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Abstract

Hexagonal to cubic phase transformations in the intermetallic Laves-phase compounds NbCr;, and TaCr, have been studied system-
atically using the synchroshear deformation mechanism and first-principles density functional theory (DFT). The DFT results provide a
quantitative description of the activation energy profiles during the deformation process. By means of these profiles we discuss several
transformation possibilities and propose explanations for recent experimental data. In particular it is shown that the synchroshear defor-
mation mechanism should prevail in the two Laves phases studied. Furthermore, the activation energy barriers for TaCr, are about 17%
larger than those for NbCr,. We discuss how this may lead to the experimentally observed, significantly slower transformation kinetics of
TaCr,, compared to NbCr,. Both the observation of fine-scale twins and the origin for the twin formation can also be understood from

the activation energy profiles.
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1. Introduction

NbCr, and TaCr, are two intermetallic Laves-phase
compounds exhibiting a high melting temperature, a low
mass density, a high oxidation resistance and strong intrin-
sic resistance to creep deformation — features that are all
useful for high-temperature applications [1]. Despite these
attractive properties the Laves phases are not yet widely
exploited materials in industrial technology. The main rea-
son for this is their pronounced brittleness at low tempera-
tures. This obstacle has evoked an upsurge of research
interest in the deformation properties of the Laves phases.

In a number of studies on this subject the phase transfor-
mation from the hexagonal C14 phase at high temperature to
the cubic C15 phase at low temperature has been investigated
experimentally. The characteristic tendencies are a rapid
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C14-C15 transformation during cooling of NbCr, and a
sluggish transformation of other Laves phases such as
TaCr,, TiCr; or HfCr, [2]. In the present study, we compare
NbCr, with TaCr,, the latter as a representative of Laves
phases showing this kind of reluctant C14—C15 transforma-
tion. The critical transformation temperatures of the two
compounds are significantly different (7nper, = 1600 K <«
Tracr, = 1923 K [2]) in spite of the close similarity of their
crystallographic and electronic properties. The reasons for
this contradiction have not been identified unambiguously
so far.

Another interesting subject broadly discussed in the lit-
erature is the observation of a large number of fine-scale
twins in as-cast single-phase NbCr, [3-5]. The high volume
fraction of these twins in strained samples could not been
explained by a Schmid factor analysis [5]. It has been sug-
gested [3] that the twin phases in as-cast compounds arise
from a solidified C14 phase rather than from C15. How-
ever, to our knowledge, a systematic theoretical investiga-
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tion of this phenomenon, namely by quantitative first-prin-
ciples density functional theory (DFT) calculations has not
yet been performed.

The C14-C15 transformation is suggested to be carried
out by means of a synchroshear deformation mechanism
[6]. What appears to be the first direct experimental obser-
vation of a synchroshear deformation on the atomic length
scale has been published recently [7]. In the present theoret-
ical investigation, we confirm the energetic preference of
synchroshear by quantitative DFT results, and then we
use this mechanism for step-by-step modeling of deforma-
tion processes in the Laves phases.

The aim of the present investigation is a systematic
description of the C14-C15 transformation in NbCr, and
TaCr, from first principles and an explanation of the exper-
imental results referred to above. Towards this end we per-
formed DFT calculations for atomistic supercell models of
planar defect configurations along various transformation
paths by means of the mixed-basis pseudopotential
(MBPP) method [8-12] (cf., e.g., Ref. [13] for DFT calcula-
tions and atomistic simulations of deformation paths for
structural transformations of the transition metal W, or
Ref. [14] for a DFT study of a B3 (zincblende) to B1 (rock-
salt) transformation of the binary III-V semiconductor
AIN).

The paper is organized as follows. Section 2 gives a con-
cise description of the computational MBPP method. In
Section 3, the crystal-structure models of the Laves phases
and the atomistic transformation configurations for the
deformation mechanisms are described and discussed. In
Section 4, we explore the synchroshear transformation
between the Cl4-phase and the Cl15-phase single crystals
of NbCr, and TaCr, via two stacking-fault configurations.
Alternative synchroshear-transformation options for the
two compounds are studied in Section 5.

2. Computational method

The first-principles DFT calculations of total energies
and atomic forces in the present study are based on the
local-density approximation (LDA) for exchange and cor-
relation [15-18]. The interactions of the valence electrons
with the atomic nuclei and the core electrons are described
by means of optimally smooth, norm-conserving ionic
pseudopotentials. These were constructed according to
the recipe of Vanderbilt [19] from all-electron, free-atom
valence-clectron states for reference configurations of Nb
((Krpd>©5s%5p%8), Ta  ([Xe]5d*%6s™%6p°®) and Cr
([Ar]3d*%4s%%4p°®). The valence-electron Bloch states were
expanded on a mixed basis of plane waves, limited by a
kinetic energy of E,, =12 Rydberg, and atom-centered
numerical orbitals with d symmetry (angular momentum
/ = 2) and confined within non-overlapping spheres of radii
o = 2.8 Bohr for Nb and Ta, and 2.2 Bohr for Cr. (The
basis-set parameters are given in atomic units: 1 Ryd-
berg = 13.606 eV, 1 Bohr =0.529 A.) Brillouin-zone inte-
grations in the calculations of total energies were made

by sampling on a 4 x 4 x 2 k-point mesh [20] and Gaussian
broadening of 0.004 Rydberg [21] for a hexagonal supercell
containing 12 formula units of NbCr, or TaCr,. This
supercell allows the description of both Cl4-phase and
Cl15-phase single crystals, and all synchroshear-transfor-
mation configurations between them (cf. Fig. 5 in Section
3). The above values for the plane-wave cut-off energy
E,, and the k-point sampling mesh were calibrated by
extensive convergence tests [22,23] to yield sufficiently accu-
rate numerical total-energy differences for the various syn-
chroshear configurations investigated in this work.

3. Crystal structures and deformation mechanisms

Three single-crystal structures of low energy are known
for the Laves phases: C14, C15 and C36 (e.g., Ref. [24]).
C14 and C36 have hexagonal symmetries, C15 has cubic
symmetry. These structures only differ by the stacking
order of atomic quadruple layers. Altogether there are six
different quadruple layers which are conveniently called
X, X,Y,Y,Zand Z according to a commonly used nota-
tion for Laves phases (e.g., Ref. [2]). A schematic side view
of such a quadruple layer (perpendicular to the hexagonal
[0001]or cubic [111]stacking direction) is shown in Fig. 1.

Top views (parallel to the stacking direction) of quadru-
ple layers in the supercell used for the DFT calculations are
given in Fig. 2. The supercell shape and size is indicated by
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Fig. 1. The side view (perpendicular to the stacking direction) of a
quadruple layer. The large (dark red) spheres indicate the larger atoms
(Nb or Ta), the small (light blue) spheres the smaller atoms (Cr). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)
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Fig. 2. Top view (along the stacking direction [0001]) of the six different
quadruple layers. The shaded parallelogram indicates the size and shape of
the supercell. The large (dark red) circles indicate the larger atoms (Nb or
Ta), the small (light blue) circles the smaller atoms (Cr). (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of this paper.)
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