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The non-Schmid effects in DO3 ordered FesAl (DOs-FesAl) are investigated by utilizing experimental
measurements of the onset of slip and atomistic scale simulations to study slip directionality and core
effects. Uniaxial tension and compression experiments were conducted on DOs-FesAl single crystals
utilizing high resolution Digital Image Correlation (DIC) to measure local slip strain evolution. The
measured critical resolved shear stress (CRSS) values exhibited close agreement with the theoretical
values upon developing a modified Peierls-Nabarro (P-N) formalism relying on molecular dynamics (MD)
simulation results. Both experimental and theoretical values indicate the break-down of Schmid Law due
to two factors: the role of non-glide shear (NGS) stress component acting on the glide plane, called the
NGS effect, and twinning-antitwinning asymmetry, termed the TA effect. To ascertain the role of NGS
stress component on the dislocation core structures, molecular statics (MS) simulations were conducted
upon imposing elastic-anisotropic dislocation displacement fields with Eshelby-Stroh formalism. Both
experimental measurements and modified P-N calculations confirm that the applied NGS stress
component is as important as TA slip asymmetry on the break-down of Schmid Law in CRSS values. The
calculated core spreading suggests that the extent of the relative displacements on {1 1 0} family planes,
favoring either twinning or antitwinning shear, can significantly contribute to the non-Schmid behavior
of DOs-FesAl with the accompanying elastic shear coupling between NGS stress component and glide
shear (GS) strain. Further extension of the modified P-N formalism towards yielding behavior at con-
tinuum scale is also discussed.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

hereafter denoted as TA effect [5,6]. The magnitude of this asym-
metry may vary due to the specific electron configuration or

The conventional Schmid Law implies the existence of a con-
stant CRSS magnitude. The CRSS concept, which is assumed to be
independent of slip system orientation and the sense of loading,
has served the community well [1]. However, it is well established
that CRSS values of body centered cubic (bcc) structured pure
metals do not obey the Schmid Law [2,3]. Two reasons for the de-
viation from Schmid Law are known to be responsible but are not
well understood: they are (i) twin-antitwin slip asymmetry (TA)
and (ii) non-glide shear (NGS) stress effects which we explain
below step by step.

Firstly, the CRSS along the <11 1> direction on {11 2} glide
planes depends on the twining or antitwinning direction of slip [4].
This phenomenon is called as twin-antitwin slip asymmetry,
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bonding type present and is reflected on the topology of General-
ized Stacking Fault Energy (GSFE), or v, surface [7,8]. The quanti-
tative extent of this asymmetry can be established by the atomistic
simulations such as Molecular Dynamics (MD) or Molecular Statics
(MS).

Secondly, the applied shear stress components couple with the
non-planar core structure of screw dislocations regardless of
whether or not they exert Peach-Koehler force [4,9,10]. This
coupling transforms the core structures from a sessile to glissile
configuration for the screw dislocation to move [9,11—13]. The re-
action coordinates of this transformation is a function of the
applied stress tensor components, including both the GS (glide
shear) and NGS (non-glide shear) stress components, i.e. g5 and
¥ncs, Which act along a parallel and perpendicular direction to the
Burgers' vector on the active glide plane respectively [14,15]. The
effect of Zyngs on the critical value of Xgs at the instant of slip

Please cite this article in press as: S. Alkan, H. Sehitoglu, Non-Schmid response of FezAl: The twin-antitwin slip asymmetry and non-glide shear
stress effects, Acta Materialia (2016), http://dx.doi.org/10.1016/j.actamat.2016.12.019



mailto:huseyin@illinois.edu
www.sciencedirect.com/science/journal/13596454
www.elsevier.com/locate/actamat
http://dx.doi.org/10.1016/j.actamat.2016.12.019
http://dx.doi.org/10.1016/j.actamat.2016.12.019
http://dx.doi.org/10.1016/j.actamat.2016.12.019

2

initiation, i.e. equal to CRSS, can be revealed by studying the
dislocation core displacements with MS simulations. To that end,
superpartial screw dislocations are created by the relaxation of a
derived anisotropic displacement field inside a designated simu-
lation box. We will demonstrate both TA and NGS effects rigorously
in this paper in an attempt to unravel the causes of non-Schmid
behavior in an ordered bcc-based alloy.

The bcc-based ordered structures, e.g. DOs, B2, 12;, are also
known to exhibit non-Schmid behavior [16—20]. In these struc-
tures, the dislocations are dissociated into their partials unlike pure
bcc metals. Thus, the nature of the underlying mechanisms are
more complicated because of the mutual interactions. As stated
earlier, our main focus in this study be will be the non-Schmid
plastic behavior of DO3-FesAl which is an intermetallic exhibiting
superelastic behavior due to reversible slip [21—25]. In DOs3 struc-
tured metallic materials, plastic strain is accommodated by the
glide of <11 1> superdislocations which are dissociated into four
1/4 <11 1> superpartials. These partials are separated by Nearest
Neighbor Anti Phase Boundary (NNAPB) and Next Nearest Neighbor
Anti Phase Boundary (NNNAPB) faults [26,27].

Recently, the present authors reported the CRSS values attained
by the first principle, Density Functional Theory (DFT) calculations
on DOs3-FesAl. Fig. 1(a), adopted from this aforementioned study,
illustrates the asymmetry in <1 1 1> cross sections of y curves on
planes exhibiting the break-down of Schmid Law [21]. This asym-
metry is also reflected on the resolved shear stress vs shear strain
curves in Fig. 1(b). We also note the directional nature of CRSS and
the shear moduli in Fig. 1(b).

Besides the TA asymmetry, the applied ygs on the active glide
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system also plays a significant role in the non-Schmid response of
DOs3-FesAl [24,25,28]. This Xygs effect lying under the different
CRSS values measured on the active glide systems under tension
and compression loading is shown in Fig. 1(c). The orientation
relationship of crystals and the applied loading were interpreted
using the conventional angle y, as can be seen in Fig. 1(d) [3].
Physically, i corresponds to the angle between two planes which
are significant in defining the dependence of slip geometry on the
applied loading orientation and sense in bcc-based structures. First
of these planes, taken as the reference plane for 7y, is the {110}
family plane with the highest resolved shear stress along the slip

vector, i.e. either parallel to [T 1 1] or [1 1 1] for the sample orien-
tations studied in this work ([T 1 1] is chosen for the illustration in
Fig. 1). The second plane is the maximum resolved shear stress
plane (MRSSP) which can be any crystallographic plane bearing the
highest shear stress along the same slip direction. It is important to
note that 7 angle is bounded between +30° owing to the bcc crystal
symmetry. This symmetry enables to use the standard stereo-
graphic triangle with the corners [001]—[011]—[111].
Furthermore, the angle x is a directional measure which takes a
positive/negative value towards the closest plane sheared along the
antitwinning/twinning sense. Regarding the data presented in
Fig. 1, it is inferred that both TA asymmetry and Xygs component
effects should be investigated in order to gain a fundamental
knowledge of non-Schmid behavior of DO3-FesAl.

The paper represents a multifaceted approach to understanding
the origin of non-Schmid phenomenon in ordered DO3-Fe3Al alloy.
To our knowledge, this is the first time that the significance of non-
Schmid effects is shown for FesAl. The contribution in this work can
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Fig.1. (a) The GSFE curves illustrate the lack of symmetry in <11 1> cross-section of y surface on (1 1 2) plane of DOs-FesAl owing to the TA asymmetry effect. (b) Resolved shear
stress vs shear strain curves of DO3-FesAl exhibiting TA slip asymmetry depending on the sense of shearing. (c) The CRSS values measured on the active glide systems exhibit
differences under tension and compression due to the presence of Xygs components. (d) The load and crystal orientation effects are analyzed using the conventional angle y which
is measured from the most highly sheared (in the direction of slip vector) {1 1 0} family plane to the MRSSP plane. y, angle varies between —30° < y < 30° and it is taken as positive

towards the closest {112} family plane sheared along the antitwinning direction in the slip direction zone which is (11 2) for the glide along (1 01)[11 1] system under
compression. The shear stress components, £gs and Zygs, acting on the active glide system are also illustrated.
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be summarized in capsule form as follows: (i) development of
advanced DIC strain measurements to pinpoint precisely the onset
of slip in DOs-FesAl using single crystal orientations chosen to
accentuate TA asymmetry, and arrange Xygs component that as-
sists or resists CRSS through core spreading. Macroscopic strain
measurements are imprecise in this regard. (ii) a multiscale pre-
dictive tool utilizing both continuum and atomistic terms in a
modified P-N formulation that results in a modified yield criterion
illustrating the non-Schmid phenomenon, (iii) demarcation be-
tween the role of TA and X\gs effects utilizing Stroh-Eshelby
anisotropic elasticity formulation [29—-31] for NNAPB and
NNNAPB fault arrangements resulting in clear demonstration of the
isolated role of these two important effects.

Previous works have built a foundation for the present analysis
but lacked the comparison with experiments and also delivered
ideal stress levels in GPa's as opposed to MPa's. Additionally, most
of the previous efforts have been focused on the single screw
dislocation in a pure bcc metal and the deviation of CRSS values
from Schmid Law has not been quantified for the bcc-based ordered
structures in which the screw dislocation dissociates into its par-
tials, such as in DOs-FesAl in this work. The anisotropic elasticity
treatment in this study using the Stroh-Eshelby formalism over-
comes the limitations of an isotropic derivation of the displace-
ments for the DO3-Fe3Al especially having a high anisotropy ratio.
We show that the deviations from Schmid Law in DO3-FesAl is
substantial compared to other cubic alloys and our work represents
a very thorough experimental program to illustrate this.

In accomplishing these goals; firstly, the orientation depen-
dence of CRSS values in DO3-Fe3Al (23.7% at. Al concentration)
single crystals were investigated experimentally. For this purpose;
[001],[1511] and [0 1 1] loading orientations were selected. The
single crystals were subjected to both uniaxial tensile and
compressive loading. The onset of slip in single crystals was iden-
tified precisely using high resolution, in-situ DIC strain measure-
ments. Concurrently, MD simulations were utilized to evaluate the
theoretical CRSS values by the modified P-N formalism [21]. The
close agreement of both approaches on the non-Schmid response
of DOs-FesAl, stimulated further interrogation on the role of the
core structure. By employing the MS simulations via imposing the
anisotropic external displacement fields corresponding to the
applied X¢g and Xngs components, the core displacements [32] at
the leading partials were established. These results provided
insight on the role of the stress components on the glide resistance
of screw character partials in DO3-FesAl. The paper describes the
experimental methods followed by the demonstration of non-
Schmid effects studied with MD and MS calculations. The pre-
dictions of CRSS magnitudes from the modified P-N formalism were
achieved without any fitting constants or adjustable parameters.
For comparison purposes, CRSS values were also evaluated
employing the generalized yielding criterion proposed in the
literature [33—36] comparing a number of bcc alloys. The resulting
CRSS values address the promising future extensions of this study
for the crystal plasticity modelling efforts.

2. Methods
2.1. Experiments

Single crystals of FesAl were grown by Bridgman technique in
He atmosphere. The tensile dog-bone specimens (1.5 mm x 3 mm
net section with 10 mm gage length) and compression specimens
(4 mm x 4 mm x 10 mm) were cut by electro-discharge machining
with the loading directions parallel to [00 1], [1511], [0 1 1] crys-
tallographic directions. Following a solution treatment at 800 °C for
1 h and successively iced water quenching, the specimens were

annealed at 400 °C for 10 h in order to obtain DO3 order and cooled
in the furnace until reaching to the room temperature. To ensure
the orientations of the heat treated single crystals, one virgin
sample from each direction was prepared for X-Ray diffraction
analysis. The pole figures and the diffraction patterns were ob-
tained by Philips Xpert 2 diffractometer.

The compression and tension experiments were conducted us-
ing servo hydraulic load frame at ambient air with a strain rate of
5 x 107> s~!. Each specimen was mirror-polished and a speckle
pattern was applied on its surface in order to measure the strain
fields by the DIC technique. The compression experiments were
conducted on a MTS servo hydraulic load frame while the MTI SEM
Tester load frame was used for tensile loading. For high resolution
imaging, a CCD Camera + Olympus BX51M microscope combina-
tion (with Olympus lenses) was used. The resolution provided by
this set up is 0.4 pm/pix.

2.2. Molecular dynamics (MD) simulations

We employed MD simulations to quantify the CRSS values
theoretically. For this purpose, an open source software LAMMPS
(large-scale atomic/molecular massively parallel simulator) was
utilized [37]. MD simulations were conducted employing a semi
empirical potential developed for Fe-Al alloys within the framework
of Embedded Atom Method (EAM) at 300 K [38]. The temperature is
controlled with a Nose’ — Hoover thermostat algorithm [39,40].
DOs lattice structure was inserted in a prismatic simulation box size
0f 900 x 300 x 50 A with periodic boundary conditions in all three
directions. To mimic the uniaxial experiments in this study, the
simulation box was oriented such that in each scenario either [0 0 1],
[1511] or [01 1] was subjected to uniaxial tensile/compressive
loading. Also additional orientations of [203136], [19 30 48],
[12 10]and [3 6 31] were subjected to only uniaxial compression for
comparison purposes with the reported results in Ref. [25]. A stress
concentrator was inserted inside the pristine crystal of DO3-FesAl as
a straight dislocation source. In order to evaluate the theoretical
CRSS values on the glide plane, we utilized the modified P-N
formalism [21]. This formalism relates Peierls stress to the gradient
of the total energy of the system with respect to the position of the
dislocation line. The total energy (per unit dislocation length) of the
crystallite which contains the four partials, E©°t!, is composed of the
misfit energy, E™sfit, the line energy, E'i"e, the interaction energy of

the partials, Entr and the applied work, W:
Etotal _ Emisﬁt + Eline + Einter _ s (1)

Among these terms, EMisfit js equal to the potential energies of
the partials regarding their positions inside the crystallite and can
be evaluated as in Eq. (2).

+o0
pmisfic _ / 7(F(0)dx 2)

The term vy represents the GSFE landscape of the system on
either {110} or {11 2} slip planes along the slip direction and is
written as a function of the atomistic disregistry function, f(x),
which is also a function of x coordinate on the glide plane
perpendicular to the dislocation lines [21,41]. The y values are
attained by utilizing the control box method [42,43]. In control box
approach, ahead of the oncoming partial dislocations a group of

atoms is designated and the variation of their total potential energy
from the perfect lattice energy, E,‘:’grfe”, to Ecp is tracked during the

slip motion based on the following formulation:
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where Acg is the glide surface area of the control box. Owing to the
non-planar structure of the partial dislocation cores, multilayer of
atoms on both sides of the sheared glide plane are traced ensuring
the convergence of y values.

At this point it is worth emphasizing that the non-planar cores
of the partials interact with the applied stress components. As a
result, v values in Eq. (3), traced during the glide reaction, are
affected by the applied loading owing to the different core trans-
formation paths followed. This interplay inevitably induces small
differences in the vy values attained between the control-box
approach and the conventional half-block sliding approach which
is conducted under pure shearing along the fault displacement
[44,45]. These small differences are exemplified in Fig. 2 for

(1011 11] glide system loaded under tension, shear and
compression. As the [1 5 11] sample is loaded under compression/
tension, the 1/4[1 1 1] partials nucleated from the stress concen-
trator gliding on (1 0 1) plane corresponds to higher/lower y values
compared to pure shear loading. Even though this loading effect on
GSFE curves generated is small for the [1 5 11] sample, it can be
significant for other orientations and is closely linked to the
anisotropic behavior of CRSS values under varying % values.
Revisiting the general formulation in Eq. (2), the disregistry
function, f(x), represents the inelastic displacements parallel to
Burgers' vector across the glide plane. It is written as [21,46]:

f) = g (tan*l (g) +tan~! (x _gd]> +tan~! (@)

+tan™! CM)) +2b

(4)

where £ is the half core width of the partials; dq, d,, d3 are the
separation distances between them, as shown in Fig. B.1,, and b is
the magnitude of superpartial Burgers' vector, b
(b = |b||1/4< 111> ). The discrete form of E™sfit is given in Eq. (5)
where x variable is changed with the ma’ — u expression to reflect
the discreteness of the lattice in the Peierls-Nabarro formulation
[47,48].In Eq. (5), mis an integer, d’ is the shortest distance between
two equivalent atomic rows in the direction of dislocation
displacement and u is the position of the leading dislocation line.

. m=-+oo
EMSit= 3 y(f(md’ —u)d (5)
m=-—oo
The total energy per unit dislocation length, E©®! consists of

both short range, EMsfit, and long range, E'i"® and EMer energy
terms with the applied work, W. The long range energy terms are
dependent on the elastic constants, the magnitude of Burgers'
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Fig. 2. The variation of GSFE curves along (10 1)[1 1 1] glide system under different
applied loading conditions are plotted. The y curves calculated under the uniaxial tensile
and compressive loading for [1 5 11] sample are compared with the curve generated by
the pure shear. As can be seen the resulting curves show slight variations owing to the
effect of stress components acting. The energy barrier against the glide motion is
calculated to be highest under the compressive loading and lowest under the tensile
loading. The signs of shear stress components acting on the glide plane are surmised to be
effective on the dislocation core resulting in this fault energy difference.

In Eq. (6) above, Cy317 is a component of the fourth order elastic
stiffness tensor, C, written in the DO3 crystallographic frame and
relates the second order stress, o, and the strain, e, tensors
respectively as in Eq. (7) where the indices i,j,k,! take values 1 to 3
obeying the repeated indices summation convention (further in-
formation can be found in Appendix A).

0ij = Gijien (7)

Revisiting Eq. (6), n represents the number of superpartials, i.e. 4
in our case, and L is the outer dimension of the crystallite and is
taken to be 1000 times b. The parameter H is dependent on the
elastic constants and involves information about the elastic
response of the general anisotropic medium [21,49]. H can be
written as in Eq. (8) [50]:

Cii11 — Cri
H=1-12(1—-/——————== 8
( V' 2Cin ®

After determining the individual energy terms and the applied
work; Peierls stress, 7p, which is taken as equal to theoretical CRSS,
is calculated as the maximum slope of Et! with respect to u, and is
given as follows:

vector of each partial, b, and the separation distances between 7~ max 1 gEtotal )
them: d;,d, and d;. We have the following expression for Et°tl P b ou
[21,46]:
total __ nHC]Z]ZbZ £ mohe r ’ _HC]2]2b2 L L L
ol = == 2= In 5% +m; v(f(md' —u))a 4 i d i d G tud g4t %s:%CRSS (6)
Eine Emisfit [inter T
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Fig. 3. The y curves generated by the MS simulations along the corresponding slip
systems are plotted using dashed curves. The DFT calculations reported in Ref. [21] are
also included, as solid curves, for comparison.

In modified P-N formalism, theoretical CRSS values are affected
by the general topology of the GSFE curves generated. The peak
energy value on the GSFE curves, i.e. unstable stacking fault energy,
vUS, represents the energy barrier against the motion of the partials
on the corresponding glide system. Similarly, the first/third and
second minima of the GSFE curves correspond to NNAPB, yNNAPB,
and NNNAPB, yNNNAPB - fault energies of the pertinent system
respectively. These fault energies are decisive in the separation
distances and the restoring forces between the partials. The core
structure of a partial is transformed at the onset of glide motion in a
tendency to minimize the restoring forces acting on it. Thus, yNNAPB
and yNNNAPB epergies are of paramount importance to understand
the core behavior of partials.

2.3. Molecular statics (MS) simulations

The DFT and MD simulations are well established, while the MS
simulations, which can be very instructive for studying core
structures and energy barriers under shearing have not been as
well described. It is our aim to highlight the efficacy of the MS
simulations and the results derived from MS below. In this study,
MS simulations are based on the relaxation-type calculations of the
DOjs crystal structure employing Fe-Al potential under varying ratio
of applied shear stress components, i.e. Xgs and Xngs. We employed
MS simulations: (i) to check the accuracy of the Fe-Al potential used
especially in relation to DFT based results, and (ii) to investigate the
core structures of the leading superpartials under shear stress
components corresponding to the uniaxial compressive loading
along [1511], [001] and [20 31 36] crystallographic directions.
While a defect free crystal structure was utilized for the former one,
a superdislocation, dissociated into four superpartials, was inserted

inside the simulation box to accomplish the latter. The details are
provided in Study of the core structure section.

2.4. Efficacy of the Fe-Al potential — the GSFE surface

In order to accomplish (i) above, the minima of the GSFE curves
calculated from the MS simulations under pure shearing were
compared with the first principles DFT calculations [21]. In these
MS simulations, the same size of the simulation box and the
boundary conditions were utilized as in the MD simulations. To that
end, the upper half of a bulk, pristine crystal was displaced by a
fault vector of t = .< 111>, where 0 < a < 1, along a chosen glide
plane (either {110} or {112}) with respect to the lower one.
Following each displacement increment parallel to t, the simulation
box is allowed to relax ensuring that the maximum force magni-
tude on each atom is lower than 0.015 eV/Angstroms. Calculating
the total bulk potential energy of the sheared crystal, E, and the
total bulk perfect lattice energy, EPerfect ot each o value visited, the
GSFE curve per unit glide area, v, is generated as formulated in Eq.
(10) where A is the glide surface area.

E— Eperfect
Y=—"—"7a
The resulting GSFE curves are plotted in Fig. 3, in comparison
with the reported curves generated by ab initio DFT calculations in
Ref. [21]. In addition to these curves plotted, the resulting NNAPB
and NNNAPB fault energy values, YNNAPB and yNNNAPB attained from
these curves are also tabulated in Table 1. It is worth emphasizing
that even though there are inevitable differences between the
tabulated values of yNNAPB gnd yNNNAPB for ah_initio DFT and MS
simulations owing to the sui generis physical and mathematical
instruments underlying these two approaches, the resulting curves
present very good agreement and the relative differences of yNNAPB
and yNNNAPB yajyes from both approaches do not exceed 15%. Thus,
the resulting values are accepted to justify the use of the potential
for our MD and MS simulations in this study promising an accurate
assessment of the core effects given below.

(10)

2.5. Study of the core structure

After establishing the efficiency of the potential used with the
earlier DFT calculations, the displacement fields in the core region
of the leading superpartials for the [20 31 36], [1511] and [0 0 1]
compression samples were investigated by a simulation box
delineated as a rectangular parallelpiped which is bounded by the
planes (12 1), (101) and (11 1). The simulation box has a size of
900 x 300 A with a thickness of only 3 atomic layers along [11 1]
direction. A local right hand coordinate frame x; — X, — x3 (see
Appendix A for the coordinate system) is attached to the system
such that x; and x, axes are parallel to [12 1] and [1 0 1] crystal-
lographic directions in DOj3 lattice. A superdislocation dissociated

into four 1/4 [11 1] superpartials with screw character is inserted
inside the simulation box. The initial atomic positions were
imposed based on the numerical solution of the displacement field
in an elastic-anisotropic medium corresponding to four straight

'«l{.:m?’;and yNNNAPB yalyes obtained by DFT calculations and MS simulations are tabulated. All the values are given in mJ/m?
T12)[117) T12)[111) (101)[111)
DFT MS DFT MS DFT MS
yNNAPB 273 260 241 253 249 239
NNNAPB 138 151 61 36 41
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partial dislocations each with strength 1/4 [11 1]. To establish the
dislocation displacement fields associated with the superpartials,
we used the Stroh-Eshelby formalism [29—31]. The initial separa-
tion distances of these superpartials were taken as 20 nm, i.e.
dy; & ds, for NNAPB and 30 nm, i.e. d5, for NNNAPB faults based on
an iterative try-out procedure regarding the reported values in the
literature [21,51]. Given the initial positions of the atoms in DO3
structure, the atoms on the (1 21) and (1 0 1) boundary planes are
fixed in their initial configuration and the rest of the atoms inside
the box are relaxed ensuring maximum force on each atom is lower
than 0.015 eV/Angstroms. To make the partial dislocations effec-
tively infinite, the periodic boundary conditions are applied to the
(11 1) planes.

In order to analyze the leading partial coresin the [1511],[00 1]
and [20 31 36] compression samples at the instant of glide motion
initiation by the designated simulation box, the uniaxial stress
states in the experimented coordinate frame X; — X, — X3 are to be
transformed into x; — Xy — X3 frame. The corresponding stress
tensors, i.e. gll > 1], ¢l203136] 3pnd ¢[00 1] are given in matrix form
in X; — Xy — X3 frame by the following expressions in Eq. (11) to Eq.
(13):

0 o0 0
[,[15111]:,7 0 -049 -0.50 | MPa (11)
0 —050 -0.51
~-0.16 —0.29 -0.23
[g[OOH]:A ~0.29 -0.50 —0.41| MPa (12)
-0.23 -041 -0.33
-0.13 028 0.19
[0,[203136]]:w 0.28 -0.59 -0.40| MPa (13)
019 -040 -028

where 7, A and w are the proportional loading coefficients which
take positive values for the compressive loading. These stress states
in Eq. (11) to Eq. (13) are applied on the simulation box by imposing
the corresponding homogeneous strains, e, on the simulation box
within the context of anisotropic linear elasticity in x; — Xy — X3
frame as in Eq. (14):

&jj = SijiaOl (14)

where S;jkl are the components of the fourth order elastic compli-

ance tensor,S. The details on the transformation of these tensors
and the derivation of the anisotropic displacement field imposed
can be found in Appendix A and Appendix B. The calculations

L . /001 s[203136

indicate that only X;s components, i.e. 023[ I 02[3 I
/1511 .. /001 s [203136 s [1511]

03 , and Zngs components, i.e. 5, ) Ooq ) 0y ,

acting on the active glide plane prevail upon the behavior of the
leading partial core structures even though the other stress tensor
components have a finite magnitude. Thus, the focus will be given
on Xgs and Xngs components acting on (101) slip plane
((101) [11 1] system is observed to be activated for these three
orientations under compression loading in MD simulations). The
loading was built up by increasing the coefficients, i.e. 7, A and w,
incrementally beginning from zero. Following each increment, the
simulation box was relaxed. For each scenario studied, either the
[1511], 2031 36] or [0 0 1] compression samples, the coefficients
were increased until the leading partial started to move.

As can be seen in the expressions Eq. (11) to Eq. (13), the [0 0 1]
and [203136] compression samples have non-zero Xygs

. . . /001
components acting on (101) slip plane, i.e. 021[ l0 and

0'2320 31361 0, unlike the [1 5 11] sample in which 0'2[]1 > o, 1tis

worth emphasizing that the compression samples of [00 1] and
[20 31 36] are particularly convenient to study the interplay be-
tween Xngs components and CRSS values for two reasons. Firstly,
the absolute values of the ratios of ygs to s components are very
close for both of the [20 31 36] and [0 0 1] compression samples, i.e.

7, 2031361 15 [2031 361 | 00115/ DO < 0.70. This ratio of 0.70

is considered to be substantial and its effects on CRSS will provide
insight. Secondly, Xngs components are of different signs with
respect to ¥gs components in these two samples. This sign differ-
ence enables us to understand the response of the core structure to
the sense of Yngs components. For these reasons, the core struc-
tures of the leading partials in these three samples were calculated
by MS simulations and visualized by the differential displacement
map technique (DDMT) [32] in Fig. 7 where the [11 1] components
of the relative displacements of the neighboring atoms are pro-
jected on the paper by the arrows drawn between the atoms with
their lengths proportional to their magnitudes. The arrows are
normalized such that an arrow touching the two neighboring

atoms represents a relative displacement of [1/12 [11 1]| magni-
tude. Note that in case of the greater relative displacements, an
integer multiple of |1/12[11 1] is substracted from the corre-
sponding displacement. This is required for the displacements be-
tween the atoms across the APB faults.

Fig. 7 shows the calculated leading partial core structures under
the absence and presence of X\gs and Xgs components. In the
absence of any applied loading, Fig. 7(a), the relative displacements
are calculated to extend over the three {1 1 0} planes in the zone of
the dislocation line, [11 1], similar to the bcc metals [9]. The applied
Ycs component, spreads the core displacements on the fourth
sector among the six 7/3 sectors formed by the {1 1 0} planes (the
first t/3 sector is bounded by (1 0 1) and (1 1 0) planes and extends
towards the right of the figure-the other sectors follow in coun-
terclockwise sense), as can be seen in Fig. 7(c). The superimposition
of a Ings component in the opposite sense of the Peach-Koehler
force exerted by the X¥gs component, promotes this spreading
further, as seen in Fig. 7(b) and decreases the calculated CRSS
magnitude. Reversing the sign of Xygs component as in Fig. 7(d),
extends core spreading on the third sector in [11 1] zone and in-
creases the Ygs value at the instant of glide initiation in compliance
with the experimental CRSS measurements. This evidence indicates
that there is a correlation between the core shapes and CRSS values
to be further interrogated. This point will be discussed in detail in
Results - Discussion.

3. Results — discussion
3.1. Experimental results

The uniaxial stress, ¢, vs strain, ¢, curves obtained from tensile
experiments are reported in Fig. 4. The DIC contour plots, captured
at the instant of slip initiation, are reported in the insets labeled as
A, B and C for the crystallographic loading axes of [00 1], [1 5 11]
and [0 1 1] respectively. The activated slip systems are included in
Table 2. The results indicate that the [0 0 1] sample fails due to
cleavage just after the slip activities were detected. However,
[1511] and [0 1 1] orientations show uniaxial strains over 4% and
2% respectively. During unloading, these orientations also exhibit
superelasticity.

The ¢ — & curves of compressive loading experiments are shown
in Fig. 5. Under compressive loading, [0 0 1] orientation has the
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Fig. 4. The uniaxial tensile stress vs strain curves of DO3-Fe3Al samples oriented along the three different crystallographic loading directions. The DIC images show the nucleation of

slip at locations A, B and C on the curves.

Table 2
Active slip systems are tabulated for both tension and compression.

[001] [1511] [011]

10111

10111

Tension
Compression

AT 11
(101)[A11]

2111117
211)[111]

highest CRSS of 291+2 MPa. The [1 5 11] and [0 1 1] compression
samples exhibit superelasticity upon unloading similar to the ten-
sile loading. Unlike the other two orientations, the activated glide
plane does not coincide with the MRSSP for the [0 0 1Jcompression
sample. Though (1 12)[1 1 1] system is favored in Schmid Factor
analyses, the observed slip traces indicate that the activated system
is (10 1) [11 1]. This phenomenon is a slip anomaly as Schmid Law
asserts the coincidence of the active glide plane and the MRSSP [3].
This slip anomaly stems from the fact that the faults in the core
region of the partials split along the {110} family planes and
transform under the corresponding applied stress in such a way
that partials prefer gliding along {1 1 0} planes instead of gliding
along the antitwinning direction on {11 2}. The lower energy
barrier value for the leading partials, Y"S, on {110} planes also
eases this glide plane preference of the partials as reflected on the y
curves in Fig. 3. The observed slip behavior indicates that applied
stress tensor components play a very significant role on the nature
of the sessile to glissile transformation of the dislocation core
structure. We will address this point later as we visualize the
leading partial core structures by DDMT at the instant just before
the slip initiation.

As [01 1] and [0 0 1] tensile loading orientations favor slip along
antitwinning and twinning directions in the absence of a Iygs
componenton (21 1) and (T 12) planes respectively, the differential
of CRSS magnitudes in these two orientations gives the quantitative
measure of TA slip asymmetry along {112} <11 1> systems. This
asymmetry corresponds to 46+3 MPa. For [1 5 11] orientation, CRSS

values are equal in tension and compression within the experi-
mental error margin. Thus, there is no CRSS magnitude differential
between tension and compression for this orientation and Schmid
Law holds in the absence of Zygs components on (1 0 1) glide plane.
As the presence of ¥ygs components are known to induce deviations
from Schmid Law for pure bcc metals [52], a similar tendency is also
expected for DOs3 structured alloys. In compliance with this ten-
dency, the [0 0 1] compression sample constitutes an example of
non-Schmid behavior. The CRSS differential between the [0 0 1] and
[1511] compression samples is measured to be 56+2 MPa even
though (1 0 1) [11 1] system is activated for both orientations. In this
case, ¥ngs components are substantial to induce significant changes
in the transformation path of core structure from sessile to glissile
configuration. Thus, the CRSS differential between the [0 0 1] and
[1511] compression samples indicates that the Xygs components
are as important as the TA slip asymmetry on the anisotropic glide
resistance of DOs3-FesAl. Though MS simulations were utilized to
understand the underlying mechanism of this CRSS differential as
will be presented later in the text, even these experimental mea-
surements reveal that Yygs components affect the shearing di-
rections between the atoms in the partial core zones. As a
consequence of this Zygs effect, the change of the core structure in
the [0 0 1] compression sample is likely to be reflected as a CRSS
increase compared to the [1 5 11] sample.

3.2. Theoretical results

The theoretical CRSS values on the glide plane evaluated from
the modified P-N analyses are shown in Fig. 6. As can be seen, the
theoretical CRSS values are in close agreement with the experi-
mental measurements. For comparison purposes, the CRSS values
from the uniaxial compression experiments reported in Ref. [25]
are also included in Fig. 6 with the theoretical values evaluated
by the modified P-N formalism at the pertinent y values. It is noted
that the results added from the literature are more difficult to
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Fig. 5. The uniaxial compression stress vs strain curves of DOs3-Fe;Al samples oriented along the three different crystallographic loading directions. The DIC images show the

nucleation of slip at locations A, B and C on the curves.

establish precisely at the onset of slip because conventional
displacement measurements at macroscale as opposed to at local
scale was undertaken.

The question of the relationship between the core structures and
the Yngs components naturally arises as CRSS values differ signifi-
cantly even at the same observed glide system for the [1 5 11],[0 0 1]
and [20 31 36] compression samples. To that end, MS simulations are
conducted for these samples to further analyze the relative dis-
placements at the leading partial core zones. In that regard, the core
structure of the leading partial in the unstressed crystallite is shown

in Fig. 7(a). It is seen that the largest displacement differentials are
confined on (101), (110) and (011) planes introducing three
fractional dislocations on {1 1 0} family planes. Following references
[53,54], it is to be noted that the fractional dislocations are separated
by the generalized stacking faults that have non-constant fault vec-
tors along their width, unlike the partial dislocations which are
separated by a stable stacking fault ribbon with a well-defined fault
vector which is imposed by the local minima on the GSFE curve.
Though the core structure has threefold rotation symmetry around

[11 1] screw axis (triad symmetry), it is not invariant under <1 10>

T T T T T T
. @ Compression Experiment-This Study
g 300 @ Tension Experiment-This Study [3 6 31
<= <& Compression Theoretical-This Study O %
n & Tension Theoretical-This Study [00 1]
gf) © Compression Experiments [25] (i2 18]
) ompression Experimen 8
o
173 194
o 2501 [ ]
7 @ § [011]e
g © © <& ‘ [ 5 4]
19 30 48

f; © [ ] [1511]
3 %{01 1]
>
= [20 31 36] P
@ 200 T1001] i -
Q
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.5
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MRSSP % (Degrees)

Fig. 6. CRSS values measured in the experiments and evaluated from the modified P-N formalism are shown. The CRSS values attained from the uniaxial compression experiments

reported in Ref. [25] are also included for comparison.
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Fig. 7. (a)to (d): The relative displacements among the atoms on the three adjacent (T 1 1) planes in the core regions of the leading 1/4(T 1 1] superpartials are shown. Only the relative
displacements parallel to [T 1 1] are considered. The arrows are normalized so that an arrow touching both atoms is of magnitude: |1/12([T 1 1]|. The differential displacements greater
than |1/24(T 1 1]| are emphasized by red coloring. The atoms located on the same (T 1 1) plane are colored the same. The black triangle indicates the initial position of the dislocation line
which is located at the geometric center of the triangle surrounded by three [1 1 1] atom rows. (a) shows the unstressed core configuration which is composed of three fractionals
splittingon three {1 1 0} family planesin [T 1 1] zone. This core structure is notinvariantunder <1 1 0> diad symmetry operation though it exhibits threefold screw rotation symmetry.
The configuration in (b) shows the core structure for the [20 31 36] compression sample just before glide motion. Under the combined effects of the £¢s and Engs components, the
displacements are concentratedon (1 0 1) and (1 1 0) planes in a zig-zag fashion. This core structure corresponds to the lowest CRSS value among the three configurations under applied
shear stresses in this figure. The core structure in (c) corresponds to the [1 5 11] compression sample which is not subject to a ¥ygs componenton (1 0 1) glide plane. In this configuration
the displacements are concentrated along (10 1) and (1 1 0) planes similar to the [20 31 36] compression sample but to a smaller extent. (d) shows the core structure in the [0 0 1]
compression sample just before gliding under the effect of both g5 and Engs components. The relative displacements of the neighboring atoms are concentrated on (1 0 1)and (0 T 1)
planes. This core structure corresponds to the highest CRSS magnitude. The shearing of {1 1 2} planes along the antitwinning direction and the elastic coupling between Zygs and GS
strain are decisive on the higher glide resistance calculated in the [0 0 1] compression sample. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

diad symmetry operation which is composed of the consecutive re-
flections in the (11 1) and (1 21) planes respectively [55]. Due to the
lack of the <1 10> diad symmetry, there exist two energetically
equivalent, i.e. degenerate, core configurations. These degenerate
configurations are related to each other by the <11 0> diad sym-
metry operation. The existence of the degenerate core configurations
for the 1/4[11 1] leading partial core in DOs structure exhibits
similarity with the 1/2<1 11> dislocation core structure in pure
bcc metals evaluated utilizing central-force interatomic potentials
[9,32,56]. At this point, it is worth emphasizing that the unstressed
core structures are dependent on the nature of the interatomic forces
considered as the core structure calculations in pure bcc metals based
on the tight binding Bond-Order Potentials [55,57], ab-initio DFT
[58,59] and many body EAM potentials [60—62] indicate that the
differential displacements are evenly split on {110} planes
conserving both triad and diad symmetries.

The core structure of the leading superpartial dislocation in the
[20 31 36] compression sample is shown in Fig. 7(b) just before the
glide motion as w coefficient in Eq. (13) attains a value of 920 MPa. It
is worth emphasizing that the stress components extracted directly
from the MS simulations are higher compared to CRSS values
evaluated within the framework of the modified P-N model and the
experimental measurements. This trend stems from the fact that
the MS simulations do not encompass the temperature effects
unlike the MD simulations employing Nose’ — Hoover thermostat
algorithm and the room temperature experimental measurements.
As can be seen in Eq. (13), this sample is subjected to both g5 and
Tngs components along [11 1] and [121] respectively. For this
sample, unlike the unstressed configuration, the trailing fractionals

on (110) and (011) contract and the leading fractional extends

over the (10 1) planes in a zig-zag fashion forming a 4-layered
(211) fault. This fault shears the {11 2} planes along the twin-
ning direction. Further increase of w causes the center of the leading
partial translate a distance of 1/6 [1 2 1] in (10 1) plane.

The [15 11] compression sample is subjected only to a Igg
component along [11 1] and the core structure just before glide
motion, as n coefficient in Eq. (11) attains a value of 1080 MPa, can
be seen in Fig. 7(c). The applied Xc5 component causes the leading
fractional extend in a zig zag fashion along {1 1 0} family planes
and form a 3-layered (2 1 1) fault which shears the {1 1 2} planes
along the twinning direction, similar to the [2031 36] sample.
Consequently, the relative displacements are concentrated on
(101)and (11 0) planes. The absence of a ygs component along
[121], unlike the [2031 36] compression sample, increases the
critical £gs magnitude required to translate the dislocation center

(|0 203 36]‘ —368 MPa and o} ° “]} — 540MPa). This behavior

complies with the qualitative trend observed in the CRSS values
predicted by the modified P-N formalism. Further increase of 75

induces a translation of the dislocation center by 1/6 [1 2 1].
The [00 1] compression sample is subjected to both a XIgg

component along [111] and a Zngs component along [12 1], in

opposite sense with 0/21[20 31361 The core structure of the leading
partial in this sample just before glide motion, as A coefficient in Eq.
(12) attains a value of 1430 MPa, can be seen in Fig. 7(d). The
relative displacements are concentrated on (1 0 1) and (011) planes
in a zigzag fashion producing a 4-layered (1 12) fault. The presence
of a Yngs component favoring the formation of faults shearing
{11 2} planes along the antitwinning direction is reflected on the
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Fig. 8. The shearing displacements, u; NGS and uf GS,on (10 1) glide plane due to Engs and g5 components respectively are illustrated for the [20 31 36] and [0 0 1] compression
samples. These shearing displacements sharing the opposite/same sign increases/lowers the CRSS magnitude required to introduce a disregistry of b magnitude which is equal to u’fRSS.

magnitude of the critical £55 magnitude, i.e.

/001]] _
039 1| = 710 MPa.

The shearing of {1 1 2} planes along antitwinning/twinning di-
rections in response to the core displacement extensions on {1 1 0}
planes is the predominant mechanism prevailing on the CRSS
magnitudes. In addition to non-planar core transformation mecha-
nisms, anisotropic Xygs and GS strain coupling also contributes to
CRSS values. Within the framework of the elastic anisotropy, the

applied homogeneous GS strains, i.e. 8'2[320 3136 and ¢! [0 o1 for the

(00 1] and [20 31 36] compression samples are dependent on both

Scs, i.e. 0’2[320 3136 and 03 001 and Encs, ie. 0’21[20 3136 and ¢ 0 01
components as in expressed in Eq. (15) and Eq. (16):

20 31 36 /[20 31 36] /[20 31 36
e | = 2855010 + 285323053 ) (15)
6/2[(3J 01] _ 283910 /[0 1, 25}, 012[(3) 01] (16)

where S,3,, and S),;,, are equal to -2.02 x 1072 GPa!
and +3.57 x 1072 GPa~! respectively. In DO3-Fe3Al, though the
component S),4 is positive, the elastic anisotropic shear coupling
component S,,,, relating the ygs component and GS strain, is
negative. To a first order approximation, the applied homogeneous
GS strain inside the simulation box just before the glide motion can
be related to the critical resultant glide shearing displacement on
(101) glide plane, u;®SS, composed of u3 5 and u5 N©S, as illus-
trated in Fig. 8 for the [0 0 1] and [20 31 36] compression samples.
As the applied strain tensor components, 82[0 01l and &, 20 3138 are
constant inside the designated simulation box of prlsmatic shape,
the displacements can be evaluated by integration with respect to
X, coordinate complying with the derivation in Appendix B
(u OBSS = p = uj @10, 0)+Higher Order Terms = uj ©%@(0,0)).
The negative value of S5,; causes the shearing displacement uy NG5
to have an opposite sense with respect to u'3 GS in the [001]
compression sample. Thus, to create an atomistic disregistry of one

Burgers' vector magnitude, b, in accordance with P-N model [31];
u3 S5 is to be greater than b because of the opposing effect of u; N¢S
(u5 O + uj NS = b). The requirement for the greater magnitude of
u3%5, contributes to the higher CRSS magnitude in the [001]
compression sample compared to the other orientations. The same
mechanism can also lower the CRSS magnitude if the sense of Zygs
component acting is reversed and u3 NS and u; ¢S have the same
sign. This is exemplified in the lower CRSS value evaluated for the
[20 31 36] compression sample. The intermediate CRSS magnitude
for [1 5 11] compression sample in which Xygs component is ab-
sent, also complies with this conjecture. This GS strain and Zygs
component interaction prevailing upon the CRSS magnitudes has
been proposed previously for bcc and B2 ordered alloys [10,63,64]
though it has been observed for the first time in a DO3 ordered alloy
within the framework of the experimental measurements and
atomistic scale calculations presented in this work.

3.3. Comparison of results with other bcc metals and ordered B2 &
DOs ordered alloys

The quantitative extent of the Xycs component effect and the TA
slip asymmetry in pure bcc metals and bcc-based ordered alloys
show large variations depending on the electronic configuration,
temperature, order and composition characteristics of the materials
[3]. To that end, the experimental CRSS values on the active glide
system of some bcc and bcc-based ordered alloys are tabulated in
Table 3 with the measurements on DOs3-FesAl from this study
included. As can be seen from the data tabulated at room temper-
ature, the magnitude of the non-Schmid effects are material
dependent. Among the pure bcc metals, the measured CRSS values
for o-Fe and Ta are observed to obey Schmid Law although signif-
icant differences are observed for W and Mo. These deviations from
the Schmid Law observed in W and Mo are common for Group VIB
transition materials in Periodic Table [7] and are associated with
the asymmetric GSFE cross section and the tendency of the edge
character-fractional formation inside the dislocation core

Please cite this article in press as: S. Alkan, H. Sehitoglu, Non-Schmid response of FesAl: The twin-antitwin slip asymmetry and non-glide shear
stress effects, Acta Materialia (2016), http://dx.doi.org/10.1016/j.actamat.2016.12.019




S. Alkan, H. Sehitoglu / Acta Materialia xxx (2016) 1-17 1

Table 3

CRSS values measured on the active glide systems of {110} <111> or {112}<11 1> are tabulated with y = +30° under tension and compression based on the data
available in the literature for pure bcc metals and bec-based ordered alloys including DOs-FesAl from this study.

Tension Compression

x = +30° x = —30° x = —30° x = +30°
W (293 K) [69] 110 MPa 95 MPa 132 MPa
Ta (293 K) [70] 70.5 MPa 70.5 MPa 47 MPa 47 MPa
Mo (293 K) [71] 54.5 MPa 31 MPa 101.5 MPa 37 MPa
Nb (293 K) [71] 24.5 MPa 20 MPa 17 MPa 22 MPa
a-Fe (298 K) [72] 14.5 MPa 14.5 MPa
B2-FeAl (300 K) [66] 320 MPa 360 MPa
B2-B CuZn [73] 23 MPa 25 MPa
B2-f Brass (297 K) [74] 45 MPa 45 MPa
DO3-FesAlg sSio2 (293 K) [28] 430 MPa 325 MPa
DOs-FesAl (This Study, 293K) 251 MPa 203 MPa 210 MPa 292 MPa

interacting with Xygs components. The d-orbital anisotropy
observed in transition metals has been proposed to be the reason
behind this behavior [65].

Among the B2 and DOs structured alloys studied with active
glide systems of either {110} <111> or {112}<111>; B2-
FeAl [66], DO3-Fe3AlggSip2 [28], DO3-FesAl (this study) show the
largest deviations from the Schmid behavior, as tabulated in
Table 3. Though a solid explanation for the different discrepancies
measured among these alloys is difficult as their CRSS values are
reported by the different research groups and the mechanical
properties of these ordered alloys are highly sensitive in ordering/
heat treatment and local chemical effects, the extensive non-
Schmid behavior in these iron aluminides can be attributed to the
elastic anisotropic coupling and charge transfer mechanisms
accompanying p-d orbital hybridization effects between Al and Fe
in B2-FeAl [63] as also seen in DOs-Fe3Al and DOs-FesAlggSig 2
[67,68]. The orbital hybridization stems from the overlap of
d orbital electrons in Fe with p orbital valence electrons in Al and
attributes directionality and strength on the bonds between Fe and
Al This bond structure between Fe and Al is not observed in B2-3
CuZn or B2-f brass alloys in which metallic bonding is dominant.

It is worth commenting on the temperature depency of the non-
Schmid yield behavior. The non-Schmid phenomenon is a function
of the electronic configuration and the bonding character of the
transition metals and intermetallics owing to the partially filled
d orbitals [75—77]. As addressed in the recent works of Lim et al.
[36] and Patra et al. [78], some of the intermetallics and transition
elements, such as f CuZn, B Brass, Nb and Ta, are known to exhibit
strongly anisotropic yield behavior at 77 K [3,74]. However, at room
temperature it has been generally assumed that non-Schmid
behavior is negligible. Among the materials shown in Table 3, the
transition elements located in Group VB in the periodic table, i.e. Nb
and Ta, are known to exhibit small antitwin-twin asymmetry in
addition to the weak tendency of interaction with the applied non-
glide stress components based on their radially symmetric y sur-
face topology [7]. Similarly, the charge density maps of a— Fe [79], B
CuZn and P Brass [80] exhibit weak directionality. Therefore, in
these materials, the non-Schmid behavior is expected to be rather
small at room temperature compared to 77 K owing to the onset of
thermally activated glide mechanisms [81—84].

On the other hand, in the case of Fe3Al the d orbital of Fe (3d°
4s%) overlaps with the p orbital of Al (3s® 3p!) and this interaction
results in strong and directional p-d hybridization effects [68].
Therefore, FesAl class of intermetallics (including FesAlggSip2
shown in Table 3) exhibit very strong non-Schmid behavior at 293 K.
Dislocation configuration change (from uncoupled to coupled par-
tial dislocation behavior) can occur above 373 K [23] for FesAl and
can limit the non-Schmid effects. However, as stated earlier, the
effect is very prevalent in a wide temperature range of 77 K—293 K
(based on our experimental works at 293 K and additional data at

77 K). Similarly, the strong covalent character bonding in Mo (4 d°
5s1), owing to the half filled d-orbitals [57,85], is observed to have a
prominent contribution to the non-Schmid behavior at 293 K. In
summary, the results underscore the competing roles of the
bonding directionality dominating at low temperatures and the
thermally activated (kink pair and cross-glide) mechanisms oper-
ating at elevated temperatures. It would be worthwhile to check
other intermetallic alloys to assess their propensity for displaying
non-Schmid effects at finite temperatures in future works.

The elastic anisotropy of DO3-Fe3Al, which is also reflected on
Zener's shear elastic anisotropy ratio with a value of 7.1 [21], has
considerable effects on the MS calculations, especially at the stage of
creating a dissociated superdislocation inside the delineated simu-
lation box. The implementation of the anisotropic screw dislocation
displacement fields as an initial condition is of paramount impor-
tance for the accurate determination of atomic sites. The isotropic
screw dislocation displacement fields [31]| are observed to be
insufficient as both elastic properties and APB energies of DO3-Fe3Al
are highly anisotropic. In that regard, the use of isotropic fields leads
to the creation of an additional Burgers' vector of finite magnitude
normal to the glide plane as also reported in the literature [19]. In
contrast with the simulation results benefitting from the isotropic
elasticdisplacements, the Transmission Electron Microscope studies
conducted on DOs-Fe3Al show that the deviation of partial slip
vectors from 1/4<111> are insignificant (e.g. reported as
0.0014 nm for NNNAPB faults) [86]. We observed that the aniso-
tropic displacement fields help minimize the undesired, relaxation
induced deviations in the slip vector with an achieved additional
Burger's vector magnitude of 0.06 b(b =1(1/4<111>])only.

3.4. Transition to continuum scale

The physical mechanisms introducing non-Schmid plastic
behavior at atomic scale have significant implications on the con-
tinuum scale yielding behavior of bcc structured metallic materials
as also reflected in our experimental measurements. In that regard,
construction of a crystal plasticity model encompassing TA slip
asymmetry and Xygs component effect necessitates the modifica-
tion of the conventional yield criterions which are only Xgs
component dependent and equivalent to Tresca criterion.
Following the pioneering study of Qin and Bassani [33], these non-
Schmid effects are considered in the literature by a generalized
yield criterion which is composed of a linear relation between the
shear stress components on the {1 1 0} planes intersecting along
the <11 1> slip vector and an effective, glide plane dependent
critical stress level [34—36].

By implementing second order stress tensor transformation
rules and neglecting the effect of hydrostatic stress on the slip, it
can be shown that considering any two of these three {110}
planes is sufficient to generate the generalized yield criterion under

Please cite this article in press as: S. Alkan, H. Sehitoglu, Non-Schmid response of FezAl: The twin-antitwin slip asymmetry and non-glide shear
stress effects, Acta Materialia (2016), http://dx.doi.org/10.1016/j.actamat.2016.12.019




12 S. Alkan, H. Sehitoglu / Acta Materialia xxx (2016) 1-17

Table 4

The fitting parameters of the generalized yield criterion for the {11 0} <111 > glide systems: ay, ay, as and 7, for are tabulated for DO3-Fe3Al (at 300 K) in comparison with Mo
and Ta (at 0 K) and W (at 77 K) reported in the literature [34,36]. 7;, values are normalized with respect to the corresponding Cj;, values in the pertinent crystallographic

frames.
Material Glide System a a as 7o /Ci212
DOs-Fe3Al (300 K)* (101)[111] 0.30 -0.25 0.07 0.002
Mo (0 K) [34] (T 01 [111] 0.24 0 0.35 0.027
Ta (0 K) [34] o111 0 0.56 0.75 0.028
W (77 K) [36] {111} <111> 0.15 0.05 0.01 0.002
¢ This study.

a general 3-D external stress state. Adapting it to the nomenclature
used in this paper, the generalized yield criterion for any active
glide system can be written as:

CRSS + a; CRsS O3 T/3) | o
cosy, (17)
T Cos(2y +m/6) -
3<~NGS Sin ZX — 'cr

where aq, a3, a3 and ¢, are adjustable fitting parameters that are
determined from the CRSS values predicted by the modified P-N
formulation and the corresponding Xygs components (based on the
stress state in X; —Xp —x3 frame) in this study. The terms
CRSS/cosy and ZXngs/sin 2y represent the GS and NGS stress
components acting on the neighboring {1 1 0} glide plane making
an angle of 60° with the active glide plane in the slip vector zone. At
this point it is worth emphasizing that for ¢ =0, the term
InGs/sin 2y is equal to zero as can be shown by coordinate frame
transformation.

As our main purpose is to demonstrate the multiscale effects of
non-Schmid glide behavior in DOs-FesAl, obeying the generalized
yield criterion given in Eq. (17) can be regarded as the first step for
the construction of a prospective crystal plasticity model informed
by the modified P-N formalism or the continuum scale experi-
mental measurements within the framework of non-associated
flow. For this purpose, the critical values of the components Xgs,
i.e. CRSS, and X\gs at the instant that the glide motion initiates
were employed for the compression samples of [20 31 36],

[19 3048],[1511], [1210], [3631], [00 1] and the [1 5 11] tensile
sample. It is noted that the common active glide system for these
samples is (101) [T11]. CRSS values were attained from the
modified P-N formalism and the corresponding Xngs values were
evaluated by transforming the corresponding uniaxial stress tensor
in X; — X, — X3 frame to x; — X, — X3 as shown in Appendix A. For
this derivation, the pertinent 7y values of these samples were

Table 5

The CRSS values predicted from the modified P-N, the generalized yield criterion and
the experimental measurements are compared for the enlisted compression (C) and
tension (T) samples.The experimental values from this study and the reported values
in the literature [25], distinguished with an asterisk sign *, in the literature are also
included for comparison purposes.

DOs-FesAl Modified P-N CRSS  Generalized yield criterion ~ Experimental
sample (MPa) Eq. (9) CRSS (MPa) Eq. (17) CRSS (MPa)
[203136] 228 239 237*

C
(193048] 236 234 249*

C
1511]C 243 240 234, 249*
1511 T 240 240 230
1210 C 268 270 262*
3631]C 292 290 281*
oo1cCc 297 293 292

extracted from Fig. 6. The calculated parameters are tabulated in
Table 4 with the reported values for {110} <11 1> systems for
Mo, Ta, and W in the literature [34—36].

The CRSS values calculated from the modified P-N formalism in
Eq. (9), generalized yield criterion of Eq. (17) and measured from
the experiments are tabulated in Table 5 for the pertinent samples.
The close agreement present between these enlisted values reveals
that the generalized yield criterion is capable of predicting the CRSS
values attained from the modified P-N formalism within excellent
agreement. This agreement has the following significant imple-
mentations: (i) yield criterion for a specific glide system in DO3-
FesAl can be constructed by a linear, homogeneous function of
stress tensor components as proposed, including both X¢g and Zncs
components. (ii) CRSS and the corresponding Xngs values evaluated
by an atomistically-informed, robust computational framework, i.e.
the modified P-N formalism, can predict the continuum scale
yielding behavior of DOs-FesAl. At this point it is worth empha-
sizing that even though we employed modified P-N predictions to
conduct the fitting procedure, the predicted CRSS values from the
generalized yield criterion also show very good agreement with the
experimental measurements corresponding to the
active(101) [11 1] glide system. This indicates the supremacy of
the high magnification, in situ DIC measurements in pinpointing the
CRSS values compared to macro-scale measurement techniques.

Extension of this generalized yield criterion for varying 3-D
stress states promoting the activation of different glide systems
induces significant asymmetries in the shape of convex yield hyper
surface in the principal stress space owing to the TA asymmetry and
InGs component effects [34,35,41]. The effects of non-planar core
structure of screw dislocations are not only limited with the non-
Schmid character of the yield surfaces. The proposed crystal plas-
ticity models [34,87] demonstrated that the non-associated flow
accompanying the non-Schmid yield behavior has an intensifying
effect on the slip localization. However, the post yielding effects of
non-planar core structures of screw dislocations are yet to be un-
derstood comprehensively and further efforts in this area would be
of great interest for the scientific community. Another possible
extension of the work is to evaluate shape memory alloys (which
range from B2 to DO3 structures in the austenite phase) that could
potentially have the propensity for non-Schmid effects.

4. Conclusions

In this work, the non-Schmid effects governing the plastic
deformation of DO3-FesAl single crystals are interrogated by mak-
ing a distinction between the twin-antitwin symmetry (TA effect)
and the role of X\gs components (NGS effect). Following conclu-
sions are drawn from this work:

(1) The glide resistance in {1 12} planes in DO3-Fe3Al exhibits
TA slip asymmetry. Slip in antitwinning sense is measured to
be harder than the twinning sense.
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(2) The presence of Ings components is a major factor in non-
Schmid behavior of DO3-Fe3Al.

(3) The theoretical CRSS values calculated utilizing MD simula-
tions in modified P-N framework exhibit close agreement
with the experimental measurements.

(4) MS simulations showed that the core structure of the leading
superpartial dislocation, with screw character, in unstressed
DOs3-FesAl crystallite is composed of three fractional dislo-
cations split asymmetrically along the {11 0} planes. The
stressed core configurations are calculated to extend over
{110} planes by creating multilayered shear faults. The
samples with the faults shearing {1 1 2} planes in the slip
vector zone along twinning/antitwinning direction under
the applied Xjgs are observed to have a lower/higher
calculated CRSS magnitude compared to no-Incs
orientation.

(5) The elastic-anisotropic Xygs and GS strain coupling related to
the elastic compliance tensor components is calculated to
have a prevailing effect on the CRSS values calculated. This
calculated coupling suggests that the anisotropy of the elastic
constants may ease or harden the screw partial glide. Thus,
CRSS values in DOs3-FesAl, are dependent on both shear
stresses acting on the glide plane, ¥¢s and Xygs, and GS
strain.

(6) The generalized yield criterion encompassing both ¢ and
YnGs components is demonstrated to predict CRSS values in
very good agreement with the modified P-N formalism and
continuum scale experimental measurements. This is an
inspiring step towards a prospective crystal plasticity model
bridging both atomistically-informed methods and macro-
scale deformations in a material exhibiting non-Schmid
plastic behavior such as DOs-FesAl.
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Appendix A

In the representation of the material constants, crystallographic
orientations of the single crystals and the applied loading; three
coordinate frames are used. These are: DOs3 crystal frame, X; — X, —
X3 and x; — Xy — X3 coordinate frames as shown in Fig. A.1. DO3
crystal frame base vectors e;, e, e3 are equal to
[100], [010], [001] DOs lattice vectors. The orthonormal, right
hand coordinate frame X; — X, — X3 is oriented such that the axis
X5 is coincident with the line of action of the uniaxial load vector,
i.e. [p q 1] direction in DO3 coordinate frame, and X3 axis is normal
to the sample surface on which DIC pattern is implemented.
X1 — X5 — X3 frame is employed throughout the experiments and
MD simulations. The unit basis vectors of X; — X, — X3 frame are e;,
€, and e}. Among these three basis vectors, €; and €} are tabulated
in Table A.l. Finally, x; — X, — X3 is an orthonormal, right hand
coordinate frame attached to the simulation box frame and
employed in MS simulations. The unit basis vectors of x; — X, — X3
frame, €, e;, e;; are set parallel to [121], [101] and [T 1 1] di-
rections in DOs3 crystal frame.

[Pqr] X, Q

[010]

: R

® Fe
a2A [100]

Fig. Al. X; — X3 — X3 and X; — X3 — X3 frames are illustrated with the DO3 crystallo-
graphic frame. X; — X, — X3 frame attached on the experimented sample is oriented
such that X, coincides with the line of action of the uniaxial loading (parallel to [p q ]
direction in DO5 crystal frame) and Xj is parallel to the normal of the surface on which
the deformation is tracked by DIC. x; — x, — x3 frame is oriented such that x, and x3
are set parallel to the directions [1 0 1] and [1 1 1], denoted in DO3 crystal frame. The
coordinates with respect to x; — X, — X3 frame are determined by transforming the
coordinates in X; — X; — X3 frame by the transformation matrix:[Q] and from the
coordinates in DO5 crystal frame by the transformation matrix [R].

Table A1

The unit basis vectors e; and €} corresponding to [00 1], [1 5 11], [0 1 1], [20 31 36,
[19 3048], [1 210], [3 6 31] samples are tabulated with respect to the DO5 crystal
coordinate frame. Note that the third basis vector e} is equal to the cross-product of
e, and €} vectors.

Loading direction e, 123

[001] 1VZ (110 [001]
[1511] 1/VI22[11 01] 1/V147 [1511]
011 100 1/v2 [011)
20 31 36 1/V106 (9 05] 1/v/2657 2031 36]
[19 3048 1/v89[085] 1/V/3565 [19 3048)
[1210] 1/V5 [210] 1/V105 [1 210]
3631] 1V5 2 10] 1/v/1000 [3 6 31]

As a notation convention, ith component of any vector T will be
denoted as T;, T/ and T; with respect to DO3 crystal, X; — X — X3
and X; — X, — X3 frames. Similar nomenclature will also be fol-
lowed for the matrices and the tensors of any degree. Unless
explicitly addressed, the subscripted indices will get the set of
values 1, 2, 3 and 1, 2 for the Latin and Greek letters respectively. We
shall use Einstein summation convention over the repeating
indices.

The external stress tensor, o, corresponding to the uniaxial
tensile load of magnitude ¢ parallel to X; in X; — X; — X3 frame can
be written in matrix notation as in Eq. (A.1).

000
[6]=1]0 o 0 (A1)
000

The components of ¢ tensor, o, in X; — X, — X3 frame, are

transformed to x; — X, — x3 frame by the second order tensor
. " T . .

transformation rule of agj = [Qlik0y[Q];; where [Q] is the coordinate

transformation matrix from X; — X, — X3 to x; — X, — X3 frame and
the superscript [T indicates the transpose of the given matrix
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expression. [Q] is written as:

e ee] € eé) e1 YA
Q= |eyee] e,ee; e,ee] (A2)
e;e€] eje€) ejee)

where (o) represents the vector dot product operator.

The second order external/applied stress, &, and strain, , tensors
are related by the fourth order elastic stiffness, C, and the compli-
ance, S, tensors with their pertinent symmetry properties [88]. In
DOs crystal frame, the relations between o and ¢ are written as in
Eq. (A.3) and Eq. (A.4):

0ij = Gijki€ki (A3)

&ij = Sijli0ki (A4)

The components of C tensor are reported in Ref. [21] with
respect to DOj3 crystal frame as: Cy111 = 165 GPa, Cq132 = 125 GPa,
Cy212 = 142 GPa. Given the components of C tensor, the compo-
nents of S are evaluated utilizing the Voigt Notation in which C
tensor is represented as a 6 x 6 symmetric matrix, [C]. In this no-
tation, the following replacements are made on the indices: 11 —1,
22—-2,33-3,23-4, 13-5 and 12—6 (e.g. Ci222 = [Clgy)- The
inverse of [C] is equal to [S] as follows:

s =

where []7! is the matrix inverse operator. The components of the
symmetric matrix [S] are related to the components of S tensor as in
Eq. (A.6) [88].

(A.5)

S = Sijla for m and n <3
[s}mn = ZSijkl for m or n>3 (A.6)
(STmn = 4Sijul for m and n>3

Following the transformation rules for a fourth order tensor, the
components of C andS tensors with respect to x; — X, — X3 frame
are evaluated as follows:

Ciikt = [R];p[R]jg Rl [R];5Cpgrs (A7)

ykl [R] ip [R] liq [R} kr [R] lsqurs (A-8 )

where [R] is the transformation matrix from the DOs crystal frame
to X; — Xy — X3 frame and written as:

e ee e1 o€, e1 ee3

R] = | eyee, e2 o€, e2 ee€3 (A.9)
€300 83092 63093

Appendix B

The core structure of the leading superpartial in [1511],
2031 36] and [00 1] compression samples were calculated by
employing MS simulations as explained in the previous sections. To
that end, the four superpartials were inserted inside the pristine
crystal by introducing the displacement fields of these straight
dislocations, each with strength b = |b| = ,on all of the
atoms inside the simulation box. Our main goal in this section is to
summarize the solution methodology we implemented in evalu-
ating these displacement fields based on the anisotropic elasticity
methods [29—31]. Throughout this section, the formulations will be

given with respect to the local coordinate frame attached to the
simulation box with x; — X, — X3 axes parallel to [T 2 1], [1 0 1] and
[T 1 1] respectively. The italic variables x,y and z represent the co-
ordinates along x1,X; andxsz axes respectively. The partial differ-
entiation of any expression with respect to x;, i.e. 8()/dx;, will be
shown as ().

In linear elasticity, the components of stress tensor ¢ can be
related to strain tensor € based on the expression in Eq. (B.1):
agj = ijk,efd (B.1)
where the strain tensor components, ¢}, are related to the partial
derivatives of the displacement field components u;, and u; by:

1
=7 <“7<,1 + Ufk) (B.2)

On the other hand the stress components agj satisfy the equi-
librium conditions as follows:

/ f—
oijJ-fO

(B.3)
Plugging the expressions in Eq. (B.1) and Eq. (B.2) into Eq. (B.3)
and considering ¢';3 3 = 0, indicate that the general solution for the
displacement components u, can be written as:
u, = A f(x+py) (B4)
where f is an analytic complex function and the components of the
displacement vector u are independent of x3 coordinate (e.g.
ou' /ox3 = 0). The components of the constant coefficient vector, A,
satisfy:
(qlkl + PGy + PCigpq +P C12k2>Ak =0 (B.5)

The set of linear equations in Eq. (B.5) have a non-zero solution
for the vector A if and only if the determinant of the matrix
expression in parentheses is zero. This condition is given in Eq.
(B.6).
det|Ciyyy + PChia + Pkt + P*Chajp| = 0 (B.6)

The roots of the sextic expression in Eq. (B.6) have been shown
to be imaginary by Eshelby et al. [30]. As the coefficients of the
sextic expression in Eq. (B.6) are real, the six complex roots must
occur in pairs of complex conjugates. Following the fact that the
displacement components must be real, it is sufficient to consider
only one of each complex conjugate root pairs p, (n = 1,2, 3) since
the complex parts are necessarily cancelled. Note that the repeated
index summation convention is not implemented on n. Each A"
vector, corresponding to py, is obtained by solving Eq. (B.5).

The general solution for f takes the following form given in Eq.
(B.7) when the elastic distortion field stems from the presence of a
dislocation. + indicates that the sign of D" is taken to be same as the
imaginary part of py.

———=l0g(X + pny) + Z Hn(x+pny)™  (B.7)

m=—oo

fx+pny) =5 \/—

The logarithmic expression of the first term on the right hand
side (R.H.S.) of Eq. (B.7) imposes a branch-cut ensuring the multi-
valued nature of displacements across the glide plane in the right
half-space for our Burgers' circuit convention. From a mathematical
perspective, all the terms in the Laurent series, i.e. the second
expression on the R.H.S. of Eq. (B.7), are continuous across the
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branch-cut. Thus, each revolution taken around the dislocation line
relates the coefficient D" with Af, which is the discontinuity in the
values of the function f across the branch-cut. Recalling the relation
in Eq. (B.4) between the displacement components and the
analytical function f, the discontinuities of the displacement com-
ponents can be written in terms of the Burgers' vector components
as in Eq. (B.8). Note that the Burgers' vector of each superpartial, b,

is equal to v/3/4 [0 0 1] in X; — X, — X3 coordinate frame.

Re (B.8)

3
> iA;QD“] = b}
n=1

As there is one D" solution for each root p, and each D™ consists
of both real and imaginary parts, we need six equations to solve for
all D™ values. However, there are only three linearly independent
equations in the set of equations given in Eq. (B.8). Thus, the force
equilibrium conditions are visited for the second set of three
equations.

Considering the condition d¢';3/0x3 = 0 in this derivation and
the symmetry of stress tensor, Eq. (B.3) turns out to be ¢’ agg =0.In
the context of the elasticity theory, the total force vector, F/, exerted
on a two dimensional, simply connected material cross-section
(normal to x3 and the dislocation lines of the superpartials)
enclosed by a closed curve C is given by the following integral
expression:

Fi = [ ajmgac
C

(B.9)

’

where ng are the components of the unit normal vector, n’, to C on
the x1x, plane. Recalling for the general form of f function in Eq.
(B.7) along with the displacement field components in Eq. (B.4) and
plugging them into the expressions of Eq. (B.1) and Eq. (B.2), gives

the stress components, a;-j, as:

3
: 1 /of(x+ of (x +
7 = ZB;}k Ej ( f ( axprIY) Ve f ( 6ypnY)) (B.10)
n=1
where
Bji = Cijia + CijiaPn (B.11)

Evaluating the contour integral in Eq. (B.9) by utilizing the
parametric representation of the complex line integral [89], the
resultant force components, F;, are given as:

(B.12)

3 3
Fi=> BlRe [Z iA}(‘D“}
n=1 n=1

As stated earlier, the sets of equations given in Eq. (B.8) and Eq.
(B.12) were solved together for the real and imaginary parts of D"
with the conditions of F; = 0 imposed (note that the force fields
applied by the other partials and APB faults necessarily sum up to
zero). Having D" and A being evaluated for each partial, the related
displacement components, u'k, due to each partial can be calculated
for each lattice site initially at (x,,¥0,20) coordinates in the perfect
DOs lattice by Eq. (B.13) (Note that the solution is independent of z,
coordinate).

(B.13)

‘l 3
Up(Xo,¥o) = Re | — /T > " ARD™ log(Xo + PnY,)
' n=1

The resultant displacement field vector in the unstressed
configuration, &’ U"stess js calculated by the superposition of the
displacement fields of each individual partial dislocation. After
determining u’ Unstess field, the final coordinates of each atomic
lattice site (x,y,z) are evaluated by Eq. (B.14). Following the oper-
ation of this displacement field as an initial condition into the
system within the framework of anisotropic elasticity, the system is
relaxed by utilizing the Fe-Al EAM potential [38].

(x’y’z) — (x07y07ZO) + (u{] unstress, ulz LlIlS[l’ESS’ u% unstress) (B.14)

Fig. B.1 illustrates the total displacement field along x3 direction
in the unstressed configuration, uj “nstress, around the four super-
partials placed inside the simulation box. As can be seen, uf "nstress
field increases as furthering away from the partial dislocations,
though the gradient increases in the close neighborhood of them.
This localization trend near the dislocation centers indicates that
instead of uf Unstress field itself, the spatial gradient field of it is a
better measure to visualize the core structures both in unstressed
and stressed states. In that regard, even though it is not an im-
mediate substitute for the gradient field, the use of relative dis-
placements between the neighboring atoms near the dislocation
center, as in DDMT, proves itself advantageous for analyzing the
partial core structures.

15

y [nm]

+0.5
, unstress
i u
4lbl
-15 -0.5
0 45 80

-10
X [nm]

Fig. B.1. The superimposed uf 'S displacement fields of the four superpartial
dislocations in the unstressed configuration. The displacements are normalized by the
total Burger's vector, 4b = v/3[0 0 1], in x; — X, — X3 frame.

The applied shear stress components, g5 and Ings are simu-
lated by imposing the corresponding homogeneous strain fields
within the framework of anisotropic elasticity.

For the [p q r] compression sample where [p q 1] is one of the
crystallographic directions: [1 5 11], [0 0 1] or [20 31 36]; the inde-
pendent non-zero shear strains can be written as:

8123[13 aqr _ 25/2321(7/21@ qr 4 25/23230123[;) qr (B.15)

" 41 = 2815105,7 VT 4 28} 1530557 4" (B.16)

where ¢,,°%" and ¢,,P " are the X¢s and Zygs components

respectively in x; — X5 — X3 frame. In the expressions Eq. (B.15) and
Eq. (B.16), the components S,,;, S3,; and S)3,, are equal
to +2.13 x 1072 GPa~!, —2.02 x 1072 GPa™!, +3.57 x 1072 GPa™!
respectively.

Based on the expression Eq. (B.2) relating the strain field and the
displacement field components, the components of the additional
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elastic displacement field, u’/ elastic
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, created due to the applied

loading on the simulation box are as follows:

u elastic(x y 7y — 2X€/21[p a1 (B.17)
u'zelaSﬁC(X,y,Z) -0 (B.18)
ugelasﬁC(X’y’Z) _ 2y8’23[P qr] (B.19)

The total displacement field, ' %! under the applied loading

with respect to the initial perfect DO3 configuration is then given

as:

u total _ u unstress +u elastic

(B.20)

Imposing the total displacement field ' %! the system is

relaxed. This procedure is followed repeatedly until the center of
the leading partial starts to translate.
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