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Structural properties, electronic structure, Fermi surface, and mechanical behavior
of bcc Cr-Re alloys
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The electronic structure and ground-state properties~lattice parameter, cohesive energy, bulk and tetragonal
shear moduli! were calculated for bcc Cr and Cr-Re alloys over a wide range of Re concentration by the
full-potential linear muffin-tin orbital method~FLMTO! with generalized gradient approximation~GGA!. We
show that the GGA predicts the commensurate antiferromagnetic Cr state as a ground state for the experimental
volume with a small lower energy compared with the nonmagnetic state, but gives a large moment of 0.92mB .
In the Cr-Re system the magnetism becomes weak with Re concentration and for 25% Re the mean Cr moment
is about 0.05mB . Examining the Fermi surface of Cr-Re alloys within the modified rigid-band approximation,
the electronic topological transition~ETT! is found to occur for 6% Re. A weakening of the Cr-Cr bonds near
this ETT is considered as a possible microscopic reason for the ‘‘small’’ rhenium effect—the ductility enhance-
ment in Cr~Mo,W!-Re alloys with small Re additions. As the mechanism for the ‘‘large’’ rhenium effect~near
25–35% Re! the formation of Cr-Re close-packed particles should play an important role together with the
significantly weakened Cr-Cr bonding.

DOI: 10.1103/PhysRevB.67.134204 PACS number~s!: 61.82.Bg, 62.20.Fe, 71.15.Nc
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I. INTRODUCTION
Alloys based on the VIA group refractory bcc metals~Cr,

Mo, W! are attractive materials for high-temperature app
cations. Among them, chromium alloys have advantages
to low density, high creep, and oxidation resistance.1 Unfor-
tunately, this potential has not been realized because of
room-temperature brittleness, which is a common feature
VIA metals. A significant improvement in the mechanic
properties of those metals~both strength and plasticity! is
caused by rhenium alloying with a concentration close to
solubility limit, the so-called rhenium effect.1–6 In particular,
the ductile to brittle transition temperature was lowered
2196 °C for the Cr135 at. % Re alloy, compared wit
150 °C for recrystallized unalloyed Cr.1,4

In addition, a small increase in the plasticity of VIA me
als was found for Re addition of about 5–6 at. %~‘‘small’’
rhenium effect!, which is accompanied by some lowering
the yield stress—in contrast to the rhenium effect at la
concentrations~‘‘large’’ rhenium effect!. A number of pos-
sible mechanisms for the explanation of a ‘‘large’’ Re effe
has been discussed.1,3–11 Our recent calculations11 support
the view7–9 that the formation of close-packed particl
~CPP! plays an important role in the hardening effect of b
refractory metals; it allows one to explain the increase
impurity solubility and may be considered as a possible r
son for the Re effect at large concentrations.

Electronic structure calculations for Mo-Re alloys13 dem-
onstrated that a drastic change in the Fermi-surface topol
called an electronic topological transition~ETT!, occurs at 6
at. % Re, which can be accompanied by peculiarities in th
modynamic potential derivatives that give rise to anoma
in thermodynamic and kinetic characteristics. It is know14

in some cases that an ETT causes considerable phonon
ening and may even lead to an isostructural phase transi
0163-1829/2003/67~13!/134204~7!/$20.00 67 1342
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According to Refs. 12, 15, and 16, an ETT may point to
region of nonmonotonic variation in elastic constants, res
ing in anomalous behavior of mechanical properties. Inde
unusual behavior of the physical properties~thermopower,
x-ray photoelectron spectra, mean-square atomic displ
ments, and deviation from Vegard’s law! was found in
Mo,17,18 W,19 and Cr ~Ref. 20! alloys with 5–10 at. % Re.
The experimental investigation of Cr-Re alloys demonstra
some peculiarities in the concentration dependencies of
Young and shear moduli at about 5 at. % Re.20 However, the
variation in the elastic constants obtained both for Cr-
~Ref. 20! and W-Re alloys12 was found to be too small fo
this Re concentration to explain the observed increase
plasticity; further, calculations for Mo-Re alloys13 revealed
no anomalies in the bulk modulus. Therefore, the sugge
connection between the observed anomalous physical p
erties, the microscopic mechanism of the small rhenium
fect and the ETT near 5–6 at. % Re is still open for disc
sion.

Distinct from nonmagnetic W and Mo, bcc Cr is antife
romagnetic with an incommensurate~I! spin-density wave
~SDW! and its origin is explained by the nesting of the Fer
surface.21 The magnetic properties of Cr-Re alloys strong
depend on the Re concentration: for 0.78 at. % Re,
I-SDW transforms to a commensurate state. The Ne´el tem-
perature of pure Cr is 311.5 K, but it increases to 600 K
Re concentrations up to 5% and decreases above 10 at.%
at around 16 at. %, it decreases sharply to 160 K.22 The Cr
phase containing more than 18 at. % Re is superconductin23

The magnetism in Cr-Re alloys has been the subject o
number of studies.21–25The elastic properties of Cr-Re alloy
were found to be dependent on Re concentration, temp
ture, and magnetism.24,26 However, magnetoelastic effect
were intensively investigated only for concentrations close
©2003 The American Physical Society04-1
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MEDVEDEVA, GORNOSTYREV, AND FREEMAN PHYSICAL REVIEW B67, 134204 ~2003!
the triple point ~Re content;0.3at. %) in the magnetic
phase diagram. No previous attempts have been made t
vestigate the electronic structure of Cr-Re alloys and to re
concentration changes with the properties of th
alloys.

In this paper, we concentrate on the mechanism of r
nium effects and the detailed discussion of magnetic beh
ior of Cr-Re alloys is beyond the framework of this pap
We present the electronic structure, ground-state charact
tics ~lattice parameter, bulk and shear moduli, cohesive
ergies!, and Fermi surfaces for bcc Cr and ordered Cr-
alloys in a wide range of Re concentrations. Examining
features of the electronic structure and the Fermi surfaces
suggest that the weakening of Cr-Cr bonding plays an imp
tant role in the mechanism of rhenium effects.

II. GROUND-STATE CHARACTERISTICS
OF Cr-Re ALLOYS

The electronic structure calculations were performed w
the first-principles full-potential linear muffin-tin orbita
~FLMTO! method27 without any shape approximation to th
potential and charge density. We used the general
gradient approximation~GGA! with the 1996 Perdew~P96!
(k50.804) functional for the exchange-correlatio
potential.28 The standard triple-kappa basis (20.01, 21.0,
and22.3 Ry! and the angular momentum cutoff for the i
terstitial fitting l max55 and inside muffin-tin spheresl max
56 were taken. The antiferromagnetic~AFM! phase of bcc
Cr was considered with a commensurate wave vector w
two Cr atoms per simple cubic cell~the total energies for the
SDW and commensurate AFM state were assumed to be
close29!. The alloying effect was investigated with a 1
atoms per cubic (23232) supercell, where the substitutio
of one, two or four Cr atoms by Re~with coordinates~0,0,0!;
~0,0,0!, ~1,1,1!; ~0,0,0!, ~1,1,0!, ~1,0,1!, ~0,1,1! allowed us to
model the Re effect forx56.25%, 12.5%, and 25% concen
trations, respectively. The supercell approach for mode
substitutional chromium alloys by ordered compounds w
shown30 to give similar results with the coherent-potent
approximation~CPA! and virtual crystal approximation tak
ing into account disorder effects. We employed 120 and 3k
points in the irreducible wedge of the Brillouin zone for th
Cr and Cr-Re supercells, respectively. The muffin-tin ra
were chosen to be 2.2 a.u. for both Cr and Re spheres.

The ground-state parameters for bcc Cr~equilibrium lat-
tice parametera, magnetic moment, bulkB and tetragonal
shearC8 moduli! obtained from the local-density approxim
tion ~LDA ! and GGA calculations are shown in Table I t
gether with experimental and other theoretical data. In ac
dance with previous investigations,29,32–36we found that the
local-density approximation~for the LDA calculations we
used the von Barth–Hedin potential! gave poor agreement o
the Cr ground-state parameters with experiment~Table I!; it
overestimates the bulk modulus by about 30–40% and
derestimates the lattice parameter by 3–5%.

Both our FLMTO and previous full-potential linearize
augmented plane-wave31 calculations29,32 demonstrate tha
the GGA corrections substantially improve the values of
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lattice parameter and bulk modulus for the nonmagne
~NM! phase and especially the AFM phase. However,
obtained an overestimated magnetic moment for the Cr a
(0.9mB) at the equilibrium lattice parameter. It should b
noted that neither of the density-functional methods~LDA,
GGA! allowed us to correctly obtain both the structural pro
erties and the magnetic moment simultaneously: if LD
gave the true magnetic moment for the experimental volu
the GGA gave a true magnetic moment for the compres
unit cell. This discrepancy was attributed to the overestim
tion of the magnetism in bcc Cr by GGA~Ref. 29! and to
remaining errors of the LDA-GGA.32 In addition, the struc-
tural and magnetic characteristics may not be correctly
scribed since the first-principles calculations were perform
for a commensurate AFM state which is not the true exp
mental one for Cr.37

Distinct from Ref. 37~where the lowest energy state wa
found to be nonmagnetic! and Ref. 29~where the ground
state was obtained to be AFM only with the equilibriu
lattice parameter larger than the experimental value!, in our
GGA calculations the total-energy versus volume curve
the AFM phase is lower than that for the NM phase f
V/V0>0.96 ~Fig. 1!. The minimum energy of the nonmag
netic phase occurs only at a slightly larger volume (V/V0
50.966), where the energy of the AFM phase is smaller
0.22 mRy/atom. It is important to stress that the magne
moment atV/V050.966 is equal to 0.5mB , which close to
the value for the SDW. The energy difference between
two phases at their equilibrium volumes is 0.57 mRy/ato
This value is an order-of-magnitude smaller than that
tained in Ref. 29~4.8 mRy/atom! but nevertheless exceed
the estimated energy lowering of the NM phase due to
formation of the I-SDW~0.11 mRy/atom!.38 Thus, the GGA-
P96 functional correctly predicts the AFM state at the eq
librium volume, results in a smaller energy difference b
tween the NM and commensurate AFM phases, but can
describe the true magnetic moment. The detailed discus
of antiferromagnetism in Cr lies outside the scope of t
paper and we turn to the consideration of the ground-s
properties of Cr-Re alloys.

TABLE I. Equilibrium lattice parametera ~Å!, bulk modulusB
~Mbar!, shear constantC8 ~Mbar!, and magnetic momentM (mB)
for bcc Cr. The experimental data are cited from Ref. 32.

a B C8 M
Experiment 2.88 1.91 1.51 0.62

Previous AFM-LDAa 2.80 2.65 0.70
calculations AFM-GGAb 2.91 1.4

NM-GGA c 2.85 2.83 1.69
AFM-GGA c 2.87 1.89 1.74 1.1

Present NM-LDA 2.80 3.03 1.76
results NM-GGA 2.85 2.74 1.70

AFM-LDA 2.80 2.69 0.68
AFM-GGA 2.87 1.87 1.64 0.92

aReference 33.
bReference 29.
cReference 32.
4-2
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STRUCTURAL PROPERTIES, ELECTRONIC . . . PHYSICAL REVIEW B67, 134204 ~2003!
The concentration dependence of the structural chara
istics obtained by the FLMTO-GGA calculations~Fig. 2!
demonstrates the influence of magnetism on the elastic p
erties of Cr-Re alloys. The differences between the NM a
AFM results are the largest for low Re content, decrease w
Re concentration, and are absent for 25% Re. This beha
correlates with the Cr local magnetic moment (M ); its mean
values were calculated to be 0.48, 0.22, and 0.05mB , for
6.25%, 12.5%, and 25% Re, respectively. Thus, we fou
that the magnetism vanishes at about 25% Re and for
superconducting state (x.18%) antiferromagnetism is
strongly weakened (M,0.1mB) in accordance with experi
mental results.23

The lattice parameter for the bcc Cr-Re alloys increa
with the Re concentration for both the AFM and NM phas
@Fig. 2~a!# and these linear dependencies are very close to
experimental data.23 The opposite trend, namely, a decrea
in the lattice parameter with Re concentration, was obtai
for Mo-Re alloys within the linear muffin-tin orbital~LMTO!
method.13 The different behavior of the lattice parameter f
these similar alloys may be understood from a compariso
the ionic radii, which are equal to 1.42, 1.55, and 1.52 Å
Cr, Mo, and Re,39 respectively. Thus, an addition of Re
Mo results in a decrease in the lattice parameter, wherea
Cr alloys, the lattice parameter increases with Re additio

We found for Cr alloys withx.6% Re that the bulk
modulusB increases with Re concentration and is in go
agreement with the experimental data obtained for param
netic Cr-Re alloys26 ~we extrapolated their experimental da
to T50). However, the bulk modulus for a small Re co
centration decreases to its minimum near 6% both for
NM and AFM phases@Fig. 2~b!#.

The difference between the elastic constantsC8
51/2(C112C12) @cf. Fig. 2~c!# characterizing tetragona
shear for the AFM and NM phases is much less than that

FIG. 1. ~a! Total energy as a function of the volume ratio,V/V0

(V0 is the experimental volume! for nonmagnetic~open circles! and
commensurate antiferromagnetic~solid circles! bcc Cr. Magnetic
moment~triangles! as a function of volumeV/V0 for antiferromag-
netic bcc Cr.
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the bulk modulus. This agrees with the GGA results for b
Cr ~Ref. 32! and phenomenological theory40 and demon-
strates the smallness of the magnetic contribution to sh
moduli. For both phases, a pronounced decrease ofC8 may
be noted near 6% Re, and only small changes were found
larger Re concentration.

III. ELECTRONIC STRUCTURE AND FERMI SURFACES
OF bcc Cr-Re ALLOYS

Alloying with 6.25% Re leads@Fig. 3~a!# to a shift ofEF
from a pronounced pseudogap in pure Cr onto a sharp sl
where the derivative of the density of states~DOS! has a
singularity. A similar but weaker singularity in the DOS wa
found for the Mo-Re alloy with a Re concentration of abo
6% ~Ref. 13! and associated with the ETT.

The band structure and the Fermi surface~FS! of pure bcc
Cr in theGNH plane of the Brillouin zone are shown in Fig
4~a! and 4~b!. The thirdd band forms the well-known octa
hedral and ellipsoidal hole pockets centered at pointsH and
N of the bcc Brillouin zone, respectively. The fourth ban
gives an electron jack~distorted octahedron! with knobs cen-
tered atG and the fifth band gives small electron lenses alo

FIG. 2. ~a! Lattice parameter, and~b! bulk and~c! shear moduli
vs Re concentration for the NM~solid circles! and AFM ~open
circles! Cr-Re alloys. The open diamonds in~a! shows the experi-
mental lattice parameters~Ref. 23! and the triangles in~b! show the
experimental bulk modulus~Ref. 26!.
4-3
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MEDVEDEVA, GORNOSTYREV, AND FREEMAN PHYSICAL REVIEW B67, 134204 ~2003!
G-H @Fig. 4~b!#. This FS topology for Cr is in a good agree
ment with that described previously41,42 and is similar to the
FS for bcc Mo.13

Proceeding to the consideration of the Fermi surface
Cr-Re it should be noted that a real FS calculation is pr
lematic for the supercells consisting of a large number
nonequivalent atoms. The Fermi surface of the ordered in
metallic compound~supercell! used in our calculations fo
modeling Cr-Re alloys is quite different from that of diso
dered alloys due to additional band splitting. Therefore,
examine ordered alloys we used the rigid-band scheme

FIG. 3. Total and partial density of states~DOS! for ~a! Cr
16.25% Re and~b! Cr125% Re. The dashed line denotes the DO
for pure Cr. Energies are relative to the Fermi level, taken as z
13420
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the discussion of possible changes in the Fermi surface
Re concentration. As regards the applicability of the rig
band approach~RBA! we considered separately the effects
lattice variation~dilation! due to alloying and the additiona
electrons per Cr atom. The Cr FS calculated with the latt
constant corresponding to Cr125% Re shows very smal
changes in theG-centered octahedron, slightly favoring th
neck formation@dashed line in Fig. 4~b!#.

The addition of extra electrons to Cr, up to a total
24.1e, keeps the Fermi level in the pseudogap, and a sh
increase of the Cr DOS similar to that in Fig. 3~a! ~6% Re!
occurs only at 24.25e. It is seen from Fig. 3~a! that the DOS
of pure Cr should be shifted by 0.23 eV to achieve a sim
behavior nearEF with Cr16% Re DOS. Indeed, as has be
reported43–45 the RBA is a rather good approximation forE
,EF , but the RBA DOS is shifted to higher energies f
E.EF . As a result new FS sheets are formed much fas
than the RBA predicts. The failure of the simple RBA bas
only on an electron count seems to be the main reason fo
discrepancy in Re concentration where the neck is predic
6% for the Mo-Re alloy within the CPA,13 20% for the W-Re
alloy,12 and 20–30% for the Cr-Mn alloy43 within the RBA.
For this reason we used a modified RBA combined w
supercell calculations, in which the position ofEF was a
parameter defined by comparison of the DOS for bcc Cr
the Cr16%-Re supercell rather than by electron
count.

With increasing Re concentration, the Fermi energy ris
as a result the electron jack expands, the octahedral
pockets are compressed, the ellipsoidal hole pockets bec
a bit smaller, and the electron lenses increase substant
WhenEF is shifted up at 0.23 eV, the electron jack touch
the NH line; this means that the neck between the two el
tronic parts appears inside theG-N-H triangle@Fig. 4~c!#. As
follows from the band structure@Fig. 4~a!, see also Fig. 1 in
Ref. 13!, the ETT takes place whenEF intersects the fourth
band along theNH. The FS topology in Fig. 4~b! is similar
to that for the random alloy Mo94Re06 calculated within the
LMTO-CPA.13 It allows one to suggest that the neck
Cr-Re is formed at the same concentration~6% Re! as that in
the Mo-Re alloys.

With increasingEF , the process proceeds monotonica
and the neck portion is expanded without any topologi
changes up to the shift ofEF at 0.7 eV. At thisEF , drastic
changes occur in the FS@Fig. 4~d!#: ~i! the electron jack is
expanded greatly and there is a small gap between theH hole
and the electron parts,~ii ! the ellipsoidal holeN pockets
disappear, and~iii ! the electron lenses become so large t
they join together and form a new sheet centered atG. These
changes are connected with the occupation of the lo
dispersiond band alongN-G. Comparing the DOS for pure
Cr and Cr125% Re, one can assume that the second E
corresponds to a higher Re concentration and most lik
does not occur within the stability range of bcc Cr-Re allo

As mentioned in the Introduction, an ETT may influen
the ground-state characteristics leading to anomalies
thermopower and kinetic and mechanic
properties.12,13,15–17,19,20In the next section, we discuss th

o.
4-4



e

STRUCTURAL PROPERTIES, ELECTRONIC . . . PHYSICAL REVIEW B67, 134204 ~2003!
FIG. 4. ~a! The band structure for bcc Cr and~b! sections of the Fermi surface for bcc Cr and~c! and~d! sections of the Fermi surfac
for Cr-Re alloys obtained in the rigid-band approximation for the shift ofEF by 0.23 eV and 0.70 eV, respectively.
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IV. ELECTRONIC STRUCTURE PECULIARITIES
AND THE RHENIUM EFFECT

Our calculated results reveal only small changes in
moduli for concentrations of about 6% Re, where the E
takes place. No peculiarities in the concentration depende
of the bulk modulus~which gradually increases with Re! and
heat capacity46 were found in Mo-Re and W-Re alloys. Th
smearing due to disorder was considered13 as an explanation
of this fact. The absence of the peculiarities may also
explained by a weaker ETT effect on the electronic struct
of Mo-Re compared with Cr-Re, which follows from a muc
weaker DOS singularity@the magnitude of the logarithimic
derivative of the density of states,d ln N(E)/dE, is 23 and 95
states/Ry for 5–6% Re in Mo13 and in Cr, respectively#.
Additionally, the opposite concentration dependencies of
lattice parameter in Cr-Re and Mo-Re alloys may influen
the behavior of the bulk modulus. The chromium lattice e
pansion with Re concentration is a factor favoring a decre
in the bulk modulus, in contrast to Mo-Re alloys, where
decrease in volume makes for an increase inB with Re.

The bulk modulus increasing with Re concentration is
common feature of VIa metal alloys,12,13,20,26which points to
13420
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a strengthening of chemical bonding by rhenium additions
witnessed by the cohesive energies which were estimated
nonmagnetic Cr-Re alloys to be 9.39, 9.66, 9.80, and 9
eV/atom for 0%, 6.25%, 12.5%, and 25% Re, respective
On the other hand, a shift ofEF with Re concentration to
higher energies leads to progressive filling of antibonding
states~Fig. 3! and, consequently, to a weakening of the Cr-
bonding. However, the occupation of antibonding states d
not appear in the total bond strength, as follows from
concentration behavior of the cohesive energy which is
integral characteristic of interatomic interactions. It is se
from the charge densities~Fig. 5! that Cr-Re bonds appea
with increased population, which compensates for the
crease in the Cr-Cr contribution to the cohesive proper
due to thed-band filling effect and also to an increase
lattice parameter.47

The peculiarities of interatomic interactions and the co
nection between ETT and bond strength may be dem
strated based on the crystal orbital overlap populations~OP!
curve obtained for the first and second-nearest-neighbo
atoms~Fig. 6! ~a similar OP curve was reported in Ref. 47!.
The Fermi level in pure Cr falls in the pseudogap betwe
bonding~positive OP! and antibonding~negative OP! states.
For low Re concentrations,EF remains in the pseudogap an
a sharp increase both in the DOS and antibonding OP
4-5
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MEDVEDEVA, GORNOSTYREV, AND FREEMAN PHYSICAL REVIEW B67, 134204 ~2003!
observed only for anEF shift at about 0.2 eV, correspondin
to 5–6% Re. This correlates with the population of the fou
antibondingd band and the first ETT~the appearance of
neck alongNH). An anomalous decrease of Cr-Cr bondi
in Cr-Re alloys was suggested at about 5% Re based on
peculiarities of x-ray photoelectron spectra~minimum of in-
tensity peak!, the lattice parameter~maximum of the devia-
tion of the lattice parameter from Vegard’s law!, and the
mean-square atomic displacements.20 The subsequent occu
pation of antibondingd states will lead to the progressiv
weakening of Cr-Cr bonding and to the instability of the b
structure for high Re concentration. It is interesting to n

FIG. 5. The valence charge densities~in units of e/Å3) for the
$110% plane of~a! Cr and~b! Cr16.25% Re.

FIG. 6. Overlap population for bcc Cr obtained with the LMT
tight-binding method~Ref. 48! ~only two nearest chromium atom
are included!. The arrows correspond to the ETT’s.
13420
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that the position of a deep minimum of the total Cr-Cr O
curve correlates with the second ETT.

Thus, the increase in electron concentration leads t
weakening of the bonding between the nearest Cr atom
should be mentioned that the decrease in Cr-Cr interato
interactions takes place locally and so is not necessar
appear in overall cohesive characteristics such as bulk mo
lus and cohesive energy due to the compensating effec
rather strong Cr-Re bonds. The weakening of Cr-Cr bo
will decrease the energy barrier for the displacement of
atomic chain along thê111& direction in such a manner tha
a degenerate~hard! to nondegenerate~easy! dislocation core
transformation should take place.49 Since nondegenerate dis
locations in the bcc lattice usually have a higher mobility
comparison with degenerate ones, it should be expected
the yield stress is lowered and the plasticity increased at
Re concentration corresponding to the first ETT. Thus,
conclude that the ‘‘small’’ rhenium effect is closely con
nected with the softening of Cr-Cr bonds near the ETT.

The sharp weakening of Cr-Cr bonding alone is not a
to explain comprehensively the ‘‘large’’ rhenium effect whe
both the plasticity and strength increase simultaneously.
formation of close-packed particles ~CPP! was
suggested7–9,11 as a possible mechanism for explaining th
phenomenon. Indeed, in examining the calculated cha
density in Fig. 5 we see a demonstration of the poss
formation of Cr~Mo!-Re clusters with a rather strong charg
density near Re. The A15-type structure was assumed
these CPP in Refs. 7 and 11. These precipitates may s
enge carbon impurities and prevent the formation of bri
carbides, whose appearance is considered to be one o
reasons for the chromium brittleness. Further, precipitat
hardening is expected due to these clusters, which are
stacles for the motion of dislocations and will result in i
creased strength of Cr~Mo!-Re alloys.

V. SUMMARY

We presented first-principles calculations of the groun
state properties of bcc Cr and ordered Cr-Re alloys. Us
the GGA-P96 functional, the commensurate antiferrom
netic phase of bcc Cr was found to be the lowest state wi
rather small preferable energy below the nonmagnetic ph
The calculated lattice parameter and elastic moduli for AF
Cr were found to be in good agreement with previous cal
lations and experiment. The magnetism is weakened with
addition and for 25% Re the local Cr magnetic moment
close to zero.

A small decrease in the moduli was found for concent
tions of about 6% Re, where the ETT takes place, and
lattice expansion with Re concentration is considered a
factor favoring this decrease. The ETT is accompanied b
weakening of the Cr-Cr bonding between first and seco
neighbors. This is not revealed in the cohesive energy du
the compensating effect of Cr-Re bonds; however, it can l
to an increase in the dislocation mobility. Thus, a mechan
for the ‘‘small’’ rhenium effect may be understood in term
of the weakening of the Cr-Cr bonding and is closely co
nected with the first ETT. For the explanation of the ‘‘large
4-6
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rhenium effect where both plasticity and strength are
hanced it is necessary to involve also the formation of clo
packed Cr-Re particles that prevent the formation of bri
precipitates and lead to additional hardening. Since the e
tronic structure is very close for isoelectronic Cr, Mo, and
this mechanism should be expected to be similar for all
fractory bcc metals alloyed with rhenium.
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