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ORIGINAL REPORTS

P. Kwasniak?, S. Delannoy®, F. PrimaP and E. Clouet®

aMultidisciplinary Research Center, Cardinal Stefan Wyszynski University in Warsaw, Warszawa, Poland; ®Chimie ParisTech, CNRS, Institut de
Recherche de Chimie Paris, PSL Research University, Paris, France; “Service de Recherches de Métallurgie Physique, Université Paris-Saclay, CEA,
Gif-sur-Yvette, France

ABSTRACT

Plasticity of hexagonal titanium-aluminum alloys depends on the solute concentration and the
order state of Al atoms. Development of short-range order (SRO) modifies Al strengthening and
impacts the competition between prismatic and basal slip modes. Using ab initio calculations, we
study the interaction of a screw dislocation with isolated Al atoms and Al pairs in an hcp Ti exist-
ing in short-range ordered Ti-Al alloys. Calculated activation energies reveal pronounced hardening
caused by Al addition for both slip systems, which become competitive. This hardening is enhanced
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for Al pairs, resulting in a reduced plastic anisotropy of Ti—Al alloys with SRO.

IMPACT STATEMENT

Short-range ordering is shown to impact plasticity in ahexagonal Ti-Al solid solution through ab
initio modeling of dislocation interaction withsolute and pair of solute atoms.

1. Introduction

Aluminum, the most widely used alloying element of
titanium, exhibits pronounced tendency for ordering in
hexagonal («) Ti. Ordering occurs in «-Ti-Al alloys con-
taining ~ 6 wt.% or more Al and subjected to long-term
heating at 500—800 °C. It leads not only to the formation
of Tiz Al clusters (o, phase) [1-8], which share the same
underlying hexagonal lattice as the o phase, but also to
short-range order (SRO) in the « solid solution, with the
distribution of Al positions on the hexagonal lattice devi-
ating from randomness. All such ordering phenomena,
either presence of an o, second phase or the develop-
ment of SRO in the o phase, substantially influence the
mechanical properties of the material. Neeraj et al. [9,10]
reported significant improvement of room temperature
creep resistance of Ti-6Al alloy exhibiting order rela-
tive to disordered state. On the other hand, although
nucleation of a3, in general, increases the strength of the
o-Ti-Al mixtures, [2,7,8,11-13] noticeable reduction in

ductility, fatigue resistance and fracture toughness also
takes place [7,8,12,14,15].

Formation of ordered domains induces a ‘wavy to
planar’ slip transition, with the dislocation population
switching from a homogeneous to a heterogeneous dis-
tribution, where planar arrangements of dislocations are
formed [2,7-11,13,16-18]. Localization of plastic defor-
mation in thin slip bands decreases the size of plastic
deformation zones at the head of fatigue crack tips, lead-
ing to a reduction of ductility and fracture toughness
[15]. Extensive experimental observations reveal that pla-
nar slip bands are preferentially localized on prismatic
and basal planes with pairs of 1/3(1210) screw disloca-
tions on the head of the slip band [2,7,9,13,15,18]. Planar
glide and dislocation pairing is attributed to antiphase
boundary (APB), either perfect APB in the ordered o,
compounds or diffuse APB in the « solid solution with
SRO [3,19], formed at the onset of plastic deformation.
APB corresponds to the destruction of the ordered state
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when the crystal is sheared by the slip of a disloca-
tion, thus leading to an extra energy cost responsible for
strengthening. Although slip by a second trailing dis-
location partially restores the favorable distribution of
alloying element, after a small number of slip events, the
state of order is largely destroyed and subsequent dislo-
cations experience negligible friction stress due to order
[3]. In such a mechanism, dislocations located at the
head or inside the slip bands experience different con-
figurations of solutes (ordered and disordered, respec-
tively). However, in both cases, line defects display the
same corrugated form [7,9,13,18,20]. This specific shape
of dislocation lines implies intensive cross slip. Recent
experiments [7] confirm that slip is not fully planar at the
atomic scale but delocalized on several adjacent planes.

These variations of mechanical properties stem from
changes of active deformation modes in these titanium
alloys. The main deformation mode in pure Ti is the glide
of (a) dislocations with 1/3(1210) Burgers vector in
{10 TO} prismatic planes [17,21,22]. With an aluminum
addition, the fraction of prismatic slip decreases in favor
of slip in (0001) basal planes, which is barely active
in pure Ti [2,16,17,23,24]. Recent ab initio calculations
show that the transition from prismatic to basal slip with
the addition of simple metals like Al, In or Sn in titanium
can be understood from the interaction of 1/3(1 210)
screw dislocations with these solute atoms, which induce
a similar energy barrier opposing dislocation glide on
prismatic and basal planes [25-28]. These slip systems
become then competitive with solute addition. Although
solute elements like Al, In and Sn significantly reduce the
energy of basal stacking fault, screw dislocations never
dissociate in (0001) basal planes but remain spread
in prismatic and pyramidal planes [27,28]. As a conse-
quence, simple calculations of interaction between stack-
ing faults and solute atoms are inconclusive to understand
the impact of solute addition on the competition between
the different slip systems which needs to be addressed by
a proper modeling of the dislocation core structure, con-
sidering the energy barrier when the dislocation glides in
the vicinity of solute atoms.

Previous ab initio calculations did not consider any
ordering effect, as they consider a screw dislocation inter-
acting with a single solute atom. In this article, we extend
this work to examine the influence of SRO on prismatic
and basal slip in «-Ti-Al alloy. To this end, the struc-
ture, energy and Peierls energy barrier of 1/3(1210)
screw dislocations gliding along {1010} prismatic and
(0001) basal planes are determined, taking into account
different configurations of solute atoms, which are rep-
resentative of SRO existing in the solid solution. The
purpose is to provide insight on the impact of SRO on

the hardening of prismatic and basal slip systems and on
their competition.

2. Methods

Density functional theory calculations were performed
with the VASP code [29-31] and the full periodic bound-
ary condition approach [32,33] was used to model screw
dislocations. To minimize the solute interaction with its
periodic images, a reasonably large 1152 atoms supercell
with the quadrupolar arrangement of dislocations [34]
was adopted. The simulation box periodicity vectors are
U = 9cey, Uy = 4ﬁa2y and i3 = 4ae,, where a and ¢
are the Ti lattice parameters and éy, Ey, ¢, are the unit cell
vectors along [0001], [01 10] and [2110] directions,
respectively [28]. The electronic structure of investigated
systems was calculated using the projector augmented
wave (PAW) method [35] and Perdew-Burke-Ernzerhof
(PBE) [36] generalized gradient functional with a 1 x
1 x 3 gamma-centered k-points grid and a 0.3 eV Meth-
fessel-Paxton electronic occupancy smearing. The Ti
(3d?4s?) and Al (3s?3p') pseudopotentials and a 500 eV
cutoff energy for plane waves were employed. Simula-
tions of dislocation glide were conducted using the climb-
ing image nudged elastic band (NEB) [37,38] method
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Figure 1. Binding energies £}, of Al pairs in «-Ti as a function of
distance between solute atoms (a). Sketch of the hcp lattice indi-
cating the five most strongly interacting NN configurations with
the reference solute atom lying at R position (b). Crystal structure
of the intermetallic TizAl compound achieved by multiplication of
the second and third NN Al pairs (c).



providing the minimum energy path between two sta-
ble configurations. Atomistic calculations were termi-
nated after reaching a 3 and 25 meV/A convergence cri-
terion on Hellmann-Feynman forces for static relaxation
and NEB calculations, respectively. The same compu-
tational setup with a 288 atoms simulation box (5 x
5 x 4a-Ti unit cell periodicity along [1210], [2110]
and [0001] directions) and 3x3x3 k-points mesh was
used for calculations binding energy of Al pairs in «-Ti
lattice.

3. Results and discussion

To verify the ordering tendency of Al atoms in «-Ti,
the binding energies of Al pairs were calculated as a
function of distance between solutes using the following

a)

prismI (1100) prism II, IIT (1010)

Al pair mode I

Z1 = 0.625 Zy = 0.625
O ol - O

= Prismatic slip

prism IT, 1T (0110)
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definition:

(1)

Ep = 2E1i1A1 — ETi — ETit2A1

where Eti, ETi+al and Eiy24] are the total energy of the
same supercell with pure Ti, the «-Ti structure alloyed
with one isolated Al solute atom and with a pair of two
solute atoms, respectively. Binding energies are calculated
up to ninth nearest neighbor (NN), with one Al solute
sitting at the position ‘R’ in Figure 1(b) and the second
one at the numbered position 1, 2, ... A positive bind-
ing energy Ej, indicates attractive interaction between Al
solutes for the pair of NN at given configuration. Binding
energies for Al pairs (Figure 1(a)) show strong repul-
sion for the two first NN positions (configurations 1 and
1') and attraction for the two next NN positions, i.e.
the second and third NN positions. Interaction for the

basal I-III (0001)
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Figure 2. (a) Three geometrically possible prismatic and basal cutting modes of the second NN solute pair in «-Ti. (b) Initial ¢ = 0 and
final ¢ = 1 positions of 1/3(1210) screw dislocation gliding next to isolated Al atom or cutting the second NN Al pair along prismatic
and basal modes I-lIl. Z; and Z; indicate the position (normalized by the lattice parameter a) of solute atoms along dislocation line in the
simulation box. Ti atoms belonging to different (2 1 10) are plotted with open or full-colored circles. Solute atoms are denoted by yellow
color. The corresponding minimum energy paths of particular prismatic and basal slip modes are given in (c), with the Peierls energy

barriers of pure Ti marked by dashed lines.
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more distant configurations is either slightly repulsive or
almost null. Ordering in Ti-Al alloys should therefore
promote the formation of the second and third NN pairs.
Multiplication of these energetically favorable states leads
to the crystal structure of the ordered Tiz Al compound
(Figure 1(c)) indicating that these NN Al pairs are the
elementary ordered units of the experimentally detected
a; phase [1,4,5]. SRO in the solid solution will lead to
an enhanced probability for such pairs because of their
attractive binding energy and gliding dislocations will
interact not only with isolated Al solute atoms but also
with pairs of the second and third NN in solid solution
which have been aged to promote SRO. Ab initio calcu-
lations of the interaction between dislocations and these
pairs of solute atoms offer thus a natural way to under-
stand how SRO in the Ti-Al solid solution may impact
plasticity in the o phase.

As described in the previous section, plastic deforma-
tion of the solid solution in the presence of SRO destroys
the favorable distribution of solute atoms. Taking into
account pronounced variations of the solute binding
energy Ej (Figure 1(a)), it is expected that the energy bar-
rier of dislocation glide in such a scenario depends on
the geometry of SRO cutting mode, i.e. crystallographic
relation between slip plane and solute pair corresponding
to SRO defining change of the relative position of solutes
after dislocation glide. For the pair of the second NN cor-
responding to the strongest solute attraction, three SRO
cutting modes for prismatic and basal slip can be distin-
guished, as presented in Figure 2(a). The corresponding
reconfigurations of ordered solutes are as follow: second
— fourth NN (mode I), second — first NN (mode II),
and second — eighth NN (mode III). These are the only
three possible cutting modes for this second NN pair,
corresponding to the three possible 1/3(1210) Burgers
vectors. SRO cutting modes of the third NN will not be
considered, as this configuration is less attractive than

Table 1. Activation energies F2! and its difference AF2 relative
to pure Tifor a {(a) screw dislocation gliding in prismatic and basal
planes in pure Ti and Ti-Al systems with distinct configurations
of solute atoms. Activation energies are given in meV and are
calculated for a single dislocation of length (Figure 2(b)).

Solutes configuration Slip mode Fact AEt
Pure Ti Prism 71 0
Basal 163 0
Ti+ isolated Al Prism 330 259
Basal 501 338
Ti+ Al SRO Prism | 417 346
Basal | 988 825
Prism Il 654 583
Basal Il 634 471
Prism Il 538 467
Basal lll 514 351

the second NN pair, and its shear leads to less repulsive
interaction.

To reveal the influence of SRO on competition
between prismatic and basal slip, glide of the 1/3(1210)
screw dislocation through the second NN in all three
cutting modes has been modeled and compared to equiv-
alent deformation for a dislocation interacting with an
isolated solute atom in the same supercell, and thus for
the same 4b dislocation length (Figure 2(b)). These sec-
ond NN Al pairs and isolated solute atoms correspond
to the different main obstacles encountered by a gliding
dislocation in a Ti-Al solid solution with and without
SRO. E* of gliding dislocation is defined as the maxi-

mum of the interaction energy E™" between the gliding
dislocation and solutes, with
inter 1
E = E(Etot — Eq1 — Eo1 + ETi), (2)
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Figure 3. Core structure of the (a) screw dislocation gliding on
basal plane along isolated Al atom or cutting the second NNN Al
pairs with I-Ill cutting modes. Selected states are the initial, max-
imum energy and final configuration of each glide mode from
Figure 3. The arrows between atomic columns are proportional
to the differential displacement created by the dislocation in the
[2110] direction. Displacement smaller than 0.1b is not shown.
The contour map shows the dislocation density according to the
Nye tensor.



where Eyy, Er), Eso1 and E7; are the total energy of the
same supercell which contains respectively a disloca-
tion dipole with the particular solutes distribution on
each dislocation, the dipole in pure Ti with the dislo-
cations in their ground state pyramidal configuration,
equivalent position of solutes without line defects and
perfect pure Ti structure. The variations of the interac-
tion energy along the minimum energy paths calculated
with the NEB method [38] are plotted in Figure 2(c).
Corresponding activation energies are listed in Table 1.

Obtained activation energies strongly depend on the
orientation of the Al pair and on the dislocation glide
plane. For prismatic slip, mode II leads to the highest acti-
vation energy, while the highest energy is obtained with
mode I for basal slip. Interestingly, mode IT and mode III
lead to almost the same activation energy for prismatic
and basal slip, while the activation energy still remains
higher for basal than for prismatic slip in mode I. Pairs of
solute atoms arising from SRO should reduce the plastic
anisotropy, with prismatic slip becoming almost as hard
as basal slip in the presence of Al pairs. The same con-
clusion was reached from the interaction of screw dislo-
cation with isolated simple metals [28], but the reduction
of plastic anisotropy through a decrease of the difference
of activation energies appears more marked for Al pairs
than for isolated Al atoms (Table 1). This offers a possible
explanation to experiments reporting an increase of basal
slip activity in o Ti—Al alloys in the presence of chemical
ordering [2,9,15,16,23].

MATER. RES. LETT. a1

The contribution to hardening of the different solute
configurations may be also discussed by looking to the
variation AE*" of activation energy compared to pure
Ti. For prismatic slip, pairs of solute atoms lead to larger
energy barriers than isolated atoms for all slip modes.
One therefore expects stronger hardening of the pris-
matic slip system in the presence of SRO than in the fully
disordered state: although agglomeration of Al atoms
in pairs reduces, for a fixed nominal concentration, the
density of obstacles, each obstacle is a stronger obsta-
cle. Things are not as clear for basal slip as the pair of
solute atoms corresponding to mode III leads to the same
variation of the activation energy as an isolated Al atom.
Such a pair is not a stronger obstacle than an isolated
Al atom. Development of SRO could therefore lead to a
softening of basal slip.

To clarify the substantially different E** obtained for
isolated Aland pairs of solute atoms corresponding to dif-
ferent SRO cutting modes, the structures of 1/3(1210)
screw dislocation gliding on basal and prismatic planes
are shown in Figures 3 and 4. In the case of basal slip, the
highest states along the minimum energy paths exhibit
important spreading in the basal plane while still remain-
ing partially spread also on prismatic and pyramidal
planes. This is a consequence of the attractive interac-
tion between Al atoms and the basal stacking fault [25],
leading to a pinning of the fault ribbon in the basal plane
as already modeled in Ti+Sn and Ti+In alloys [28]. For-
mation of basal stacking faults (SF) is expected as it is

Prismatic slip
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Figure 4. Core structure of the (a) screw dislocation gliding on prismatic plane along isolated Al atom or cutting the second NNN Al pairs
with |-l cutting modes. Selected states are the initial, maximum energy and final configuration of each glide mode from Figure 3. The
arrows between two atomic columns are proportional to the differential displacement created by the dislocation in the [2 1 1 0] direction.
Displacement smaller than 0.1b is not shown. The contour map shows the dislocation density according to the Nye tensor.
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known that simple metals efficiently reduce the energy
of this configuration in «-Ti [25]. Since for the different
SRO cutting modes the Al atoms are differently oriented
relative to slip plane, distance between solutes at par-
ticular crystallographic direction also varies. According
to Figure 3, distance between Al atoms along [0110]
in mode I is 2a+/3/3 while in modes II and III is
a+/3/3 (a is the lattice parameter of «-Ti). For such
configurations, the basal SF ribbon is larger in mode
I than in modes II and III, thus leading to a higher
energy cost, in agreement with the activation energy
barriers.

On the other hand, prismatic slip is executed with
a planar prismatic structure of 1/3(1210) screw dis-
location (Figure 4) without additional significant core
dissociation in any modes which justifies a smaller energy
variation of this deformation path. Here the distance
between solutes along [0001] in (0110) glide plane is
equal, however, Al atoms are located in the first near-
est prismatic planes above and below the glide plane in
modes II and III which according to previous calcula-
tions [25] most strongly increases the energy of prismatic
SE As a result, cutting modes II and III have a higher
activation energy of prismatic slip than mode I (Table 1).

4. Summary and conclusions

In summary, the chemical ordering of Al in «-Ti dis-
plays a strong impact on the behavior of 1/3(1120)
screw dislocations gliding on prismatic and basal planes.
This atomic-scale effect is related with the new crystal-
lographic parameters of plasticity, i.e. the SRO cutting
modes which specify reconfiguration of favorably dis-
tributed solute atoms upon the single slip event. The
investigated solute clusters corresponding to SRO in the
solid solution are formed from the elementary second
NN Al pairs and undergo transition to fourth, first or
eighth NN positions in cutting modes I, IT and I1I, respec-
tively. Since the binding energy of Al atoms on these
sites varies with the amplitude of 231 meV, particular cut-
ting modes contribute differently to strengthening. The
increase in activation energy of dislocation glide is highly
non-uniform, e.g. 2.4 times larger in basal mode I than in
basal mode III. We found that this strengthening inho-
mogeneity arises also from two interrelated factors: (i)
dissimilar reconfiguration of line defects and (ii) inter-
action of solute atoms with the stacking fault appear-
ing in the dislocation cores. Finally, the comparison of
activation energies of prismatic and basal slip indicates
that isolated Al atoms provide pronounced hardening of
both deformation modes. SRO significantly enhances this
effect leading to the same activation energy of prismatic

and basal glide in modes II and III. Obtained energy bar-
riers for the different obstacles, isolated solute atoms and
NN pairs appearing with SRO, are the quantities needed
by solid solution strengthening theories [39]. As a per-
spective, it will be possible to model how hardening varies
with the temperature and the ordering state of the solid
solution for a given Al nominal concentration.
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