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Abstract

The deformation response and texture evolution of aluminum alloyed Hadfield steel polycrystals is explored in the presence of high-density
dislocation walls. A recently developed visco-plastic self-consistent model accounting for the contribution of the dense dislocation walls to strain
hardening was utilized in predicting the room temperature deformation response under tension and the accompanying texture evolution. The model
successfully predicted the experimental results, demonstrating the utility of the model for polycrystals. Monitoring the texture evolution provided

an independent check and validation of the model.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In a recent study, we have established a model that success-
fully predicts the tensile deformation response of aluminum
alloyed Hadfield steel (HSwALl) single crystals [1]. The appeal
of the model lies in the simplicity of the constitutive formula-
tion utilized to predict the deformation response of the HSwAl
single crystals in the presence of high-density dislocation walls
(HDDWs). The key finding in single crystals is that the density
of HDDWS evolves with deformation leading to a very high
strain hardening rate in these materials. Depending on the crys-
tallographic orientation the number of HDDWs varies with the
effect highest in multiple slip orientations.

Prior to our work on Hadfield steel single crystals, the
HDDWs had been observed in pure face-centered cubic (fcc)
metals and body-centered cubic (bcc) alloys [2—-10]. These
works demonstrated the interaction of active slip systems with
HDDWs resulting in an increased hardening. Our recent study
[1] confirmed these previous observations and provided a sim-
ple model to capture the stress—strain response and evolution of
HDDW volume fraction. An extension of the results to polycrys-
tals has not been undertaken previously and will be considered
in this work.
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In the present work, the purpose is to extend the model
[1], originally developed for single crystals of HSwAl, to the
polycrystalline case utilizing the single crystal parameters and
constants. To accomplish this, the deformation response of the
polycrystalline samples of HSwAI and the texture evolution
was measured experimentally. The deformation response and
the texture change were predicted utilizing the recently devel-
oped model. The model uses a crystal plasticity framework with
dislocation evolution and increased hardening associated with
the presence of HDDWs. The model captured the room temper-
ature tensile deformation response of the HSwAI polycrystals
as well as the accompanying texture evolution. The results pro-
vide ground for extending the use of the model to other metallic
alloys displaying HDDWs.

2. Experimental observations and mechanisms

In our previous work [1], we investigated the formation and
evolution of HDDWs through a detailed transmission electron
microscopy (TEM) study. Single crystals of several orientations
were examined under 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 are present at all
stages of deformation, from small (Fig. 1(a)) to higher strain lev-
els (Fig. 1(b)). The HDDWs reside predominantly on the {11 1}
planes in the fcc materials. As the deformation progresses, the
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Fig. 1. TEM images showing the HDDWs and localized dislocation activities in single crystals under monotonic tensile loading. (a) HSwAl (1 1 1) orientation at
3% strain: early stages of HDDW formation. (b) HSwAI (1 2 3) orientation at 40% strain: the local density of dislocations trapped in the HDDWs becomes higher at

larger strains.

Fig. 2. A schematic showing the interaction between a HDDW that formed
parallel to the plane of the active slip system (g) and another active slip system
(n) within a single crystal (or grain).

volume fraction of HDDWs increases through the mutual trap-
ping of glide dislocations due to the interaction of HDDWs with
the active slip systems (Fig. 2). The dislocation density of the
HDDWs is very high at the final stages of deformation, right
before fracture.

The interaction of HDDWs with the active slip systems is
illustrated in the schematic shown in Fig. 2 [1]. The interac-
tion takes place simply because the HDDW s block the glide of
dislocations on an active slip system. As plastic deformation
progresses, a set of HDDW:s that reside on the active slip system
g (with the plane normal N,) forms, and the HDDWs evolve
with increasing strain. An HDDW may intersect the path of dis-
locations moving on the plane of another active slip system n
(with the plane normal N,) in the direction as specified by the
burgers vector b,,. This results in the trapping of the dislocations
on the slip system n in the HDDWs. The angle 6,,, between the
vectors b, and N, constitutes a measure of this blockage of glide
dislocations by HDDWs. When the HDDWs and the slip sys-
tem n are coplanar the interference is minimized as manifested
through the angle 6.

3. Modeling

The present model utilizes a crystal plasticity description of
the strain rate at the single crystal level, and the reference stress

evolves with the dislocation density. In the current model, the
HDDW-slip system interaction is incorporated into the overall
rate of dislocation density () in the following format:

K
p= lavp—kap} [7"| 4+ 3 —scos bug [i"] (D)
n noq

where k; and kp are constants, K is a geometric constant
[1,11,12], « is the dislocation interaction parameter [13,14],
and b represents the burgers vector. The first term ), {k1/p —
kop} |y"| represents the a thermal (statistical) storage of mov-
ing dislocations (k1,/p) and dynamic recovery (—kzp) in the
domains outside the HDDWs [12], whereas the second term
> qd—li oS Oyq |7"| accounts for the contribution due to
HDDWs formed parallel to the plane of the slip system ¢ 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 grains and thereby decrease the
mean free path of dislocations [12]. The angle 68, is the angle
between the direction of slip in the active slip system n and the
normal to the plane of the slip system ¢, and is incorporated as a
measure of the interaction between HDDWs and glide disloca-
tions in a geometric sense. The angle 6, is a variable, such that
it can take different values depending on the active slip systems
and the HDDWs they interact with. Moreover, the 8,, continues
to change as the deformation progresses due to the rotation of
HDDWs in the matrix. The term d represents the average spac-
ing between the dislocation sheets. The term " stands for the
rate of shear in the active slip system n.

By only accounting for the change in the overall rate of dis-
location 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 modeled 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 [12]. This additional hardening (8) due to HDDWs
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acting as hard phases in the matrix is included through the term:
B=2pnd |y )
n

where the terms w, &, and f stand for the shear modulus, the
Eshelby accommodation factor (elongated ellipsoidal inclu-
sions) [15], and the volume fraction of HDDWs, respectively.
The )", ¥ term is simply the summation 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 HDDWSs with increasing plastic deformation.
As the plastic deformation progresses, more glide dislocations
are trapped at their boundaries, adding to the overall volume
fraction of HDDWs [1].

Following the incorporation of the additional hardening terms
due to the HDDWs, the original rate of flow stress 7 defined in
the traditional Taylor hardening format as

. aubp
T= (3)
2./p
becomes
2ulbK  f
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where {6(ts — t/ts — 70)} is the well-known Voce hardening
term, with 7( as the reference strength, and 71, 6y and 9 as the
parameters that define the hardening.

With respect to the solution of the stresses and strains at
the macroscopic level, defining the deviations in strain rate and
stress between the local (single crystal level) values and the
overall (polycrystalline) magnitudes as

& = &k — Ex ®)
6j=0;— X (6)
where E and ¥ are the polycrystal strain rate and applied stress,
and £ and o; stand for the local (single crystal or grain level)
strain rate and stress. Utilizing the Eshelby’s inhomogeneous

inclusion formulation one can solve the stress equilibrium to
derive the following interaction equation:

E=-M:5 (7
The interaction tensor #/ is defined as

M=nI-8)"":8: M (8)

where M%) is the secant compliance tensor for the polycrystal

aggregate and S is the viscoplastic Eshelby tensor.

4. Experimental techniques

The material investigated in this study is an aluminum alloyed
Hadfield steel with a chemical composition of 13.93 wt.% Mn,
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Fig. 3. The room temperature deformation response of HSwAl polycrystals.

1.17wt.% C, 2.58 wt.% Al and balance Fe, and a fcc structure.
Sufficient amount of impurities to influence the deformation
response was not detected in the microstructure. Homogeniza-
tion of the material was carried out at 1323 K for 20 hin a vacuum
sealed furnace, followed by a heat treatment of 500 °C for 30 min
(water quenched) to ensure optimum strength and ductility.
Electro-discharge machining (EDM) was utilized to cut small-
scale dog-bone shaped tension specimens. The samples were
tested utilizing an Instron test frame equipped with an Instron
controller. A miniature MTS extensometer was employed for
accurate strain measurement in the gauge section. The experi-
ments were conducted at slow strain rates 4 x 10™* 1/s. Samples
were analyzed with X-ray diffraction (XRD) to experimentally
determine the textures in the loading direction before and after
deformation.

5. Deformation response and simulations

The room temperature stress—strain response of Hadfield steel
with aluminum (HSwALl) is shown in Fig. 3. Although the mate-
rial has a lower carbon content (1.17 wt.%) than the single
crystals of Hadfield steel previously studied (1.30 wt.%) [1],
a high coefficient of deformation hardening (G/29') was dis-
played by the polycrystals, indicating a rapid strain hardening
due to the existence of HDDWs.

The stress—strain response of the HSwALI polycrystals was
predicted by applying the recently developed [1] model. The
experimentally measured initial texture was used as an input
to the model and was allowed to evolve with deformation. The
tensile deformation response was successfully captured by the
model as noted in Fig. 3. The constants and hardening param-
eters used in predicting the deformation response of HSwAl
polycrystals are given in Table 1.

In order to demonstrate the role of HDDWs on the macro-
scopic deformation behavior, the same model was used to
predict the room temperature tensile stress—strain response in the
absence of HDDWs. Therefore, the modifications allowing the
current model to take HDDWs into consideration were removed.
The results confirm the necessity of the incorporation of
HDDWs into the model to predict the experimental deformation

! The coefficient of deformation hardening is normalized by the shear modulus
G.
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Table 1
Numerical values of constants used in the model

Constant Numerical value
b (m) 2.58 x 10710
d (m)? 6x 1077

& 0.4

o 0.4

K 8 x 10*

70 (MPa) 132

The units are given in square brackets. &, «, and K are dimensionless quantities
[1].

% Anaverage value was assigned to this parameter based on the microstructural
observations [1].

response of the material and the associated rapid strain hardening
(Fig. 3).

Utilizing the current model the texture evolution was also
monitored, to independently check the capability of the model.
An additional purpose was to study the role of the HDDWs on
the texture evolution. For an fcc crystal oriented with the ten-
sile axis in the primary triangle the tensile axis rotates toward
the [1 10] direction, until it reaches the (00 1)—(11 1) bound-
ary, along which the primary and conjugate systems are equally
favored. Afterwards, simultaneous [1 0 1] and [1 1 0] slip causes
rotation toward the [1 12] orientation (Fig. 4) [16]. However,
in the case of overshooting, the rotation continues toward the
[1 1 0] orientation after the tensile axis reachesthe (00 1)—(101)
boundary. As for the fcc polycrystalline aggregates with only
slip as the active deformation mechanism, the general tendency
under tensile loading is that the rotation takes place toward the
(00 1)—(111) boundary, with higher intensities near the (00 1)
and (111) poles.

With regards to representing the textures, the preference of
a crystallographic orientation over the other(s) or a tendency
towards a pole in a given texture is most easily represented by
“texture intensity”. The texture intensity is obtained by the nor-
malization of densities of the orientations (or poles). There exist
two ways of normalization: to a value of 1.0 for the average; or
to a value of 1.0 for the integral [17]. The former method was
utilized throughout this study.

001 @ ® 101

Fig. 4. Theoretically expected texture evolution in fcc crystals (after Hosford
[16]). Rotation towards the 1 1 0 pole is followed by further rotation towards the
112 pole at the 00 1-1 1 1 boundary.
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Fig. 5. Figure showing the comparison between selected orientations of experi-
mental and numerical textures after deformation, and the initial texture in terms
of their textural strengths. The selected orientations can be seen in Fig. 4. The
arrows indicate the direction of change between the initial and final states of
texture intensities for the specified orientations.

In three dimensional space, an orientation can be described by
three angles ¥, ® and @, which are the Euler angles [16]. Let (o,
B, A) represents a specific point with ¢, § and A corresponding to
specific values of ¥, ® and @ in an orientation space represented
by the three Euler angles. The total intensity of diffracted X-rays
measured at the point (o, B8, A) on an (hk!) pole figure comes
from all crystals in the sample satisfying the Bragg condition
[17]. For the (h k) pole, the total pole density from crystals sat-
isfying the Bragg condition is given (in the normalized form) by

1 2
Paknte )= 5 /0 F(%.0, ®)dr ©)

where I denotes the path through the orientation distribution
(OD) corresponding to rotation about the (h k/) pole, and F is
the OD [17].

Fig. 5 shows normalized texture intensities of selected
orientations for the experimentally measured initial and
post-deformation textures, and the numerically calculated defor-
mation texture. Considering the strain levels attained (0.23), we
represent the texture evolution in this unconventional way for
the sake of clarity. Texture evolution is usually represented more
clearly with the conventional ways in the case of strains at around
2.0 or higher.

Both the simulations and the experimentally determined tex-
tures corresponding to the deformed state of the material confirm
arotation towards the [1 1 2] orientation. Similarly, the intensity
ofthe[1 1 3] orientation prominent in the initial texture decreases
significantly due to tensile deformation. The agreement between
the numerical and experimental results point at the capability of
the modeling effort presented herein. Nevertheless, at this time,
the focus of this paper is placed on modeling the macroscopic
deformation response of the HSwAl polycrystals.

6. Final remarks and discussion of results

A microstructure based model originally developed for
single crystals [1], has been utilized to predict the deformation
response and texture evolution of the HSwAI polycrystals. The
information regarding the orientation of HDDWs in the 3D
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space was obtained though conventional trace analysis and
TEM [1], and incorporated into the current model. In the current
material, different sets of HDDWs are allowed to form in numer-
ous grains. The simulations were conducted by representing the
HDDWs of the polycrystalline aggregate similar to that of the
single crystals oriented in the (1 1 1) direction [1]. The HDDWs
form if a large fraction of the shear in a grain (or crystal) occurs
when two slip systems on the same slip plane are active [2],
and the direction of the HDDWs is dictated by the slip planes,
which experience large coplanar slip [1,2]. Such observations
are made on (1 1 1) oriented single crystals, where multiple slip
is the deformation mechanism resulting in two sets of HDDWs.

We chose the modeling parameters and constants for the
(111) orientated single crystals of the HSwALI to predict the
deformation response of polycrystals of the same material.
Allowing a tensile (or compressive) stress in the (11 1) direc-
tion of an fcc metal produces a corner in the ‘plastic potential’
as defined by Kocks and colleagues where the facets of six slip
systems meet in the five-dimensional deviatoric stress space
[1,17]. Six slip systems can be simultaneously activated, mak-
ing the (11 1) orientation a multi-slip orientation in fcc metals
and suitable as a basis for predicting polycrystalline response.
Such highly symmetric situations are not possible with any other
orientation for an fcc material. The close prediction of the defor-
mation response and texture evolution with the modified VPSC
model validates our approach.

Another noteworthy point is the small difference between
the chemical composition of the material used in this study
and our previous work [1]. The single crystals of HSwAl had
1.30wt.% C in the composition, whereas the current mate-
rial has 1.17wt.% C other elements being the same (except
for Fe, which constitutes the balance). Mechanical experiments
revealed lower strength levels for the 1.17 wt.% C case compared
to the 1.30 wt.% C. The reference strength value was changed
from 159 [1] to 132 MPa in the simulations, while the remain-
der of the constants and hardening parameters in the constitutive
relationship remained the same as in the original single crystal
model [1].

7. Conclusions
In the present study, the room temperature tensile deforma-

tion response of polycrystals of aluminum alloyed Hadfield steel
is studied. We draw the following conclusions:

1. The recently introduced model originally established for
single crystals of aluminum alloyed Hadfield steel in the pres-
ence of high density dislocation walls (HDDW) was applied
to polycrystals of the same material. The results point at the
success of the model and confirm its applicability to the poly-
crystals, providing a venue for its use with other materials that
display HDDWs.

2. Specifically, the microstructure based model successfully
captured the texture evolution imposed by the tensile defor-
mation, as well as the magnitude of the strain hardening
coefficient which is of the order of G/20 in these class of
alloys.
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