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Abstract

The tensile deformation response and texture evolution of aluminum alloyed Hadfield steel single crystals oriented in
the h169i direction is investigated. In this material, the strain hardening response is governed by the high-density disloca-
tion walls (HDDWs) that interact with glide dislocations. A microstructure-based visco-plastic self-consistent model was
modified to account for mechanical twinning in addition to the prevailing contribution of the HDDWs. Simulations
revealed the contribution of twinning to the overall work hardening at the later stages of deformation. Moreover, both
the deformation response and the rotation of the loading axis associated with plastic flow are successfully predicted even
at the high-strain levels attained (0.53). Predicting the texture evolution serves as a separate check for validating the model,
motivating its utilization in single and polycrystals of other alloys that exhibit combined HDDWs and twinning.
� 2006 Elsevier Ltd. All rights reserved.
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1. Motivation and significance

In a recent study investigating the strain hardening response of aluminum alloyed Hadfield steel (HSwAl),
we attributed the unusually high-strain hardening coefficients (�G/231) observed in the single crystals of this
alloy to the formation of high-density dislocation walls (HDDWs) (Canadinc et al., 2005). Aluminum was
added to Hadfield steel at 2.58 wt%, which normally has a chemical composition of 13.93 wt% Mn,
1.30 wt% C and balance Fe. The resulting material (HSwAl) with a face-centered cubic (fcc) structure at room
temperature displayed HDDWs that form and evolve as a result of plastic deformation. The interaction
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between the HDDWs and active slip systems was shown to lead to the blockage of the glide dislocations by
HDDWs, and eventually to the high-strain hardening rates under tensile loading. In this alloy, the strain hard-
ening behavior is governed by HDDWs in multi-slip orientations (h111i and h001i). However, twinning is
also present as a secondary deformation mechanism in the single-slip orientation h123i, although the volume
fraction is much less than that of HDDWs (Canadinc et al., 2005). A microstructure-based model was pro-
posed, that successfully predicts the tensile deformation response of HSwAl single crystals (Canadinc et al.,
2005). The appeal of the model lies in the simplicity of the constitutive relationship that successfully captures
the role of HDDWs and twinning (where prevalent) on the overall deformation response of the material.

Previously, the HDDWs had been observed by several researchers to be effective in materials of both face-
centered cubic (fcc) and body-centered cubic (bcc) structures (Winther et al., 1997; Winther, 1998; Hansen and
Juul Jensen, 1992; Juul Jensen and Hansen, 1990; Peeters et al., 2000, 2001; Raphanel et al., 1992; Liu and
Hansen, 1995; Liu et al., 1998). These studies revealed the existence of HDDWs and their influence on the
overall deformation response through detailed transmission electron microscopy (TEM) studies. The HDDWs
have been shown to interact with dislocations that carry the plastic deformation on the active slip systems,
resulting in an overall hardening: glide dislocations get trapped at the boundaries of the HDDWs, and thus
the dislocation motion is blocked on an active slip system interacting with a HDDW. In our recent study
on single crystals of HSwAl (Canadinc et al., 2005), we obtained results that very well agreed with these
previous observations.

Contrary to many of the previous contributions that investigated the HDDWs in pure metals and alloys
(Winther et al., 1997; Winther, 1998; Hansen and Juul Jensen, 1992; Juul Jensen and Hansen, 1990; Peeters
et al., 2000, 2001; Winther, 1998; Raphanel et al., 1992; Liu and Hansen, 1995; Liu et al., 1998), we utilized
single crystals (Canadinc et al., 2005) to study the HDDWs. This eliminated the complications resulting from
grain boundary effects and interactions between neighboring grains. We established a model that supports our
explanation of how the HDDWs contribute to the overall hardening by successfully predicting the material’s
response to applied loading for several crystallographic orientations: h111i, h0 01i, and h123i. The key finding
is that the volume fraction of HDDWs evolves with deformation leading to very high-strain hardening
coefficients in this material.

Prior to our work on the strain hardening response of HSwAl (Canadinc et al., 2005), the unusual strain
hardening response of Hadfield steel was linked to various causes, including the formation of twin boundaries
that provided strong barriers to dislocation motion (Adler et al., 1986; Karaman et al., 2000a,b, 2001a,b,c).
Interruption of the glide dislocation path by stacking faults (Shtremel and Kovalenko, 1987) has also been
forwarded to explain the unusual strain hardening of the Hadfield steel. In addition, several researchers sug-
gested that dynamic strain aging is the mechanism underlying the rapid strain hardening exhibited by Hadfield
steel (Dastur and Leslie, 1981; Owen and Grujicic, 1999). Among these proposed mechanisms, twinning has
been the most prevalent one to explain the unusual strain hardening of Hadfield steel. In order to investigate
the role of slip on this unusual strain hardening in detail, we introduced aluminum to the microstructure of
Hadfield steel (Canadinc et al., 2005). It has been shown that in low stacking fault energy alloys, intrinsic
stacking faults serve as precursors to twinning, such that intrinsic stacking faults observed at the very early
stages of deformation thicken into twin lamellae with further plastic deformation (Raghavan et al., 1969).
Therefore, aluminum was added to the microstructure of Hadfield steel in order to increase the stacking fault
energy and thereby suppress twinning, by preventing the formation of intrinsic stacking faults at small strains
and their further growth into twin lamellae. Alloying Hadfield steel with aluminum suppressed twinning in
multi-slip orientations or limited its occurrence to very low volume fractions (less than 5%) even at very
high-plastic strains (more than 0.25) (Canadinc et al., 2005).

In the work presented herein, the focus is on validating the microstructure-based model by applying it to
single crystals of other crystallographic orientations. Moreover, the texture evolution (rotation of the loading
axis) is utilized as a separate tool for checking the validity of the model. Specifically, the experimentally mea-
sured textures were compared to the simulation results at various strains along the deformation. In addition,
the role of twinning on the strain hardening response of a single-slip orientation single crystal was also inves-
tigated, in order to establish the contribution of twinning to the overall hardening in the presence of HDDWs.

The current work focuses on the texture evolution in the presence of HDDWs. The previous studies on
HDDWs considered the texture evolution (Winther et al., 1997; Hansen and Juul Jensen, 1992; Juul Jensen
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and Hansen, 1990; Peeters et al., 2000, 2001); however, these investigations were mostly limited to polycrys-
talline materials. The evolution of texture in the presence of HDDWs that form by mutual trapping of glide
dislocations was laid out on a statistical basis with the aid of computer simulations (Winther, 1998; Raphanel
et al., 1992; Liu and Hansen, 1995; Liu et al., 1998). Extended Taylor algorithms were utilized to establish the
increase in flow stress due to HDDWs and monitor the corresponding changes in texture. Nevertheless, no
results have been forwarded linking the macroscopic deformation response and the corresponding texture evo-
lution in the presence of HDDWs, warranting further investigation of texture evolution in alloys exhibiting
HDDWs.

The interaction of HDDWs with glide dislocations moving on the active slip systems and the evolution of
the volume fraction of HDDWs during plastic deformation (Canadinc et al., 2005) constitutes a highly aniso-
tropic phenomenon (Canadinc et al., submitted for publication). Considering the orientations which exhibit
deformation beyond plastic strains of 0.20 (e.g., h001i and h1 23i orientations), the influence of these aniso-
tropic structures on the texture evolution is inevitable. With this motivation, we undertook the present study
in order to investigate the texture evolution in the presence of HDDWs in detail. Specifically, we examined the
rotation of the loading axis due to plastic deformation of single crystals of HSwAl in the presence of HDDWs.
Utilization of single crystals eliminates complications brought about by the presence of multiple grains, and
promotes a more clear understanding of the texture evolution in this class of alloys.

In the present work, we examined the room temperature deformation response of HSwAl single crystals
loaded in the h169i direction. In addition to the prediction of the macroscopic deformation response, we uti-
lize the texture evolution as a tool for validating our model (Canadinc et al., 2005) that incorporates the
HDDWs into a visco-plastic self-consistent (VPSC) algorithm. Furthermore, we report the role of mechanical
twinning on the strain hardening response of Hadfield steel in the presence of HDDWs. Overall, our combined
experimental and modeling effort reported here provides a venue for extending the application of our model to
other crystallographic orientations, and polycrystals of various alloys and metals that exhibit HDDWs.

2. Background

2.1. HDDWs: formation, evolution and interaction with slip systems

In our previous work (Canadinc et al., 2005), we investigated the formation and evolution of HDDWs
through a detailed TEM study. Single crystals of several orientations (h111i, h001i, and h123i) were exam-
ined with TEM at various stages of deformation in order to shed light onto the role of HDDWs on the rapid
strain hardening exhibited by HSwAl. The HDDWs, present at all stages of deformation in the single crystals
of HSwAl (Fig. 1), reside predominantly on the {111} planes in the fcc materials. The volume fraction of
HDDWs increases through the mutual trapping of glide dislocations due to the interaction of HDDWs with
the active slip systems (Fig. 2), as the deformation progresses. The dislocation density of the HDDWs is very
high at the final stages of deformation, prior to fracture (Fig. 1(b)).

The interaction of HDDWs with the active slip systems, as illustrated in Fig. 2, takes place when the
HDDWs block the glide of dislocations on an active slip system (Canadinc et al., 2005, submitted for publi-
cation). As plastic deformation progresses, a set of HDDWs that reside on the active slip system q (with the
plane normal Nq) forms, and the HDDWs evolve with increasing strain. An HDDW may intersect the path of
dislocations moving on the plane of another active slip system n (with the plane normal Nn) in the direction as
specified by the burgers vector bn. This results in the trapping of the dislocations on the slip system n in the
HDDWs. The angle hnq between the vectors bn and Nq constitutes a measure of this blockage of glide dislo-
cations by HDDWs. When the HDDWs and the slip system n are coplanar the interference is minimized as
manifested through the angle hnq.

The slip system–HDDW interaction takes place at the dislocation level, and we consider several mecha-
nisms during these interactions. The HDDWs form on or parallel to the most active slip systems, and the
mobile dislocations on these slip systems are expected to contribute to their dislocation density. Based on
TEM observations at small strains prior to the well-development of HDDWs (Canadinc et al., 2005), forma-
tion of dislocation pile-ups is proposed to be the primary mechanism for mobile dislocations to get trapped in
the HDDWs forming ‘‘on’’ the very plane of an active slip system. If the HDDWs form on a plane ‘‘parallel’’



Fig. 1. TEM images showing the HDDWs and localized dislocation activities in single crystals under monotonic tensile loading. (a)
HSwAl h123i orientation at 3% strain: early stages of HDDW formation. (b) HSwAl h123i orientation at 62% strain: the local density of
dislocations trapped in the HDDWs becomes higher at larger strains. The h123i orientation is very close to the h169i orientation
investigated in this paper, and has very similar material properties.

Fig. 2. A schematic showing the interaction between a HDDW, that formed parallel to the plane of the active slip system (q), and another
active slip system (n) within a single crystal (or grain).
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to the active slip system, then the contribution is achieved by double cross slip (Fig. 3(a)), such that the mobile
screw dislocations reach the HDDWs parallel to their slip plane and become immobilized (Peeters et al., 2001).
Annihilation of mobile dislocations with immobile dislocations can take place through the disintegration of
edge dislocations of opposite signs.

The interaction of HDDWs with mobile dislocations of a conjugate slip system is proposed to take place in
the following way: in most metals, dislocations dissociate into two Shockley partials in their own slip systems.
If the dislocations on two {111} planes meet at an intersection, depending on the particular directions of the
Burgers vectors of the leading partials, there is a repulsive or attractive force between these partials (Hull and
Bacon, 2002). Similarly, if a dislocation on a {11 1} plane meets with another dislocation trapped at a HDDW,
there is either repulsion or an attraction between the two leading partials. If the two leading partials combine



Fig. 3. Evolution of HDDWs due to (a) double cross slip (after Peeters et al., 2001) and, (b) HDDW–slip system interaction (after
Weertman and Weertman, 1992).
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at the intersection, the combination is a sessile dislocation, and exerts a repulsive force on the trailing partials,
forming a stable arrangement (Fig. 3(b)). Due to this sessile arrangement, further dislocation glide is prevented
on both {111} planes, leading to more pile-ups around the boundary of the HDDWs (Fig. 2), further increas-
ing the density of dislocations trapped at the HDDWs. As the plastic deformation progresses, more disloca-
tions get trapped at HDDWs due to their increasing strength as a barrier to dislocation glide. Further details
of the formation and evolution of HDDWs could be found in Peeters et al. (2001).

2.2. Texture evolution

It has not yet been fully understood how the formation and evolution of HDDWs, and their interaction
with active slip systems influence the texture evolution. This alone warrants a closer look at the texture
evolution of HSwAl single crystals for an improved understanding of the influence of HDDWs. Moreover,
texture is an important ‘‘element’’ of the microstructure. As we try to understand the unusual strain hardening
Fig. 4. Schematic showing the texture evolution in fcc materials (a) with slip as the deformation mechanism only (after Hosford, 1993),
and (b) with slip and twinning. The stereographic triangle shown represents the smallest symmetry element of a stereographic projection
for a cubic crystal.
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behavior of Hadfield steels utilizing a microstructure-based model, a thorough investigation of texture evolu-
tion in this material is necessary.

When the deformation occurs by dislocation glide only, for an fcc crystal oriented with the tensile axis
inside the primary stereographic triangle, the tensile axis rotates toward the [110] direction, until it reaches
the (001)–(111) boundary. Along this boundary, the primary and conjugate systems are equally favored.
Afterwards, simultaneous [101] and [11 0] slip causes rotation toward the [112] orientation (Fig. 4(a))
(Hosford, 1993). However, in the case of overshooting, the rotation continues toward the [110] orientation
after the tensile axis reaches the (001)–(111) boundary.

If twinning is activated at any point along the deformation, the rotation of the tensile axis deviates from its
path towards the [110] orientation, and is redirected toward the [121] orientation (Fig. 4(b)) (Zakharova
et al., 2002). Fig. 4(b) illustrates a hypothetical case where an fcc crystal starts deforming through the
h110i(111) primary slip at point A. Here, the hypothetical initial orientation at ‘A’ corresponds to the
[101] orientation. As the plastic deformation progresses, the loading axis of the crystal rotates toward
the [110] orientation. The activation of mechanical twinning of the h112i{111} family takes place at point
‘B’, and the rotation of the axis is directed towards the [121] orientation, as shown.

3. Modeling the deformation response under combined slip and twinning

In order to improve the understanding of the strain hardening behavior of Hadfield steels further, we pro-
posed a model that takes into account experimental data regarding the formation and evolution of HDDWs
(Canadinc et al., 2005, submitted for publication). The microstructure-based model utilizes a crystal plasticity
description of the strain rate at the single crystal level, and the reference stress evolves with the dislocation
density. The HDDW–slip system interaction is incorporated into the overall rate of dislocation density ð _qÞ
in the following format:
_q ¼
X

n

fk1
ffiffiffi
q
p � k2qgj _cnj þ

X
n

X
q

K
db

cos hnqj _cnj ð1Þ
where k1 and k2 are constants, K is a geometric constant (Canadinc et al., 2003, 2005, submitted for publica-
tion), and b stands for (the magnitude of) the burgers vector. The first term

P
nfk1

ffiffiffi
q
p � k2qgj _cnj represents the

athermal (statistical) storage of moving dislocations ðk1
ffiffiffi
q
p Þ and dynamic recovery (�k2q) in the domains out-

side the HDDWs (Canadinc et al., 2003), whereas the second term
P

n

P
q

K
db cos hnqj _cnj accounts for the con-

tribution due to HDDWs formed parallel to the plane of the slip system q acting as effective obstacles to the
moving of dislocations gliding on the active slip system n (Fig. 2). In other words, the second term represents
an empirical geometric storage of dislocations due to HDDWs, which subdivide the matrix domains and
thereby decrease the mean free path of dislocations (Canadinc et al., 2003). The angle hnq is the angle between
the direction of slip in the active slip system n and the normal to the plane of the slip system q, and is incor-
porated as a measure of the interaction between HDDWs and glide dislocations in a geometric sense. Thus,
the angle hnq is a variable, such that it can take different values depending on the active slip systems and the
HDDWs they interact with. Moreover, the hnq continues to change as the deformation progresses, due to the
rotation of HDDWs in the matrix. The term d represents the average spacing between the dislocation sheets.
The term _cn stands for the rate of shear in the active slip system n.

By only accounting for the change in the overall rate of dislocation density (Eq. (1)), the model falls short of
accounting for the rapid strain hardening of the HSwAl. The HDDWs are treated as impenetrable barriers to
dislocation motion, acting as hard phases in the matrix, similar to precipitates. Accordingly, HDDWs are mod-
eled as (elongated) ellipsoidal inclusions in the matrix. As plastic strain progresses, Orowan loops are stored
around the HDDWs, giving rise to long-range internal stresses in the matrix (Canadinc et al., 2003). This addi-
tional hardening (sB) due to HDDWs acting as hard phases in the matrix is included through the term:
sB ¼ 2f nl
X

n

jcnj ð2Þ
where the terms l, n, and f stand for the shear modulus, the Eshelby accommodation factor (elongated ellip-
soidal inclusions) (Brown and Clarke, 1975), and the volume fraction of HDDWs, respectively. The

P
njcðnÞj
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term is simply the summation of the magnitudes of the shear strains on the active slip systems and represents
the total matrix mismatch strain brought about by the high-density dislocation sheets. The volume fraction of
HDDWs (f) is a variable, and accounts for the evolution of HDDWs with increasing plastic deformation. As
the plastic deformation progresses, more glide dislocations are trapped at their boundaries, adding to the over-
all volume fraction of HDDWs (Canadinc et al., 2005).

Following the incorporation of the additional hardening terms due to the HDDWs, the original rate of flow
stress _s defined in the traditional Taylor hardening format as
_s ¼ alb _q
2
ffiffiffi
q
p ð3Þ
becomes
_s ¼
X

n

a2l2bK
4tðs� s0Þ

f
1� f

X
q

cos hnq þ 2f nlþ h0

ss � s
ss � s0

� �� �" #
j _cnj ð4Þ
where h0
ss�s
ss�s0

� �n o
is the well-known Voce hardening term, with s0 as the reference strength, and h0 and s0 as

the parameters that define the hardening. The term a is the dislocation interaction parameter (Saada, 1960;
Venables, 1963).

The solution of the stresses and strains, on the other hand, is accomplished by implementing the model out-
lined in Eqs. (1)–(4) into the visco-plastic self-consistent (VPSC) algorithm originally developed by Tome and
Lebensohn (Lebensohn and Tomé, 1993). The VPSC solves for stresses and strain as explained in the follow-
ing: plastic deformation occurs when a slip or a twinning system becomes active. The resolved shear stress,
ss

RSS, for a system (s) is given by
ss
RSS ¼ ms

iri ð5Þ
where ms
i is the vector form of the Schmid tensor and ri is the vector form of the applied stress. To describe the

shear rate in the system, s, a non linear shear strain rate as a power of ss
RSS is written as
_cs ¼ _c0

ss
RSS

ss
0

� �n

¼ _c0

ms
iri

ss
0

� �n

ð6Þ
where _c0 is a reference rate, ss
0 is the threshold stress corresponding to this reference rate, and n is the inverse of

the rate sensitivity index. If n is high enough, this description asymptotically approaches the rate insensitive
limit. The total strain rate in a crystal can be written as the sum of all potentially active systems and can
be pseudolinearized as follows (Lebensohn and Tomé, 1993):
_ei ¼ _c0

Xs
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i m

s
j

ss
0
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krk

ss
0
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" #

rj ¼ M cðsecÞ
ij ð~rÞrj ð7Þ
where M cðsecÞ
ij is the secant visco-plastic compliance of the crystal which gives the instantaneous relation be-

tween stress and strain rate.
Following Lebensohn and Tomé (1993), at the polycrystal level the same pseudolinear form can be imple-

mented as in the case of Eq. (7) as follows:
_Ei ¼ M ðsecÞ
ij ð~RÞRj þ _R0 ð8Þ
where _Ei and R are the polycrystal strain rate and applied stress.
Defining the deviations in strain rate and stress between the local (single crystal level) and the overall (poly-

crystalline) magnitudes as
_~ek ¼ _ek � _Ek ð9Þ
~rj ¼ rj � Rj ð10Þ
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where _ek and rj stand for the local (single crystal or grain level) strain rate and stress. Utilizing Eshelby’s inho-
mogeneous inclusion formulation one can solve the stress equilibrium equation to derive the following inter-
action equation (Kocks et al., 2000)
~_e ¼ � eM : ~r ð11Þ

The interaction tensor eM is defined as
eM ¼ n0ðI � SÞ�1

: S : M ðsecÞ ð12Þ

where M(sec) is the secant compliance tensor for the polycrystal aggregate and S is the visco-plastic Eshelby
tensor (Kocks et al., 2000).

In this formulation, the visco-plastic moduli of the grain and the homogeneous medium are assumed to be
known in advance, which is not the case. Therefore a self-consistent expression must be found from which the
macroscopic secant compliance, M(sec), can be determined by substituting Eqs. (7) and (8) in Eq. (11). The
macroscopic strain rate is evaluated by taking the weighted average of crystal strain rates over all the crystals
as follows:
M ðsecÞ ¼ hM cðsecÞ : ðM cðsecÞ þ eM Þ�1
: ðM ðsecÞ þ eM Þi ð13Þ
Iterative solution of Eqs. (7), (11) and (13) gives the stress in each crystal, the crystal’s compliance tensor,
and the polycrystal compliance consistent with the applied strain rate _Ei. In this work, we chose the term n (in
Eq. (6)) to be in the rate insensitive limit (n = 20). As for the interaction equation (12), an effective value of
n 0 = 1 is used.

The present model considers a polycrystalline aggregate and an initial texture information in the form of
spatial orientations of the grains in this aggregate. This information is supplied as an input, which consists
of three sets of Euler angles. In the simulation of single crystals, we considered the single crystals as polycrys-
talline aggregates (Canadinc et al., 2003, 2005; Karaman et al., 2000a,b, 2001a,b,c) consisting of grains all of
which have the same initial orientation in the Eulerian space. A few grains (randomly selected but not neigh-
boring) are intentionally misoriented with a slight deviation from the original orientation for the sake of
numerical conversion. The Euler angles for each single crystal orientation were determined (Bunge, 1969)
at the stage of single crystal growth and the cutting of different orientations out of these crystals.

The self-consistent algorithm is solved with three nested iterations (Canadinc et al., 2005): the outer
iteration varies the stress and the compliance in each grain. The intermediate iteration varies the overall
tangent modulus of the aggregate (Turner et al., 1999), whereas the inner iteration varies the overall secant
compliance.

The novelty of the modeling effort presented herein lies in the tackling of the problem of implementing the
evolution of the HDDWs and their contribution to the hardening of the material. The original VPSC algo-
rithm does not account for such structures and their influence on the deformation behavior.

In previous studies (Canadinc et al., 2003; Karaman et al., 2000a,b, 2001a,b,c), we successfully modeled the
slip–twin interactions using the capabilities of VPSC. A unique hardening formulation was proposed in the
constitutive model incorporating length scales (based on TEM observations) associated with spacing between
twin lamellae and grain boundaries (Karaman et al., 2000a,b, 2001a,b,c). Many of the experimental findings
were made on h111i and h144i crystallographic orientations deformed in tension, displaying fine twin lamel-
lae at small strains in addition to slip in intra-twin regions. A natural outcome of the model was the small
deformation activity inside the twinned regions and higher deformations between the twins. In addition, this
VPSC model was modified to account for precipitation and twinning length scales in Hadfield steel with
1.06 wt.% nitrogen for selected crystallographic orientations (Canadinc et al., 2003). Incoherent precipitates
in the hardening formulation were treated as factors affecting the mean free path of dislocations. The model
also accounts for plastic relaxation of precipitates with increasing strain, and accurately predicts the stress–
strain response.

In the present study, we utilized a similar procedure to account for HDDWs (and their contribution to hard-
ening) as adopted in twinning and twin reorientation schemes. In a recent study (Canadinc et al., 2003), we dem-
onstrated the influence of twinning on hardening as hard boundaries that constitute an obstacle to dislocation
motion. Based on these previous observations and modeling efforts, we modeled the simultaneous evolution of
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HDDWs and mechanical twins on characteristic slip and twin planes with their respective volume fraction evo-
lution (Canadinc et al., 2005). The HDDWs act as hard phases (or boundaries) that block the dislocation
motion, and part of these blocked dislocations become trapped and add to the density of HDDWs, fundamen-
tally posing a similar barrier as twins with further straining (Fig. 2) (Canadinc et al., 2005).

In the first phase of this study (Canadinc et al., 2005), we introduced the conventional trace analysis results
into the VPSC algorithm in the form of plane normals and directions associated with the possible (111) planes
that HDDWs form on. As mentioned earlier, the HDDWs formed parallel to the planes of the most active slip
systems, which was confirmed by trace analysis (Canadinc et al., 2005). Therefore VPSC was given the nor-
mals of the sets of HDDW planes. Slip directions and slip planes for fcc crystal were also provided. As the
sample is strained, the HDDWs, which act as barriers to dislocation motion in the matrix, rotate similar to
the rotation of lattice slip systems. This was accounted for in our simulations as large strains (0.10) were real-
ized. Moreover, at each incremental step of the simulations, the volume fraction of HDDWs was modified, to
reflect their evolution along with increasing strain (Canadinc et al., 2005). Our HDDW volume fraction evo-
lution resemble that of the twin volume fraction in the VPSC, albeit with different hardness and lattice planes.
Therefore, at each step, the HDDWs increased in their dislocation densities and underwent continuous reori-
entation, similar to the twin volume fraction evolution, which is explained in what follows.

Here, it is assumed that, similar to slip, twinning has associated a critical resolved shear of activation in the
twinning plane and along the twinning direction (Lebensohn and Tomé, 1993), and therefore Eqs. (5)–(13)
hold for both slip and twinning. However, this resolved shear stress differs from slip in its directionality, which
is modeled by ascribing a very high-threshold stress in the opposite direction. Another important fact is that
the twinned fractions possess a different orientation than the surrounding matrix. In addition to contributing
to the texture, the twinned regions also act as effective barriers to dislocation motion and growth of other twin
lamellae. The hardening induced by the twins is empirically enforced by assigning high values to the latent
hardening coefficients describing the slip–twin and twin–twin interactions (Lebensohn and Tomé, 1993).
The effect of twinning on the texture evolution is reflected by the volume fraction of the twinned regions:
within each crystal, the shear strain ct contributed by each twin system t, is related to the associated volume
fraction ft and the characteristic twin shear St (0.707, following Karaman et al., 2000a,b, 2001a,b,c; Canadinc
et al., 2003) as
f t ¼ ct

St ð14Þ
The sum over all twin systems represents the accumulated twin volume fraction in a single crystal (or grain):
f ¼
X

t

ct

St ð15Þ
Accordingly, the pseudolinearized form of the total strain rate (Eq. (7)) could also be written to reflect both
slip (s) and the volume fraction of twinned (t) regions, such that
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4. Experimental techniques

The material investigated in this study is aluminum alloyed Hadfield steel (HSwAl) with a chemical com-
position of 13.93 wt% Mn, 1.30 wt% C, 2.58 wt% Al and balance Fe. The crystal structure of this material at
room temperature is face-centered cubic (fcc). The Bridgman technique was employed to grow single crystals
on h111i seeds in magnesia crucibles in a He atmosphere. Homogenization of the single crystals was carried
out at 1323 K for 20 h in a vacuum sealed furnace. Electro-discharge machining (EDM) was utilized to cut
small-scale dog-bone shaped tension specimens with a gauge length of 10 mm. The samples were tested utiliz-
ing a hydraulic test frame equipped with a digital controller. A miniature extensometer with a gauge length of
3 mm was employed for accurate strain measurement in the gauge section. Samples were analyzed with
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electron back scatter diffraction (EBSD) before and during deformation to monitor the texture evolution due
to deformation. Specimens were deformed with certain strain increments, and texture was measured after each
increment of deformation. The tests were run at a slow strain rate of 4 � 10�4 1

s. Finally, the room temperature
tensile deformation response of titanium-stabilized interstitial free (IF) steel (Niendorf et al., submitted for
publication) was also investigated in order to emphasize the role of HDDWs and twinning, by comparison
of HSwAl and IF steel. The IF steel utilized in this study is a commercial grade ferritic steel as used in deep
drawing applications. It has a very low carbon content, and possesses additional micro alloying elements, such
as titanium and niobium, which bind the carbon to the grain boundaries in the form of carbides leading to
grain interiors nearly free of interstitial atoms (Niendorf et al., submitted for publication).

5. Deformation response and accompanying texture evolution

The room temperature stress–strain response of HSwAl is reported in Fig. 5. We considered the h169i ori-
entation under tensile loading. This particular crystallographic orientation was chosen based on the following
reasons: first of all, according to our previous results on the single crystals of HSwAl (Canadinc et al., 2005),
the h123i orientation exhibits the highest plastic strains (up to 0.62) under tensile loading. The h169i orien-
tation, being close to the h123i orientation with a very similar Schmid factor, is expected to display a similar
amount of ductility. Such ductility allows the texture evolution to be monitored in a relatively broader range
of deformation compared to other orientations. Another reason is that, although being practically close to the
Fig. 5. Comparison of experiments and simulations of the room temperature tensile stress–strain behavior of the h169i orientation single
crystals of HSwAl. The results of simulations accounting for twinning, and disregarding the role of HDDWs are also shown. The
accompanying schematic describes the volume fraction evolution and rotation of HDDWs. Note that the amount of rotation and volume
fraction evolution shown in the schematic do not represent experimental data. Experimental data for bcc IF steel polycrystals (Niendorf
et al., submitted for publication) and the corresponding simulation results are also shown.



Fig. 6. Comparison of measured and calculated texture evolution of the h169i orientation single crystals of HSwAl. The experimentally
measured texture for the 0% strain (before deformation) is used as the starting texture of the simulations.
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h12 3i orientation, the h169i orientation still constitutes a different crystallographic orientation. Prediction of
its deformation response provides an opportunity to prove the validity of the model (Canadinc et al., 2005)
that incorporates the slip system–HDDW interactions into a VPSC algorithm.

Similar to our previous results on the h111i, h001i and h12 3i orientation single crystals of HSwAl (Canad-
inc et al., 2005), an upward curvature is present in the tensile stress–strain curve of the h169i orientation. This
rapid strain hardening with a coefficient of deformation hardening of G/412 indicates the significant contribu-
tion of the HDDWs to the overall hardening. The corresponding texture evolution (EBSD) is shown on a ste-
reographic triangle in Fig. 6, which clearly indicates the rotation of the initial loading axis (h1 69i orientation)
towards the 110 pole. Seven texture measurements were taken systematically: prior to deformation, and at
strain levels of 0.05, 0.10, 0.20, 0.30, 0.40, and 0.50 (not shown).

Such high coefficients of strain hardening as observed in HSwAl are not prevalent in similar classes of steels
that do not display HDDWs, such as the IF-steel (Niendorf et al., submitted for publication) (Fig. 5) and bain-
itic rail steel (Canadinc et al., 2006), once deformed under tensile loading at similar strain rates. Our recent
investigation of monotonic and cyclic response of titanium-stabilized IF steel (Niendorf et al., submitted
for publication) revealed that this material responds to tensile loading in a noticeably different way in com-
parison to HSwAl. A rapid strain hardening leading to an upward stress–strain curve is absent (Fig. 5) for
this material.

6. Simulations

Once applied to the HSwAl single crystals of h169i orientation, the present model successfully predicts the
room temperature tensile deformation response (Fig. 5), despite the high-plastic strain levels attained (0.53).
The HDDWs were incorporated into the model as explained earlier, however, with one important difference:
the orientation information for HDDWs in the h1 69i orientation single crystals of HSwAl was not determined
experimentally through the conventional trace analysis, although TEM was utilized to prove the existence of
HDDWs in this orientation (Fig. 7). As the h169i orientation is very close to the h123i orientation, the aniso-
tropic material properties of the two orientations are expected to be similar. Based on this similarity, the
experimentally determined spatial orientations of the HDDWs that form in the h123i orientation single crys-
tals of HSwAl (Canadinc et al., 2005) were utilized in the simulations of the h169i orientation. The very good
agreement between the experimental and simulation results validates this assumption (Fig. 5).
2 The coefficient of deformation hardening is normalized by the shear modulus (G).



Fig. 7. The microstructure of HSwAl h169i orientation single crystals at 0.53 plastic strain, displaying HDDWs.
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Our previous study on the role of aluminum on the deformation response of Hadfield steel single crystals
(Canadinc et al., 2005) showed that twinning was not completely suppressed with the addition of aluminum
into the microstructure of Hadfield steel. Although the h111i and h001i orientations displayed no twins based
on our extensive microstructure analysis, the h123i orientation exhibited micro-twins (Fig. 8) (Canadinc et al.,
2005). Similar to the incorporation of the HDDWs into the present model, we allowed twinning during the
deformation of HSwAl h169i orientation single crystals. The agreement between the experimental and simu-
lation results confirms the approach taken (Fig. 5).

To emphasize the contribution of HDDWs and mechanical twinning to the overall hardening, simulations
were run for two other cases: the first case excludes the HDDWs and twins, resulting in a much lower rate of
hardening compared to that exhibited by the experimental result (Fig. 5). In the second case, the HDDWs
were accounted for, however, the twins were not allowed. The stress levels were much higher than the first
hypothetical case of deformation without twins or HDDWs. At high strains, however, stress–strain response
simulated without twinning is still substantially lower than the experimental results (Fig. 5). Clearly, the twins
Fig. 8. (a) and (b) HSwAl h123i orientation subjected to 3% tensile strain. Twins are evident at the early stages of deformation, showing
that twinning (micro-twins) was not totally suppressed in the h123i orientation due to aluminum addition. Although the structures shown
in (a) may be mistaken with stacking faults, the contrasts do not fit to stacking faults (Canadinc et al., 2005).
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contribute significantly to the overall hardening at plastic strain levels of 0.30 and higher, as twin boundaries
act as impenetrable barriers to dislocation motion, similar to the HDDWs.

These observations were useful in determining the role of twinning in the simulations, due to the absence of
definitive TEM information about the twin occurrence in the current material. At the initial stages of defor-
mation, twinning was not allowed in the simulations, until the plastic strain level of 0.30. After this point,
twinning was allowed to form along with slip.

It is well known that the leading Shockley partial ð111Þ½121� serves as twinning dislocation, and therefore
the corresponding Schmid factors can be considered as Schmid factors for twinning (Karaman, 2000). Accord-
ingly, the Schmid factors for slip and twinning for the h1 69i orientation under tensile loading are 0.48 and
0.46, respectively. In the VPSC algorithm, the resolved shear stresses of slip and twinning are updated in
the same manner (Lebensohn and Tomé, 2002), according to the Voce hardening scheme in the present case.
Prior to deformation, the critical resolved shear stress is 159 MPa for slip, and 152 MPa for twinning, and
these values correspond to the reference strength values (s0) in the Voce hardening scheme (Eqs. (4) and
(6)). Nevertheless, twinning is not allowed in the simulations until the plastic strain reaches a value of 0.30.
At this point, considering the relationship between the yield strength and critical resolved shear stress through
the Schmid’s law (Eq. (5)), the critical stress for twinning is 267 MPa. However, at 0.30 plastic strain, the load-
ing direction of the crystal is not h16 9i any more (Fig. 6), and therefore the Schmid factor 0.46 does not apply.
Due to rotation of the tensile axis, the current Schmid factor is 0.43 at 0.30 plastic strain, and the critical stress
for twinning is taken as 249 MPa.

Here, we took a simple approach to twinning, and only allowed its inception at the later stages of defor-
mation, based on numerical (this study) and experimental observations (Canadinc et al., 2005). As mentioned
previously, the critical stresses for slip and twin initiation are treated similarly. In previous work (Karaman
et al., 2000a,b), a model proposed by our group predicted the orientation and stress direction effects on the
critical stress for twin initiation. The model incorporated the role of local pile-up stresses, stacking fault
energy, the influence of applied stress on the separation of partial dislocations, and the increase in friction
stress due to a high-solute concentration. In the current study, we did not take such an approach as the focus
is placed on the validation of the recent model that takes into account the HDDWs and their role on the tex-
ture evolution. Moreover, the good agreement between the experiments and simulations (Fig. 5) justify the
simple approach taken in this study.

The present model was originally developed for three different crystallographic orientations (Canadinc et al.,
2005): h11 1i, h00 1i and h123i. Since one of the motivations for undertaking the present study was to extend
the use of the model to other crystallographic orientations, the same hardening parameters as in the original
study (Canadinc et al., 2005) were utilized in the simulations (Table 1). As explained earlier, the model param-
eters are determined based on deformation at the slip system level. Thus, the correct model parameters must
predict the deformation response of the material, regardless of the crystallographic orientation.

In order to further justify the current model, it is utilized to predict the deformation response of the IF steel
(Fig. 5). The model is employed with the same parameters yet some compulsory changes. To begin with, the
reference strength (s0), which is a material property, is changed to 26 for this polycrystalline body-centered
cubic (bcc) steel, as opposed to 159 MPa for HSwAl. This microscopic yield strength value was determined
by taking into account the initial texture of the material, its experimentally determined yield strength, and
the Taylor factor computed based on the initial texture, following Canadinc et al. (2006). Naturally, the initial
texture of the IF steel also differs greatly from that of the single crystalline HSwAl. Specifically, our texture
measurements have revealed an initially random texture, yielding a Taylor factor of 3.06. Moreover, the cor-
responding bcc slip systems (h111i{110}) were considered in the IF steel simulations, as opposed to
h11 0i{111} slip systems in the fcc HSwAl.
Table 1
Numerical values of constants and parameters used in the model (for HSwAl). The units are given in square brackets. n, a, and K are
dimensionless quantities (Canadinc et al., 2005)

Constant b [m] d [m] n a K s0 [MPa]

Numerical value 2.58 · 10�10 6 · 10�7 0.4 0.4 8 · 104 159 (slip); 249 (twinning)
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Based on the microstructure investigation carried out on as received IF steel samples (Niendorf et al., sub-
mitted for publication), the IF steel does not exhibit HDDWs, and slip dominates the plastic deformation.
Therefore, HDDWs and twinning were not allowed in the IF steel simulations, yet the other parameters
remained the same as in the HSwAl case. As a result, the model yields a satisfactory prediction of the exper-
imental deformation response for the IF steel (Fig. 5). This further emphasizes the indispensable contribution
of HDDWs and twinning to the rapid strain hardening observed in HSwAl.
7. Texture evolution

The texture evolution of the h169i orientation single crystals of HSwAl was predicted along with the macro-
scopic deformation response by only considering HDDWs, and by including both HDDWs and twins (Fig. 6).
When only HDDWs are accounted for, the model falls short of predicting the texture evolution correctly (Fig. 6).
In the second case, where twins are allowed, the texture evolution is predicted with greater success.

Once observed carefully, the twins impose a deviation on the rotation of the loading axis: the rotation still
takes place toward the 110 pole, however, with a deviation toward the 12 1 pole. This deviation becomes pre-
valent at plastic strain levels of 0.30, where the twins are activated in the simulations.
8. Final remarks and discussion

8.1. On the evolution of texture

The studies investigating the texture evolution in materials that exhibit HDDWs have been limited to poly-
crystals (Winther et al., 1997; Hansen and Juul Jensen, 1992; Juul Jensen and Hansen, 1990; Peeters et al.,
2000, 2001). Although the influence of HDDWs on the texture evolution was considered in simulations, these
efforts did not go beyond statistical analyses. In the present study, we addressed this issue by predicting the
texture evolution in single crystals of HSwAl utilizing a recently proposed model (Canadinc et al., 2005). Spe-
cifically, we examined the rotation of the loading axis of HSwAl single crystals due to applied plastic strain.

This study focuses on the texture evolution in single crystals as the rotation of the loading axis of a single
crystal constitutes a tractable problem compared to the evolution of texture in a polycrystalline aggregate. In
the latter case, the interactions between the neighboring grains and the grain boundary effects make the prob-
lem more complicated than it already is.

One noteworthy point regarding the predictions of the texture evolution is that the model yields a smaller
rotation of the loading axis, compared to the experimental case (Fig. 6). Even though not drastic, this small
difference in the amount of rotation of the loading axis and possible reasons need to be addressed. As explained
earlier, the model utilizes the information of wall orientations and presence of twinning from the experimental
observations on the h123i orientation single crystals (Canadinc et al., 2005) to predict the deformation response
of the h169i orientation single crystals of HSwAl. Despite the fact that the tensile deformation response is suc-
cessfully captured by the model, the determination of wall orientations in the h169i orientation single crystals
through trace analysis might be necessary to achieve perfect predictions of the texture evolution. Another pos-
sibility is that the deviation of the prediction of texture evolution from the experimental results might be a result
of the dislocation density evolution formulation. In the form given by Eq. (1), the dislocation density evolution
strengthens all systems uniformly, such that the self-hardening may be underestimated in the most active slip
systems with planes parallel to the HDDWs. Nevertheless, the primary objective of this paper is to extend the
use of our microstructure-based model (Canadinc et al., 2005) to various crystallographic orientations. The
results (Fig. 6) suggest that the model has the capability to capture the texture evolution along with the mac-
roscopic deformation response under the influence of HDDWs on the matrix.

8.2. Presence and evolution of HDDWs

In this study, we utilized the information regarding the wall orientations from h12 3i orientation single
crystals of HSwAl in the simulations of the h169i orientation. Similarly, twinning was also allowed in the
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simulations of the h169i orientation, based on the fact that h123i and h169i are very close to each other, sug-
gesting similar material properties for these two orientations.

Once the experimental results (Figs. 5 and 6) are reviewed carefully, the deformation response and texture
evolution were predicted with significant success, supporting the aforementioned assumption. It is expected that
the conventional trace analysis results regarding the orientation information of HDDWs for h123i and h169i
orientations coincide. In this work, we wanted to emphasize that utilization of microstructural information
about one crystallographic orientation for modeling the deformation response of another orientation that
exhibits similar material properties (and degree of anisotropy), without the expense of exhaustive experiments.

8.3. Simulations

Similar to the h123i orientation case (Canadinc et al., 2005), twins were allowed in the simulations of the
h16 9i orientation single crystals of HSwAl. Nevertheless, due to lack of experimental data on twinning in the
h16 9i orientation, especially TEM observations, we do not know at which (exact) strain levels twinning is acti-
vated. Ideally, the twinnability and twin initiation stress (Rice, 1992; Tadmor and Bernstein, 2004) should be
determined for aluminum alloyed Hadfield steel. However, this is beyond the scope of the study presented herein.

The experimental texture evolution data (Fig. 6) suggests that the initial rotation towards the 110 pole devi-
ates towards the 121 pole at plastic strain levels of 0.30. Moreover, results from simulations that did not
account for twinning (Fig. 5) show that the experimental deformation response is predicted successfully up
to plastic strains levels of only 0.30 in the absence of twins. Accordingly, twinning was allowed in the simu-
lations after 0.30 plastic strain (Fig. 5).

Another important aspect that deserves some discussion is the choice of the modeling approach presented
herein. The HDDWs were previously studied with the aid of extended Taylor algorithms that establish the
increase in flow stress due to HDDWs (Winther et al., 1997; Hansen and Juul Jensen, 1992; Juul Jensen
and Hansen, 1990; Peeters et al., 2000, 2001). Similarly, we chose a crystal plasticity algorithm (VPSC) to
model the contribution of HDDWs to the hardening in the single (Canadinc et al., 2005) and polycrystals
(Canadinc et al., submitted for publication) of HSwAl. The literature contains examples of similar problems
handled by finite element (FE) algorithms. In a previous work (Marketz et al., 2003), a2 plates in TiAl alloy
were modeled as elastic walls that act as a hard second phase and potentially pose barriers against dislocation
glide, similar to HDDWs. Nevertheless, the a2 plates are initially distributed randomly in a FE mesh, and the
corresponding volume fraction is constant and does not evolve with deformation, whereas the volume fraction
of HDDWs evolve significantly with deformation, and this very important aspect of the problem cannot be
accounted for by simply placing elastic walls in a FE mesh. Also, an important distinction we draw between
our work and others is that we are comparing textural evolution with precise experimental measurements.
Such comparisons have not been attempted in the case of simultaneous twin-HDDW evolution.

Specifically, we incorporate the volume fraction evolution of HDDWs and twins in a VPSC code, and we
are able to predict the role of coexisting dense dislocation walls and twins on the macroscopic deformation
response. It is possible that these issues can be addressed in a FEM code with extensive modifications in mate-
rial subroutine codes. But it should be noted that twin reorientation schemes require considerable computa-
tional time and our preference is to implement this within the VPSC code.

Other classes of steels that do not display HDDWs, such as the austenitic stainless steels (Karaman et al.,
2001a,b,c), Hadfield steels without aluminum (Karaman et al., 2000a,b) and IF steels (Niendorf et al., submit-
ted for publication), do not yield as high coefficients of deformation hardening as the HSwAl, once deformed
under tensile loading at similar strain rates. Although this difference in the strain hardening response is attrib-
uted to HDDWs, the influence of HDDWs to the deformation response is best illustrated by considering the
same material, i.e. HSwAl, with and without HDDWs. The corresponding simulation results shown in Fig. 5
clarify this point and further emphasize the significant influence of HDDWs and the capability of the model to
capture this influence on the overall hardening response of the material.

This is accomplished by taking into account the interaction between HDDWs and glide dislocations and
the degree of this interaction (Eq. (4)), the rotation and volume fraction evolution of HDDWs), and the fact
that HDDWs act as a hard phase in the matrix, similar to precipitates. The HDDWs are incorporated into the
VPSC algorithm, such that the trace analysis data defines their orientation in the three dimensional space,
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similar to slip and twinning systems. Their rotation and volume fraction evolution due to plastic deformation
are accounted through a numerical procedure as adopted in twinning and twinning reorientation schemes.
Eliminating the additional terms that modify the classical Voce hardening scheme to yield the expression in
Eq. (4) results in a significantly lower strain hardening response for the same material (Fig. 5).

With increasing plastic deformation, both the axis of loading and the HDDWs in the matrix rotate. How-
ever, the HDDWs are not fixed to the lattice, thus the rotation of HDDWs takes place independent of that of
the loading axis, or in other words, HDDWs rotate (or spin) independent of the lattice itself. In order to
account for this feature, the numerical procedure utilized in twin reorientation is adopted in the current model
(Canadinc et al., 2005). Moreover, the independent rotation of HDDWs implies that the dislocations that
make up the HDDWs move, as well, but their motion is limited to the incremental spin due to plastic defor-
mation. This phenomenon brings about the continuous change in the HDDW–slip system interactions, which
is accounted for in the current model.

In a recent work (Canadinc et al., submitted for publication), we studied the polycrystalline response of the
HSwAl in the presence of HDDWs, utilizing a novel approach, such that the trace analysis results of the h111i
orientation single crystals were utilized to represent the HDDWs in polycrystals. Successful application of the
model to polycrystals is now further supported by the validation of the model through its application to a dif-
ferent crystallographic orientation and monitoring of the corresponding texture evolution. This provides a
venue for its application to other materials and alloys that display HDDWs or similar crystallographic features.

The success of the model in predicting the deformation response of materials that do not exhibit HDDWs is
also of great importance since this would serve as emphasizing the contribution of HDDWs to the hardening
by showing that the current model is not material specific. With this motivation, utilizing the same parameters,
the deformation response of the titanium-free IF steel, which does not exhibit HDDWs, was simulated. The
satisfactory prediction of the stress–strain curve shows that a rapid strain hardening is not present in the
absence of HDDWs.

9. Conclusions

The tensile deformation response and the corresponding texture evolution in the h169i oriented single crys-
tals of aluminum alloyed Hadfield steel (HSwAl) were studied. A recently proposed (Canadinc et al., 2005)
visco-plastic self-consistent (VPSC) model was utilized in the simulations. The following conclusions are
drawn from the work presented herein:

1. The macroscopic tensile deformation response of the h169i orientation single crystals of HSwAl was suc-
cessfully predicted utilizing the microstructure-based model. We note that the model is indeed ‘predictive’
because it proved successful in single crystal orientations other than that used to establish the hardening
parameters and constants.

2. The model was utilized to predict the rotation of the loading axis of the h169i orientation single crystals of
HSwAl due to applied plastic strain taking into account the high-density dislocation walls (HDDWs). The
results suggest that the model is capable of predicting the texture evolution in single crystals in the presence
of HDDWs in the matrix.

3. The wall orientation observations and hardening parameters for the h123i orientation single crystals were
utilized in the simulations of the h169i orientation. The good agreement between the experiments and sim-
ulations promote the use of microstructural information of one orientation for the simulations of another
that has similar material properties.

4. The results encourage the utilization of the model for predicting the deformation response and texture evo-
lution of other orientations of HSwAl. Eventually, the utilization of the model could be extended to poly-
crystals of HSwAl and other alloys that exhibit HDDWs.
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