The major
concentration of (200) planes seems to be in the center of the
figure with lesser concentrations tilted slightly toward the

transverse direction (δ = 90°, φ = 45 to 90°; δ = 270°, φ = 45 to
90°). A second concentration of planes was also detected ap-
proximately 60° off from the sheet normal in the rolling direc-
tion extending across the top of the figure (δ = 60 to –60°, φ =
30°) and (δ = 120 to 240°, φ = 30°). Finally, there seems to be a
concentration of (200) planes perpendicular to the sheet and
parallel to the rolling direction (δ = 90°, φ = 0°) and (δ = 270°,
φ = 0°).

The deformation textures found here are typical of many bcc
materials that have been cold rolled (Ref 10-12). Considerable
simulation work has been done predicting deformation tex-
tures. As a comparison to this work, simulated pole figures de-

Fig. 13  (110) pole figures of the (a) material before compres-
sion, (b) material compressed to a strain of 0.34, and (c) material
compressed to a strain of 0.79. Strain measurements are nega-
tive thickness strain.

Fig. 14  (200) pole figures of the (a) material before compres-
sion, (b) material compressed to a strain of 0.34, and (c) material
compressed to a strain of 0.79. Strain measurements are nega-
tive thickness strain.

232Volume 8(2) April 1999 Journal of Materials Engineering and Performance



veloped by Liao et al. (Ref 2) of a low-carbon steel deformed in
plane-strain compression are shown in Fig. 15 and 16. These
pole figures were developed at the same thickness strains of
0.34 and 0.79 for fair comparison with the experimental results
(Fig. 13 and 14). Simulations were based on a Taylor-like
model developed by Asaro and Needleman (Ref 13) and the
<111> pencil glide slip system. It appears that the concentra-
tion patterns of the simulated pole figures show good agree-
ment with the experimentally determined pole figures. Note
that for a material with a completely random crystallographic
orientation, the pole figure may appear to have a slight concen-

tration in the center of the figure (Fig. 15 and 16) due to the na-
ture of pole figures in general.

4. Discussion

To study microstructural development resulting from defor-
mation processes, it is necessary that the initial microstructure
be fully characterized. Further, it is beneficial to start with an
isotropic material in order to quantify the development of a pre-
ferred texture resulting from deformation processes. To this

Fig. 15  (110) pole figures from simulations of plane-strain
compression. Simulations were based on the Taylor-like model
of Asaro and Needleman (Ref 13) and taken from Liao et al.
(Ref 2). Strain measurements are negative thickness strain.

Fig. 16 (200) pole figures from simulations of plane-strain
compression. Simulations were based on the Taylor-like model
of Asaro and Needleman (Ref 13) and taken from Liao et al.
(Ref 2). Strain measurements are negative thickness strain.
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end, the initial material in this study was characterized with x-
ray diffraction and optical microscopy techniques. The micro-
structure of the as-received sheet, shown in Fig. 1, displays a
nearly equiaxed grain structure. This is a result of recovery
processes at the relatively high temperatures during hot rolling
of the sheet. Although the starting material was found to be
nearly isotropic with respect to grain structure, it did not indi-
cate an absence of a crystallographic texture. In fact, it is quite
possible that materials after thermomechanical treatment have
completely equiaxed grain structures while still displaying
some texture, as was the case in this study.

Two different heat treatments, listed in Table 1, were per-
formed in an attempt to remove this deformation texture. Be-
cause the starting material was already recrystallized, the
annealing heat treatment had little effect on the texture while
causing significant grain growth. This is shown in Fig. 4(b),
where x-ray diffraction analysis after annealing is compared
with the initial microstructure, and Fig. 2(b), where the grain
structure of these specimens is shown. Inducing a phase
change, by way of austenitization, was also attempted in an ef-
fort to remove this initial texture. This process, which also
caused significant grain growth (Fig. 2c), did seem to have an
effect on the preferred orientation. This is shown in Fig. 4(b),
where the relative diffracted intensities from the (200), (211),
and (220) planes, normalized with respect to the (110) plane,
are greater for the austenitized specimen as compared with the
as-received or annealed specimens. While it has been postu-
lated that repeated austenitizations may further aid in removing
the initial texture, it would have been at the expense of signifi-
cant grain growth, which may have resulted in inaccurate x-ray
diffraction pole figures.

To determine if this initial texture would present problems
in this study, an analysis of the anisotropy with respect to the
mechanical response of this material was performed. This was
accomplished by performing tensile tests on specimens with
the tensile axis parallel, 45°, and perpendicular to the rolling di-
rection. While the yield stress was found to be slightly higher
for the transverse specimen (Fig. 5), both specimens seemed to
experience similar hardening behavior with continued strain-
ing. As shown in Fig. 6, the small degree of grain anisotropy in
this material seems insignificant as compared with the exten-
sive grain elongation in the direction of the tensile axis result-
ing from the deformation. This dominant new grain anisotropy
developed during deformation may explain the similar harden-
ing behavior between these two tests. In the initial stage of de-
formation, the starting anisotropy had a noticeable effect on the
mechanical response of the material. This is seen in the differ-
ent measured yield stresses for the two samples. With contin-
ued straining, the effects of the initial microstructure
disappeared, and the grains in both tests elongated in the direc-
tion of the tensile axis. The early effects of the starting aniso-
tropy were drowned out by the new dominant deformation
grain structure. Therefore, with accumulated strain (ε ~ 0.2),
the effects of the initial texture disappeared, and the hardening
behavior of the two specimens converged.

To simulate the cold rolling process, plane-strain compres-
sion tests were performed on the steel sheets. Specimens of
varying thicknesses were used in this study to analyze the effect
of specimen breadth to thickness ratio (i.e. b/t) on strain hard-

ening behavior. As this ratio increased (i.e., thinner speci-
mens), there was a significant decrease in flow stress (Fig. 9).
Further, it appears that these decreases in flow stress tapered off
and may have asymptotically approached limiting stress values
with increasing b to t ratios (Fig. 10). For specimens with lower
b to t ratios, the flow stresses appear higher, possibly due to
high compressive stresses developed similar to those under a
flat punch on a semi-infinite solid. Note that the well-known
Prandtl (Ref 14) solution for a flat punch on a semi-infinite,
perfectly plastic solid under plane-strain conditions gives a
plane-strain compression yield stress about three times the
uniaxial yield stress as compared with the typical plane-strain
compressive yield stress of 1.15 times the uniaxial yield stress
(von Mises yield criterion). Further tests on a wider range of
specimen geometries are needed to investigate this phenome-
non. Comparison of these results, corrected for friction and
transformed to von Mises effective stress and effective strain,
indicate that the material experiences a slightly reduced hard-
ening rate during plane-strain compression as compared with
the extrapolated uniaxial tensile stress-strain relation (Fig. 9).

The effect of plane-strain compression on the micro-
structure was examined by optical microscopy. It appears from
the micrographs shown in Fig. 11 that the grains experienced a
large degree of stretching in the simulated rolling direction
(i.e., direction parallel to the b dimension). This observation
leads to the conclusion that the initial grain anisotropy had very
little effect on the deformation and can be considered insignifi-
cant.

The x-ray diffraction pole figures (Fig. 13 and 14) showed
that the initial material contained only a slight degree of pre-
ferred texture and that, with deformation, a particular texture
was formed. The (110) plane in the starting material was nearly
randomly distributed throughout the material with the possibil-
ity of a slight concentration of planes found 60° from the sheet
surface in the transverse direction. With deformation, these
planes switched orientation and displayed a tendency to tilt to-
ward the rolling direction (Fig. 13b and c). Contrary to this be-
havior was that of the (200) plane. Initially this plane showed a
dominant concentration of planes oriented parallel to the speci-
men surface with a slight preference in orientation at an angle
between the specimen normal and the rolling direction. Pole
figures of the deformed specimens show that, with straining,
the (200) planes concentrate in several different orientations
(Fig. 14b and c).

The significant changes in texture due to plane-strain com-
pression and hence cold rolling can present large directional ef-
fects on the mechanical behavior of these materials. It is
therefore desirable that these effects be quantified and under-
stood so these materials can be used in the most efficient man-
ner possible. Further work deciphering the effects of this
deformation texture on the mechanical properties is needed to
maximize the usefulness of these materials.

5. Summary and Conclusions

A low-carbon, hot-rolled steel sheet was deformed in plane-
strain compression in order to investigate the mechanical be-
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havior and subsequent microstructural development that oc-
curs during cold rolling. The conclusions are:

• Annealing hot-rolled, low-carbon steels does not signifi-
cantly change the texture resulting from thermomechanical
treatments. However, inducing a phase change by austeni-
tizing the material aids in removing the initial texture at the
expense of significant grain growth.

• The preferred orientation formed during hot rolling results
in a slight degree of anisotropy with respect to the mechani-
cal properties. However with continued straining, this ef-
fect is drowned out as a new grain structure resulting from
the tensile deformation becomes more dominant.

• This material experiences a significant degree of strain
hardening during cold rolling, as determined by plane-
strain compression tests. The post-yield behavior seems to
be consistent with a power-law hardening model. However,
the hardening rate in plane-strain compression appears to
be significantly less than that of the extrapolated uniaxial
tensile stress-strain relation.

• The specimen breadth-to-thickness ratio (b/t) in plane-
strain compression has a profound effect on the flow stress
in this alloy. Decreases in specimen thickness result in
lower flow stresses. Further, these flow stresses may con-
verge to certain limiting values with continued decreases in
specimen thickness.

• The microstructure after plane-strain compression contains
extremely elongated grains in the breadth direction, depict-
ing a similar structure to that of cold-rolled sheet alloys.

• X-ray diffraction pole figures showed that the initial mate-
rial contained only a slight degree of texture and that this
texture was completely drowned out with the formation of
a new texture resulting from the plane-strain compression.
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