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Abstract

Cold rolling leads to a residual stress that is dependent not only on the specimen directions but also on the orientation
of the grain. Neutron diffraction was used to investigate residual stresses and the effect of annealing in cold-rolled
stainless steel, a two-phase material consisting of 62 vol% austenite and the rest deformation-induced martensite. The
specimens were prepared by cold rolling of AISI 301 stainless steel with 48% reduction. The grain-orientation-depen-
dent residual stress, or inter-granular stress, was determined by constructing the stress orientation distribution function,
a recently developed concept, from the residual strains measured along various crystallographic directions. For the
cold-rolled sample, a strong grain orientation anisotropy was observed for residual stresses in both phases. Detailed
analysis of the experimental stress and texture data indicates that the observed orientation anisotropy was caused by
the selective phase transformation that occurred during cold rolling. Annealing at 500°C leads to recovery, which
significantly reduces the orientation anisotropy of the residual stress. The experimental data show that the recovery
dynamics in the austenite and martensite phases are quite different. It appears that the overall recovery behavior in
this two-phase material is driven by the martensite phase. 2002 Acta Materialia Inc. Published by Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Understanding and control of residual stress is
a prerequisite for the development and successful
application of engineering materials in the aeros-
pace, automotive and nuclear industries. Although
residual stresses in a material come from many
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sources, in general they can be divided into three
categories [1] according to their length scale:

1. Type I stress, which varies on a length scale of
many grains (e.g., millimeters)

2. Type II stress (inter-granular stress), which var-
ies from grain to grain

3. Type III stress, which originates from local
defects and fluctuates within a grain

Traditionally, type I stress is also known as the
macrostress while type II and type III stress are
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collectively called the microstress. Type I stress
by definition is independent of the orientation of
individual grains. Type II stress, on the other hand,
is grain orientation dependent. By this we mean
that for a given stress component, the sign and
magnitude of the type II stress within a grain is
dependent on the orientation of the grain with
respect to the specimen directions.

All three kinds of stresses can be determined
experimentally. Amongst the techniques that are
currently in use, X-ray and neutron diffraction pro-
vide an effective and non-destructive means for the
determination of residual stress via the measure-
ment of the shift and broadening of the diffrac-
tion peaks.

Normally, when diffraction is used to measure
the macro residual stress in materials, a linear “d-
spacing” vs sin2y relationship is expected. How-
ever, for materials that have undergone large defor-
mation, a so-called non-linear phenomenon, i.e., an
oscillating “d-spacing” vs sin2y distribution is
often observed even in samples where the stress in
the irradiated layers is known to be bi-aixal. The
physical nature of this non-linear behavior has
been mainly attributed to two factors: the influence
of crystallographic texture on the diffraction elastic
constants [2,3] and the existence of type II stress
[4,5] which is grain orientation dependent. In the
past, interpretation of such data has been focused
on the influence of crystallographic texture by
incorporating the crystallographic orientation dis-
tribution function (CODF) into a proper mechan-
ical model. Indeed, there has been some success in
modeling the observed non-linear dependence
using the Reuss (uniform stress), Voigt (uniform
strain), Hill (average model), or other phenomeno-
logical models [6,7]. However, a large discrepancy
between the measured and calculated strains is still
observed in materials where the grain-orientation-
dependent residual stress is significant [8]. For
these materials, an unambiguous assessment of the
macro residual stress can be obtained only by
including the grain-orientation-dependent type II
stress.

The inter-granular or type II stress in polycrys-
talline materials is caused by stress or strain incom-
patibility between grains having different crystallo-
graphic orientations during mechanical or thermo-

mechanical deformation. Thus, a study of the grain
orientation dependence of the residual stress not
only enables an unambiguous assessment of the
macro residual stress but also helps to answer fun-
damental questions such as how the grain-to-grain
interactions occur in a polycrystalline material dur-
ing and after deformation. Furthermore, investi-
gations of the grain orientation dependence provide
valuable information concerning the history of
thermo-mechanical treatment in engineering
materials. For this reason, much attention has been
paid to the study of the grain-orientation-dependent
residual stress in the past few years [9–13]. Theor-
etical work in this area has mainly been carried out
using 3D crystallographic plasticity simulations, in
which the stress states of individual grains are
modeled by considering the physical mechanisms
that produce the residual stress during plastic
and/or elastic deformation. These numerical
methods include the Taylor model [9], the self-
consistent models [10–12], and the finite element
method [13]. However, while these models are able
to produce a qualitative description of the stress
states in individual grains with different orien-
tations, the calculated strains sometimes differ
from the experimental values by more than 30%
[12], especially for samples subjected to a large
degree of plastic deformation. In materials where
phase transformation occurs during deformation
[14], additional inter-granular stress is generated
due to the transformation. The transformation-
induced intergranular stress becomes particularly
complex when the transformation is selective with
respect to the crystallographic axes [15]. Thus,
despite the progress in recent years, quantitative
simulation of the deformation behaviors, parti-
cularly the stress or strain state of individual
grains, in polycrystalline aggregates is far from
being satisfactory, even for cubic materials [16].

Direct measurements of the stress state in indi-
vidual grains are becoming possible [17–21]. For
example, using high-energy X-ray beams at
synchrotron sources, the evolution of the grain
orientation and stress state during deformation has
been demonstrated for individual grains [17,18].
However, in order to determine the properties of
polycrystalline aggregates, a statistical represen-
tation of all grains is still needed. Despite recent
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advances in synchrotron techniques, mapping out
a large number of grains within a bulk specimen
remains a technological challenge.

On the other hand, X-ray or neutron diffraction
measurements over a finite sampling volume give
a statistical representation of the grain-orientation-
dependent strain or stress. Initial attempts to esti-
mate the grain-orientation-dependent strain or
stress can be traced back to the measurements of
strain pole figures [22,23] using X-ray or neutron
diffraction. Recently, a new method was developed
for experimental evaluation of the grain-orien-
tation-dependent residual stress in polycrystalline
materials. Analogous to texture representation by
the CODF, the concept of stress orientation distri-
bution function (SODF) [24–26] was introduced,
which describes the grain-orientation-dependent
residual stress as a mean stress field in the Euler
orientation space. It should be noted that the SODF
defined here belongs to the generalized textural
quantities proposed by Bunge [27].

Previous studies [24–26] have established that
just like the CODF, the SODF may be constructed
using the Spherical Harmonic Analysis (SHA)
method, where the mean stress field, expressed as
a second-rank tensor, is expanded in terms of gen-
eralized spherical harmonics whose series coef-
ficients are determined directly from the measured
lattice strains along various specimen directions.
As will be seen below, this method is naturally
adapted to textured materials, thereby allowing the
influence of texture on the diffraction elastic con-
stants and the existence of type II stress to be con-
sidered simultaneously. The stress and strain equi-
librium between neighbouring grains is considered
by implementing a self-consistent model in an iter-
ative algorithm, which reduces the number of
strain measurements required for the construction
of the SODF. Once the SODF is constructed, the
stress tensor for a given texture component may
be calculated.

In this paper, the SHA method was used to
investigate the grain-orientation-dependent
residual stress in a cold-rolled stainless steel, prior
to and after annealing. The material consists of two
phases, namely the austenite (g) and deformation-
induced martensite (a). A previous study by neu-
tron diffraction revealed a large inter-granular or

type II stress in the cold-rolled condition, so that
the residual stress within a grain is highly depen-
dent on the orientation of the grain [8]. It has been
suggested that for heavily deformed materials, the
grain-orientation-dependent residual stress may
play an important role in determining the recrys-
tallization texture [28]. In this two-phase material,
the grain-orientation-dependent residual stress may
also have a strong influence on the transformation
texture by either preventing or promoting the
growth of grains with certain orientation [15].
Thus, experimental investigations on the corre-
lation between the residual stress and the grain
orientation in this two-phase material not only shed
light on the interactions between grains, but also
provide valuable information for modeling the
variant selections during phase transformation and
the nucleation and growth of new grains during
recrystallization. In addition, measurements of
stress relaxation in the annealed state will elucidate
the recovery behaviors in each phase.

2. Experimental details

2.1. Material

A commercial stainless steel, equivalent to AISI
301 with a nominal chemical composition of 17
wt% Cr and 7 wt% Ni (remainder Fe), was used
in this study. The as-received material was 0.8 mm
thick sheets which were obtained from 1.538 mm
thick sheets by three-pass cold rolling (48%
reduction). The yield and ultimate tensile strength
of the as-received material are 1408 and 1500
MPa, respectively. Neutron diffraction measure-
ments show that the cold-rolled material consists
of austenite with a fcc lattice and deformation-
induced martensite with a bcc lattice. The volume
fraction of the martensite, estimated by analyzing
the peak intensities of (1 1 1)g, (2 0 0)g, (2 2 0)g,
(3 1 1)g, (1 1 0)a, (2 0 0)a and (2 1 1)a, is � 38%.
To investigate the effect of recovery on the residual
stress, a sample was also annealed at 500°C in air
for 2 h and then furnace cooled to room tempera-
ture. The optical microstructures obtained for this
sample showed no evidence of recrystallization in
either phase.
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2.2. Sample preparation

For the as-rolled condition, cylindrical speci-
mens were prepared. The specimens were made by
first spark erosion cutting the cold-rolled sheets
into discs with a diameter of 8 mm. These discs
were then stacked together, with their rolling direc-
tion (RD) carefully aligned, to form a cylindrical
specimen of 12 mm high with the axis of the cylin-
der parallel to the normal direction (ND). For the
annealed condition, a spherical specimen was pre-
pared. This specimen was made by first cutting the
cold-rolled sheets into discs of various sizes, which
were then carefully aligned and stacked together to
form a pseudo sphere. The diameter of the sphere
is approximately 12 mm. Fig. 1 shows the speci-
men and crystallographic coordinate systems used
for the definition of various directions and angles.

2.3. Strain measurements

The neutron diffraction strain measurements
were carried out using the high-resolution dif-
fractometer, REST, at the Studsvik Neutron
Research Laboratory in Sweden. The nominal
wavelength of the neutron beam is 1.76 Å. For the
cold-rolled sample, the lattice strains were meas-
ured using the (2 0 0)g, (2 2 0)g, (3 1 1)g, (2 0 0)a
and (2 1 1)a reflections. The elastic strain distri-
butions were determined at 10° intervals in the g
phase and 5° intervals in the a phase in the three
planes formed by RD, TD, and ND. For the
annealed sample, lattice strains for (2 0 0)g,
(2 2 0)g, (3 1 1)g, (2 0 0)a and (2 1 1)a were determ-
ined over a 10° × 10° grid using an Euler cradle
attached on REST, with the same set-up as in a
texture measurement. Following the convention of
Brakman [2], the elastic strain distributions
obtained in this set-up are referred to as the strain
pole figure, which is analogous to the intensity pole
figure, which describes the distribution of the dif-
fraction intensity for a given reflection along vari-
ous specimen directions.

Powder-like g phase material was extracted by
dissolving the a phase with a 1 M H2SO4 � 0.2
M NaCl solution and used as a stress-free sample
to determine the d0 value for the g phase. Because
a stress-free sample for the a phase was rather dif-

Fig. 1. Specimen and crystallographic coordinate systems
used for the definition of various directions and angles: (a) sam-
ple coordinate system; (b) crystal coordinate system. RD: rol-
ling direction. TD: transverse direction. ND: normal direction.
c and h are the polar and azimuthal angles in the specimen
coordinate system. � and � are the polar and azimuthal angles
in the crystallographic coordinate system.

ficult to obtain, the d0 value for the a phase was
derived by imposing the condition of static equilib-
rium between the a and g phases, i.e.,

fgsg � fasa � 0 (1)

where fg and fa are, respectively, the volume frac-
tion of the g and a phases. sg and sa are the orien-
tation independent part of the stress in each phase,
usually denoted as the phase-stress. Note that the
macro (type I) stress is not a concern here, since
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the specimens were always fully illuminated by the
neutron beam in all measurement geometries.

2.4. Texture measurements

The neutron diffraction texture measurements
were also carried out on REST. Three complete
pole figures were obtained for the g phase, using
the (2 0 0)g, (2 2 0)g and (3 1 1)g reflections. For
the a phase, two complete pole figures were
obtained using the (2 0 0)a and (2 1 1)a reflections.
In order to investigate possible texture gradients,
partial pole figures (up to cf � 70°) were measured
in the surface layer of the samples using a Seifert
PTS 3000 diffractometer with Co Ka radiation. The
ODF analysis was carried out using the modified
maximum entropy method [29] from the experi-
mental pole figures.

3. Textures and strain distributions

3.1. Textures

The (2 0 0)g, (2 2 0)g and (3 1 1)g pole figures for
the g phase, measured by neutron diffraction, are
shown in Fig. 2 for the cold-rolled sample. Orthor-
hombic sample symmetry was observed in all three
pole figures, which not only conveniently reduces
the strain measurements from a full strain pole
figure to a quadrant, but also reduces the number
of series coefficients required for the complete
description of the SODF. The pole figures meas-
ured by X-ray diffraction in the surface layer of
the cold-rolled sheet are almost identical to those
measured by neutron diffraction, indicating little
texture gradient through the thickness. This obser-
vation is further confirmed by the corresponding
ODF cross-sections at constant j, which are shown
in Fig. 3 for the bulk and surface layer of the sam-
ple, respectively. Texture in the g phase consists
of mainly the {1 1 0}�2 1 1� (brass),
{1 1 0}�0 0 1� (Goss), {123}�634� (S) and
{1 1 2}�1 1 1� (copper) components. These are all
typical texture components found in cold-rolled
stainless steel [14].

The (2 0 0)a and (2 1 1)a pole figures for the a
phase are shown in Fig. 4. As it can be seen, the

Fig. 2. (2 0 0)g, (2 2 0)g and (3 1 1)g pole figures of the g phase
in cold-rolled stainless steel measured by neutron diffraction.

pole figures for the a phase also display orthor-
hombic sample symmetry, with slightly weaker
texture intensity than that in the g phase. The
derived ODF cross-sections are shown in Fig. 5,
which indicates that the texture in the a phase con-
sists of mainly the {332}�113�, {1 1 2}�131�
components and a component running from
{2 1 1}�011� to {100}�011� (i.e., the �011� / /RD
fiber). These observations are consistent with the
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Fig. 3. ODF sections with j constant (0°, 10°, …, 90°) in the (a) bulk sample and (b) surface layer of the g phase in cold-rolled
stainless steel. Data in (a) were obtained with neutron diffraction and those in (b) with X-ray diffraction.

transformation texture from g to a found in stain-
less steel [14], which will be discussed in greater
detail below.

3.2. Strains

The strain pole figures for the a and g phases
are shown in Figs. 6 and 7, respectively. The left
panel of each figure is for the cold-rolled condition,
while the right panel is for the annealed condition.
In the cold-rolled state, for both phases, the strains
obtained with different reflections differ not only
in absolute values but also in the overall strain pole

figure pattern. The variation of absolute strain
values for different hkl-planes may be attributed to
the influence of texture. However, the discrepancy
among the strain pole figure patterns is a clear indi-
cation of the presence of the inter-granular stress,
or orientation anisotropy in residual stress.

The effect of annealing is apparent by compar-
ing the strain pole figures obtained in the cold-
rolled and annealed conditions, respectively. For
both phases, annealing at 500°C drastically reduces
the orientation anisotropy of residual stress. For
the a phase, in particular, the anisotropy in residual
stress vanishes, as demonstrated by the similarity
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Fig. 4. (2 0 0)a and (2 1 1)a pole figures of the a phase meas-
ured by neutron diffraction.

Fig. 5. ODF sections with j constant (0°, 10°, …, 90°) in the bulk sample of the a phase in cold-rolled stainless steel.

between the (2 0 0)a and (2 1 1)a strain pole fig-
ures. To further illustrate the effect of annealing,
line scans along ND–TD are shown in Figs. 8 and
9 for g and a phases, respectively. For the g phase,
the strains measured with (2 0 0)g, (2 2 0)g and
(3 1 1)g still differ, but the difference is much
smaller than in the cold-rolled condition. For the
a phase, the strains measured with (2 0 0)a and
(2 1 1)a overlap after annealing. As will be
explained later, the difference in the change of
orientation anisotropy observed here was due to the
different recovery dynamics in the g and a phases.
Note that both the (3 1 1)g and (2 1 1)a reflections,
which are traditionally used for stress determi-
nation with X-ray and neutron diffraction, are
affected by the grain-orientation-dependent
residual stress. As it can be seen from Figs. 8 and
9, the (3 1 1)g and (2 1 1)a strains do not vary mon-
otonously with the title angle, as would have been
expected if the inter-granular stress were absent.
This result means that for heavily deformed
materials, in which the inter-granular stress is sig-
nificant, the (3 1 1)g and (2 1 1)a reflections do not
necessarily provide a reliable measure of the macro
residual stress [24].
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Fig. 6. Strain pole figures in the g phase. Left panel: cold-rolled condition. Right panel: annealed condition.

4. Quantitative analysis of residual stress

The experimental results presented in Figs. 6–9
are for residual strains. As stated earlier, due to the
presence of the inter-granular stress, the residual

stress cannot be calculated from the measured
residual strains in the conventional way. In the fol-
lowing, the spherical harmonic approach is applied
to determine the residual stress via the construction
of SODF.
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Fig. 7. Strain pole figures in the a phase. Left panel: cold-rolled condition. Right panel: annealed condition.

4.1. Analysis method

Since details of this analysis method has been
described elsewhere [30], only an outline is given
here. Similar to the CODF [31,32], the SODF,
sij(g), can be expressed in terms of generalized
spherical harmonics, i.e.,

sij(g) � �L
S
max

l � 0

�l

m � �l

�l

n � �l

�ij
lmnZlmn(cos q) (2)

exp(�imy)exp(�inj)

where g describes the SO3 rotation group in the
Euler orientation space, �ij

lmn are the series coef-
ficients of the SODF, Zlmn(x) is the augmented
Jacobi function, (yqj) are Euler angles defined in
Roe’s notation [32], and LS

max is the maximum
order of series coefficients in the SODF. The speci-

men and crystallographic coordinate systems used
for the definition of various directions and angles
are illustrated in Fig. 1.

For a textured material, the lattice strain

ẽ(h
→

,y→) measured with diffraction plane h
→

in sam-

ple direction y→ is given by

ẽ(h
→

,y→) �

�
g� y→ / / h

→
f(g)e(y→,g)dg

�
g� y→ / / h

→
f(g)dg

(3)

where f(g) is the crystal orientation distribution
function (ODF), which may be expressed as

f(g) � �L
C
max

l � 0

�l

m � �l

�l

n � �l

WlmnZlmn(cos q) (4)



1726 Y.D. Wang et al. / Acta Materialia 50 (2002) 1717–1734

Fig. 8. Strain distributions along the ND–TD line in the g
phase: (a) cold-rolled condition; (b) annealed conditions.

exp(�imy)exp(�inj)

Here, the Wlmn are the series coefficients and
LC

max is the maximum order of series coefficients in
the ODF.

According to the generalized Hooke’s law, the
elastic strain eij(g) is related to sij(g) by

eij(g) � Sijkl(g)skl(g) (5)

where Sijkl(g) is the elastic compliance which may
be expressed as irreducible spherical tensors, i.e.,

Fig. 9. Strain distributions along the ND–TD line in the a
phase: (a) cold-rolled condition; (b) annealed conditions.

Sijkl(g) � �4

l � 0

�l

m � �l

�l

n � �l

eijkl
lmnZlmn(cos q) (6)

exp(�imy)exp(�inj)

where eijkl
lmn are the series coefficients of the elastic

compliance of a single crystallite.
Introducing (2), (4), (5) and (6) into the integral

equation (3), the lattice strain ẽ(h
→

,y→) for a crystal-

lite with h
→

/ / y→ may be written as
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ẽ(h
→

,y→)

� �3

i � 1

�3

j � 1

�L
�
max

l � 0

�l

m � �l

�l

n � �l

aiajqQij
lmnPm

l (cos c) (7)

exp(�imh)Pn
l (cos �)exp(in�)

with

Qkl
lmn � �|l2 � l1|

l � |l2�l1|

�|l3 � l4|

l2 � |l3�l4|

(l1l2m1m2|lm)

(l1l2n1n2|ln)(l3l4m3m4|l2m2) (8)

(l3l4n3n4|l2n2)Wl1m1n1
�ij

l3m3n3
eklij

l4m4n4

q�1 � �Lmax

l � 0

�l

m � �l

�l

n � �l

WlmnPm
l (cos c) (9)

exp(�imh)Pn
l (cos �)exp(in�)

where (�,�) are the polar and azimuthal angles of

h
→

in the crystal co-ordinate system; c and h are

the polar and azimuthal angles of y→ in the sample
co-ordinate system; ai is the direction cosine of
(c,h) in the ith direction; Pm

l (x) is the Legendre
function; L�

max is the maximum order of series coef-
ficients determined by the combined production of
three harmonics; the term (l1l2m1m2|lm) denotes the
Clebsch–Gordan coefficients. It is easy to see from
(7) to (9) that a linear relationship exists between

ẽ(h
→

,y→) and �ij
lmn, which has allowed a limited num-

ber of series coefficients of SODFs to be determ-
ined from the measured lattice strains.

The condition of stress or strain equilibrium
between neighboring grains is considered by
implementing the Eshelby’s “ inclusion” model
[33] in the SODF analysis. The optimal solution
of the SODF is determined by an algorithm that
solves a non-linear optimization problem by mini-
mizing both the errors between the calculated and
measured lattice strains and between the misfit of
the real state of stress and the self-consistent state
for all grains [30].

The single crystal elastic constants used in the
model are as follows:

C11 � 204.6 GPa, C12 � 137.7 GPa, and
C44 � 126.2 GPa for the g phase;
C11 � 236.9 GPa, C12 � 140.6 GPa, and
C44 � 116.0 GPa for the a phase.

The former is taken from the single crystal elas-
tic constants obtained for stainless steel of a similar
chemical composition [34] while the latter from the
single crystal elastic constants obtained for pure
bcc iron [35]. For the self-consistent model, each
a or g grain is treated as an ellipsoidal inclusion
with an aspect ratio of 5:2:1 for RD:TD:ND. The
Eshelby tensor for an inclusion of arbitrary ellip-
soidal shape embedded in an elastically anisotropic
polycrystal is calculated by a numerical method
[16]. The anisotropic medium is assumed to be a
homogenous mixture of a and g with the volume
fraction specified previously.

4.2. Analysis results

Tables 1–4 give in detail the stress tensor calcu-
lated for major texture components in the g and
a phases, respectively. The second last line in each
table gives the phase-stress which is orientation
independent. The errors for these calculated
stresses are estimated to be less than ± 20 MPa
for main texture components. The ± sign in the
shear stress component means that the effect of
sample and crystal symmetry on the SODF leads
to the existence of a pair of shear stresses with
opposite signs for grains having those symmetry
orientations. The influence of the crystal symmetry
on the SODF has been discussed previously [25].

As a crude measure of the grain orientation
dependence of the residual stress, an orientation
anisotropy factor is introduced which is defined as

�ij �
�(sij(g)�sij)2dg

�
k

s2
kk

(10)

where sij is the phase-stress. In the absence of
grain orientation anisotropy, �ij � 0. The sum
�(sij(g)�sij)2dg is similar to the texture index used
in the texture analysis. Normalizing �(sij(g)�

sij)2dg by �
k

s2
kk allows a comparison to be made

for the anisotropy factors in different phases and
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Table 1
Stress tensor for major texture components in the austenite phase of cold-rolled stainless steel

Texture components Euler angle s11 s22 s33 s23 s13 s12

y,q,j (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

{1 1 0}�1 1 2� (B) (54.74°, 45°, 0°) �292 37 73 0 0 ±13
{1 1 0}�0 0 1� (G) (90°, 45°, 45°) 9 64 158 0 0 0
{1 1 2}�1 1 1� (C) (0°, 35.3°, 45°) �188 �83 �108 0 ±41 0
{1 2 3}�6 3 4� (S) (31°, 36.7°, 26.6°) �250 12 5 ±24 ±30 0
Phase-stress — �113 8 46 0 0 0
Anisotropy factor, �ij 4.8 0.8 2.6 0.0 0.2 0.0

Table 2
Stress tensor for major texture components in the austenite phase of cold-rolled stainless steel followed by annealing at 500°C

Texture components Euler angle s11 s22 s33 s23 s13 s12

{y,q,j} (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

{1 1 0}�1 1 2� (B) (54.74°, 45°, 0°) 65 142 70 0 0 ±86
{1 1 0}�0 0 1� (G) (90°, 45°, 45°) 160 196 206 0 0 0
{1 1 2}�1 1 1� (C) (0°, 35.3°, 45°) 66 174 �36 0 ±62 0
{1 2 3}�6 3 4� (S) (31°, 36.7°, 26.6°) 60 153 �10 ±4 ±34 ±34
Phase-stress — 115 130 37 0 0 0
Anisotropy factor, �ij 0.3 0.2 1.2 0.0 0.2 0.3

Table 3
Stress tensor for major texture components in the martensite phase of cold-rolled stainless steel

Texture components Euler angle s11 s22 s33 s23 s13 s12

{y,q,j} (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

{3 3 2}�1 1 3� (0°, 64.76°, 45°) 303 �105 49 0 ±19 0
{1 1 1}�1 1 2� (0°, 54.74°, 45°) 324 �146 30 0 ±14 0
{0 0 1}�1 1 0� (90°, 0°, 45°) �262 �40 �223 0 0 0
{1 1 3}�1 1 0� (90°, 25°, 45°) 43 �25 21 ±6 0 0
{1 1 2}�1 1 0� (90°, 30°, 45°) 125 15 75 ±38 0 0
{1 1 1}�1 1 0� (90°, 54.75°, 45°) 135 161 24 ±63 0 0
{1 1 2}�1 3 1� (58.52°, 30°, 45°) 237 �118 33 ±60 ±11 ±6
Phase-stress — 185 �43 �35 0 0 0
Anisotropy factor, �ij 7.0 1.8 1.9 0.2 0.0 0.0
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Table 4
Stress tensor for major texture components in the martensite phase of cold-rolled stainless steel followed by annealing at 500°C

Texture components Euler angle s11 s22 s33 s23 s13 s12

{y,q,j} (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

{3 3 2}�1 1 3� (0°, 64.76°, 45°) �242 �349 64 0 ±6 0
{1 1 1}�1 1 2� (0°, 54.74°, 45°) �283 �377 47 0 ±29 0
{0 0 1}�1 1 0� (90°, 0°, 45°) �250 �218 �68 0 0 0
{1 1 3}�1 1 0� (90°, 25°, 45°) �211 �216 8 ±43 0 0
{1 1 2}�1 1 0� (90°, 30°, 45°) �212 �234 23 ±34 0 0
{1 1 1}�1 1 0� (90°, 54.75°, 45°) �252 �289 50 ±23 0 0
{1 1 2}�1 3 1� (58.52°, 30°, 45°) �208 �267 21 ±74 ±45 0
Phase-stress — �205 �252 10 0 0 0
Anisotropy factor, �ij 0.1 0.3 0.1 0.1 0.0 0.0

between the cold-rolled and annealed conditions.
The calculated values of �ij are listed at the bottom
of each table.

5. Discussion

5.1. Texture and residual stress in cold rolled
stainless steel

The residual stress in the cold-rolled condition
exhibits strong orientation dependence. This can be
readily seen by examining the calculated stress ten-
sor for major texture components. In the g phase,
for example, the brass component ({1 1 0}�2 1 1�)
shows a large compressive stress of �292 MPa
along the rolling direction whereas the Goss
component ({1 1 0}�0 0 1�) is almost stress free in
the same direction. Similarly, strong orientation
dependence is also seen in the a phase. Compari-
son of �ij values in Tables 1 and 3 indicates that
the orientation anisotropy of residual stress in the
a phase is somewhat larger than that in the g phase.
This is consistent with the anisotropy observed in
measured residual strains (see Figs. 8 and 9). For
a given sample direction, the residual stresses in
the a phase vary from tension to compression, with
the largest difference found between the
{1 1 1}�1 1 2� and {0 0 1}�1 1 0� texture compo-
nents, which is about 560 MPa in the rolling direc-
tion.

Note that the phase-stress in each phase is not
hydrostatic. Upon annealing, the phase-stresses in

both phases become almost bi-axial. The multi-
axial phase-stress observed for the cold-rolled sam-
ple is consistent with the g→a phase transform-
ation that occurred during cold rolling. The g→a
transformation led to the appearance of the marten-
site a phase, which is hard and exhibits much
larger yield strength than the g phase. Upon further
tensile deformation by cold rolling, both phases are
deformed plastically. However, the degrees of
plastic deformation in the two phases are different
due to the large differences in yield strength. The
softer g phase yields early and shows a much larger
plastic strain. As a result, when the loading force
is removed, the g phase is put into compression
while the a phase is in tension in the rolling direc-
tion.

The characteristic texture seen in the cold-rolled
sample is also consistent with the picture of
g→a transformation. The textures of both the aus-
tenite and martensite phases in cold-rolled stainless
steel have been investigated thoroughly by Raabe
[14]. A very interesting phenomenon observed by
him is that at large reduction, the brass orientation
in the g phase is no longer the dominant component
but is accompanied by a Goss orientation. The tex-
ture obtained for our cold-rolled specimen (with
48% reduction) is consistent with his results for
50–60% cold-rolled stainless steel, where the brass
and Goss orientations are of comparable densities.

The formation of additional Goss component in
the g phase was attributed to the selective phase
transformation, i.e., the g→a transformation during
cold rolling was selective with respect to orien-
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tation of the austenite crystallite (relative to the
sample coordinates). In a previous study of the
martensitic phase transformation in textured, aus-
tenitic stainless steel, Goodchild et al. [15]
observed that after tensile deformation in the
unstable temperature region, martensite is formed
in all grains except in those extended along
�0 0 1�. Conversely, compressive deformation
caused transformation in grains compressed along
�0 0 1� but not in grains in which the compression
axis was close to �011�. Based on these obser-
vations and his own investigations, Raabe [14]
concluded that the Goss component
({1 1 0}�0 0 1�) is stable during cold-rolling since
it has a �0 0 1� direction parallel to the tensile axis
(RD) and a �1 1 0� direction parallel to the com-
pression axis (ND). On the other hand, the brass
component ({1 1 0}�1 1 2�) is less stable because
it reveals a �1 1 0� direction parallel to the ND, but
no �100� direction parallel to the RD. Rabbe [14]
further pointed out that the new texture component
in the martensite a phase should exhibit a strict
crystallographic relationship to the brass compo-
nent in the austenite g phase. Using the Nishiyama–
Wassermann (N–W) transformation rule, he
derived a strict crystallographic relationship
between the brass component in g and a
{332}�113� component in a. Indeed, our measure-
ments with 48% cold-rolled stainless steel show
that major texture components in the martensite
phase are located around the {332}�113�, with a
few grains rotating to {1 1 1}�1 1 2�.

The intergranular stresses reported in Tables 1
and 3 provided further evidence of the selective
transformation in stainless steel during defor-
mation by cold rolling.

1. The s11 of the brass ({1 1 1}�1 1 2�) component
in the austenite shows the same signs as that of
its phase stress, but with far greater magnitude.
This indicates that the brass component is in a
relatively advanced stage of transformation.
Similar results can be seen for the
{3 3 2}�1 1 3� texture component in the marten-
site. Furthermore, the s22 for the brass and the
{3 3 2}�1 1 3� components also matched well.
All these experimental observations are consist-

ent with a selective transformation led by
{1 1 1}�1 1 2�→{3 3 2}�1 1 3�.

2. As shown in Tables 1 and 2, the inter-granular
stress of the Goss component exhibits no appar-
ent correlation with the phase stress of the g
phase, or with the inter-granular stress of a
major texture component in the a phase. It can
be seen, therefore, that the Goss component was
relatively stable during the transformation.

5.2. On stress analysis and simulations based on
3D crystallographic plasticity

Investigations of the inter-granular stresses in
stainless steel have been reported in several publi-
cations [12,36,37], including in-situ neutron dif-
fraction measurements of samples subjected to uni-
axial tensile load. The main purpose of those pap-
ers was to study the diffraction strain responses for
different hkl-planes and compare the results with
those predicted by numerical models, mostly the
elastic–plastic self-consistent (EPSC) model
[10,38]. It has been shown that for a small degree
of elastic and/or plastic deformation, this model is
capable to qualitatively describe the evolution of
lattice strains. However, for certain hkl-planes, the
lattice strains calculated by the model disagree
with experimental results by more than 30%
[12,37].

For polycrystalline materials subjected to mod-
erate to large plastic deformation, such as the cold-
rolled steel investigated in this paper, the EPSC
model, or other self-consistent codes [39], can
describe reasonably well the evolution of the grain
orientation (texture). This is because texture evol-
ution is not very sensitive to the orientation ani-
sotropy of the stress states, at least for cubic
materials. However, accurate prediction of the
intergranular stress still remains a challenge for
these models. A major difficulty there is the lack
of appropriate descriptions for the grain-to-grain
interactions, which are closely connected to the
number of active slip systems and the hardening
behavior of each slip system. Although a complex
hardening matrix can be defined within the frame-
work of the EPSC model to account for the interac-
tions between slip systems [40], the number of
required parameters to carry out the simulation is
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just too large. Another limitation with the EPSC
model is that not all grains with different orien-
tations fully comply with the self-consistent state
due to the existence of dislocations or other
defaults near the grain or phase boundaries. Hence
it is still a challenge for these models to simulate
the detailed microstructures and substructures pro-
duced in the large plastic deformation regime. In
fact, the above-mentioned two limitations also
apply to finite element based simulations of the
inter-granular stress. As a consequence, there has
been no report comparing experimental lattice
strains and calculations by numerical models in the
large plastic deformation regime. In materials
where phase transformation occurs during defor-
mation, the inter-granular stress becomes even
more complex, especially when the transformation
is selective with respect to the crystallographic
axes. In this regard, the experiment data presented
in this paper should provide a useful guide for the
development of numerical models for simulation
of deformation behaviors and phase transformation
of polycrystalline materials subjected to a moder-
ate or large degree of deformation.

5.3. Residual stress after recovery

Understanding the change of residual stress dur-
ing recovery is an important step in determining
the influence of residual stress on recrystallization
texture [28]. The change of residual stress during
annealing can be considered into two parts. First,
a new phase-stress of thermal origin develops.
Second, the orientation anisotropy of the residual
stress in both phases are reduced.

The development of phase-stress after annealing
can be explained by the mismatch of thermal
expansion coefficients between the a and g phases.
When the cold-rolled sample is heated to high tem-
perature (500°C), recovery occurs in both g and
a phases. As a consequence, the phase-stresses
produced by cold rolling are largely relaxed at high
temperature. When the sample is cooled down,
thermal residual stress is introduced due to the dif-
ferent coefficients of thermal expansion for the two
phases. As the thermal expansion coefficient for
the g phase (18.0 × 10�6 K�1) is higher than that
for the a phase (12.4 × 10�6 K�1) [41], the g phase

will show a tensile phase-stress after cooling to
room temperature, whereas a compressive phase-
stress is produced in the a phase. Note that the
phase-stresses in the annealed sample are almost
bi-axial, with s11�s22 and s33�0. This result con-
firms that the initial phase-stress due to cold rolling
was essentially eliminated by annealing at 500°C.
The small s33 in the annealed sample suggest that
upon cooling, phase-stresses were allowed to
develop within the plane but not in the normal
direction, which may be due to the specific micro-
structures, i.e. the pancaked grains of both the a
and g phases.

The change of orientation anisotropy of residual
stress during annealing is far more complex than
that of the phase-stress. In the a phase, all �ij

values are less than 0.3. In the g phase, however,
while �11 and �22 are reduced to below 0.3, a
residual value of 1.2 was found for �33. This obser-
vation contrasts with that in the cold-rolled sample,
where the highest anisotropy was always found in
the rolling direction. The large residual value for
�33 means that a significant amount of intergranu-
lar stress still exists in the normal direction and the
recovery in the g phase is not complete. Indeed,
analysis of the peak shape profile shows that after
annealing the Bragg peak widths in the a phase
are drastically reduced, while peak widths in the
g phase decrease only slightly, which means that
the degree of recovery is higher in a than in g. The
change of �ij values before and after annealing is
consistent with this picture. For example, in the
rolling direction, �11 changes from 7.0 to 0.1 in
the a phase. Meanwhile in the g phase, �11 changes
from 4.8 to 0.3. The large residual value of �33 in
the g phase is not surprising in view of the elon-
gated grain microstructures generated by cold rol-
ling. By virtue of force balance, residual stress in
the g phase is also relaxed at the same time when
the recovery takes place in the a phase. The elon-
gated grains lead to more surface areas in the
plane, allowing s11 and s22 to relax more readily
than s33. All things considered, it appears that the
recovery in this two-phase material is driven by
the a phase.

Analysis of the change in residual stress values
before and after annealing indicates that in the g
phase, the recovery is more or less uniform for
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major texture components. This is, however, not
the case in the a phase, where the order of easy
recovery orientations was found to be
{1 1 1}�1 1 2�, {1 1 1}�1 1 0�, {1 1 2}�1 1 0� and
{0 0 1}�1 1 0�. Fig. 10 compares the change of
residual stress for the a phase, calculated from the
SODF determined for the cold-rolled and annealed
samples, respectively, with the release of stored
energy in IF steel during recovery [42]. The release
of stored energy for different texture components
in the IF steel was derived from the measurements
of peak broadening using neutron diffraction. It
can be seen that, despite the differences in chemi-
cal composition between the two materials, the

Fig. 10. Comparison of the change of residual stress in the
a phase with the release of stored energy in IF steel [42].

change of residual stress in the a phase is in
reasonable agreement with the release of stored
energy in IF steel. Thus, it appears that high tem-
perature relaxation of residual stress in cold-rolled
steel is closely related to the release of stored
energy.

Finally a few remarks can be made about the
SHA method. The present study demonstrates that
SHA is a powerful method for experimental deter-
mination of the grain-orientation-dependent
residual stress in materials. With this method, the
SODF was constructed directly from the experi-
mental data.

It should be pointed out, however, that the SHA
method gives only the mean stress field over all
grains with equivalent orientations since neutron
diffraction measures the average strain of all grains
satisfying the Bragg condition within the scattering
volume, usually on the order of �mm3. Neverthe-
less, as the present study shows, the SODF determ-
ined from neutron diffraction experiments contains
rich information for understanding the mechanical
behaviors on the scale of the grain size. This is
because the SODF, as a statistical means, gives
explicitly the correlation between the mean stress
field and the grain orientation. Moreover, the stress
at the level of a grain depends not only on the crys-
tal structure and microstructure, but also on the
elastic and plastic anisotropy of a single crystal and
the thermo-mechanical history. All the information
is contained in the SODF. For these reasons, the
experimentally determined SODF has proven to be
a useful tool for understanding the interactions
between grains.

The SODFs presented in this paper should prob-
ably be characterized as “ low-resolution” because
the measurement grid (10° × 10°) is coarse and
only strain pole figures for a few low index reflec-
tions were measured. These limitations prevent the
expansion of the series coefficients of the SODF
to high orders unless a constraint condition is used.
In this study, a self-consistent scheme was used
as a weak constraint condition in order to find a
reasonable solution amongst a variety of possible
ones, all of which are in agreement with the meas-
ured diffraction strains. This condition is not neces-
sary when a large number of reflections are meas-
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ured (for example, at a pulsed neutron source)
using a fine measurement grid.

6. Summary

In this study, neutron diffraction was used to
investigate the grain-orientation-dependent
residual stress in cold-rolled stainless steel. The
material consists of two-phases, 62 vol% g and the
rest a. The residual stress in each sample was
determined using the spherical harmonic analysis
by constructing the SODF from the measured
strain pole figures. In the cold-rolled sample, a high
degree of grain-orientation-dependent stress ani-
sotropy was observed in both g and a phases. For
some of the specimen directions, the local residual
stresses within a grain vary widely, from tension
to compression, and its magnitudes can be much
larger than the phase-stress. For this material,
stress analysis by the conventional method (e.g.,
“d-space” vs sin2	) fails completely and should
not be used. The experimentally determined inter-
granular and phase stresses are consistent with the
selective transformation that occurred during
deformation by cold rolling.

Annealing at 500°C leads to a re-distribution of
the residual stress. First, new phase-stresses
develop as a result of the thermal expansion mis-
match between the a and g phases. Second, recov-
ery occurs during annealing which reduces the
orientation anisotropy of residual stress in both
phases. In the a phase, the recovery is fast and
almost completely eliminated the orientation stress
anisotropy or inter-granular stress found in the
cold-rolled condition. The recovery in the g phase
is slow and incomplete. In particular, a significant
amount of inter-granular stress in the g phase still
exists along the normal direction. These obser-
vations suggest that the overall recovery behavior
in this two-phase material is driven by the recovery
in a phase and the cold rolling microstructures also
play a role. For the a phase, the change of residual
stress during recovery appears to be closely related
to the release of stored energy. Further investi-
gations (e.g., with different annealing temperature
and annealing time) are necessary in order to
develop a thorough understanding of the fascinat-
ing recovery dynamics.
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