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Ideal tensile strength of B2 transition-metal aluminides
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The ideal tensile strengths of the B2-ty(@sC) transition-metal aluminides FeAl, CoAl, and NiAl have
been investigated using ab initio electronic structure total energy method. The three materials exhibit
dissimilar mechanical behaviors under the simulated ideal tensile tests[@@tjg[110], and[111] directions.
FeAl is weakest in tension alon@01] whereas CoAl and NiAl are strongest in the same direction. The
weakness of FeAl alonf001] direction is attributed to the instability introduced by the filling of antibonding
d states.
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The need for high melting point, high strength and lowdirections. This present work extends the work of Sob and
density materials for application in the aircraft industry hascollaborators to include a study of compounds similar to
driven the intensive study of transition metal aluminidesNiAl. Further, this work examines the evolution of the elec-
FeAl and NiAl. These intermetallics, though sharing thetronic structure along the strain path.
same B2(CsC) structure and having similar lattice param-  Calculations employed the local density approximation
eters, display very different cleavage behaviors. FeAl show§LDA) to density functional theory embodied in the Vienna
a strong cleavage anisotropy and cleaves alf®@l} in a ab initio simulation package (VASP).1? Ultra-soft
fashion similar to that of most body-centered-cubicpseudopotentiatéwere used. The energy cut-off was chosen
materialst2 NiAl, in contrast, fails under tension in a more to be 24 Ry. The cubic unit cell contains two ato(se Al
complex manner, i.e., several candidate cleavage planeé#d one transition metabf which one sits on the body cen-
(e.g., {110}, {511}, and {711}) are observed depending on ter and the other is on the corner. For structural relaxation, a
the experimental conditiors’* grid of 14X 14X 14 k-points generated according to the

From the atomistic point of view, ideally brittle fracture Monkhorst-Pack schenfewas symmetry reduced and used
eventually reduces to the separating of the atomic bonds it0 sample the irreducible wedge of the first Brillouin zone.
which the ultimate bonding strength is achieved at the crackVhen exploring the electronic structure, a finer g(Bb
tip. Insight into the nature of the bonding with respect to thex 35X 35) was chosen to generate a high quality charge den-
deformation renders a better understanding on the mecharsity. With these choices, the total energy is converged to 1
cal behavior of the material. Prior theoretical efforts attempmRy per atom. The ground state of each compound was
to understand the macroscopic behavioral differences of thesund by minimizing the total energy as a function of the
considered B2 compounds through studies of the ionicitylattice parameters. The calculations predicted the equilibrium
charge transférand cleavage enerff these materialén lattice constants 1.4%-3.1% smaller and the elastic con-
their ground statesNone of these, however, has been shownstants of NiAl 2.9% —12.1% higher than experime(iable
to correlate strongly with observed behavidihis does not 1), suggesting a slightly over-binding, as is typical of the
mean that correlations with the above mentioned quantitiekDA calculations!®
cannot be found, but rather, that the correlations, if they ex- After obtaining the equilibrium structure, a series of in-
ist, stem from something other than the ground state propecremental tensile strains were applied to the crystal. To in-
ties. sure that the material was under a uniaxial stress state, relax-

Computations of ideal tensile strength explore straination of the structure perpendicular to the applied strain
ranges well beyond those governed by linear elasticity theorgirection was performed by holding the applied strain fixed
and, consequently, may be capable of predicting some and adjusting the other two normal strain components inde-
mechanical behaviors in these compounds. In fact, it is dempendently until the calculated conjugate Hellmann-Feynman
onstrated here that cleavage properties deduced from a corstresse’$ were both less than 0.1 GPa.
putation of ideal tensile strength correlate well with experi- Under[111] uniaxial tension, a B2 crystal follows a trigo-
mental observations. Further, these computations allowmal path and its structure eventually becomes BHCI)
identification of the electronic states responsible for the obwhen the engineering strain is around 0.68. Since the NaCl
served differences in cleavage behavior. structure also possesses cubic symmetry, the B1 structure is

The ideal strength is defined as the minimum stresalso a stress-free state, implying the tensile stress must pass
needed to drive a defect free crystal to elastic instability, andhrough at least one maximum along the strain patk.In
therefore, sets the upper limit of strength that a material cathis circumstance, the B1 structure corresponds to the local
never exceed.For the transition-metal aluminide systems, maximum of the energy curve and the inflection point gives
the first calculation was made by Seb al®® who studied the maximum stress, i.e., the ideal strength, urjdiét] ten-
the ideal tensile strength of NiAl pulled ifL0Q] and [111]] sion, as shown in Fig.(t). FeAl and CoAl have nearly the
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TABLE I. Comparison of the calculated crystal constants with the experimental data. Elastic constants are

for NiAl.

arenl acoal aial Ci1 Ci1z C44
Experiments 2.9 2.86 2.89 211.9 143.2 112.P
Calculations 2.82 2.80 2.84 217.9 152.9 127.6
Error -3.1% -1.4% -1.7% +2.9% +6.3% +12.1%

3 xperimental lattice constants from Ref. 14.
bExperimental elastic constants from Ref. 15.

same maximum stress, of 31 GPa, higher than the 24 GPa tifre is encountered. The instability is then associated with
NiAl. According to Orowarf® an extremum stress of the zero stress state at infinite strain. Again, FeAl and CoAl
0.08 Epy)), WhereEpy, is the elastic modulus in thénkl) are similar to each other in their stress strain relationships as
directions, is expected if one fits the stress-strain curve belell as their maximum stresses. NiAl, on the other hand, has
tween the two unstressed states with a sinusoid governed @'Owef modulus and ideal strength. For the three materials,
the proper elastic modulus. The calculatgill] ideal ° edralf“p of the maxt|n|1ug1132tress to their respective elastic
strengths in the three materials are in good agreement witfieaull IS approximately U. 1.

; L - The most interesting behavior is observed f¢0@1] ten-
Orowan’s theory in this senséor example,0(11,,=25 GPa path. Maintaining the tetragonal shape as expected, the

=0.082E 1y for NiAl). The ideal tensile strength in this ¢rystals undergo a B2 L1, structural transformation when
direction is, therefore, symmetry dictated. A similar argu-the stress is applied. Since §-has reduced symmetry in
ment has been applied in previous stutfiéd?! of the  comparison to B2 and no other high symmetry structure in-
BCC— FCC structural transformation alog@00 directions  trudes on the strain path, the instability is again expected to
in BCC metals, also known as the “Bain Path.” be determined by the “saddle point” at infinity. The calcu-
A B2 crystal under[110Q] tension follows a monoclinic lated stress strain relation, however, shows this argument is
path on which no other high symmetry or stress-free strucvalid only for CoAl and NiAl. FeAl, intriguingly, manifests a
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FIG. 1. Ideal tensile strength versus engineering strain for FeAl CoAl, and NiAl d@n@01] (b)[110] (c)[111]. The energy increase
per unit cell under an applieg01] tension is also included ifg).
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TABLE Il. Summary of the ideal tensile strength along three directions. All the stresses are in GPa.

[007] [11Q] [117]
Om €m Om €m Om €m
FeAl 19 0.14 40 0.28 31 0.22
CoAl 49 0.60 40 0.26 31 0.24
NiAl 45 0.58 27 0.20 24 0.22

small “wiggle” at a relatively low strain. Although FeAl has shows a preference fdrl00} cleavage regardless of the ori-
both the global maximum stress and the corresponding strai@ntation of a single crystal sample whereas the sghd®}
close to those of CoAl and NiAl, its ideal strength is definedplanes in CoAl and NiAl, in contrast, are unfavorable for
as the first local maximum introduced by the wiggle, becauséracture as indicated by the fact that the crack path deviates
the crystal has become unstable at this stress, leaving tlieom an initial {100} notch plane in a four-point bending
states following unreachable. Thus, the ideal strengtlexperiment These results, combined with our calculations,
(19 GPa of FeAl along the[001] direction is considerably reveal the intrinsic strength differences along 081 di-
lower than those of the other two aluminide®¥® GPa for rections of the B2 transition-metal aluminides. It is impor-
CoAl and 45 GPa for NiA)l. Table Il summaries the critical tant, then, to understand the electronic origins of the ob-
stress and strain for each material. S0lkal®° calculated the served trends as this understanding may allow engineering of
ideal tensile strength of NiAl using the full-potential linear- the cleavage properties of these alloys.
ized augmented plane wayELAPW) method and obtained Ni, Co, and Fe all form stable B2 aluminides with similar
25 GPa in thg111] direction and 46 GPa in thHe.0Q] direc-  band structuréd23that mainly differ from each other by the
tion. The results obtained using the ultrasoft pseudopotentiaksnergy level of each band relative to the Fermi energy. Fig-
are in good agreement with this previous study. ure 4a) presents the band structure along the crystalline ori-
Clearly, no direct measurements of the ideal tensileentations with the high symmetry of the unstrained FeAl.
strength of defect-free materials are available to compar&@he bands near the Fermi level are formed mainly from the
with the calculations. It is also known that even in the idealtransition metat-states. Three states derived from the metal
world, materials, in many cases, fail by shear rather thaml orbitals haveT,; symmetry(i.e., dy, d,,, andd,, and are
tension before the critical tensile strength is approacheddegenerate af’, lying just above the Fermi level. These
However, it is interesting to note that experimentally FeAlbands split intod,, (the sixth bangand doubly degenerate
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FIG. 2. Band structure of FeAl &h) ground state(b) e,,=0.04,(c) ¢,,-0.08, andd) ,,=0.14. The k-point are labeled corresponding
to the ground state structure for comparison. The Fermi level is set at zero energy. The sixth and sevesthlibdings are observed to
respond oppositely under tH601] uniaxial tensile strain.
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‘ ' ‘ rod o contrast to the rise af bands fromT,y symmetry upon load-

i ing, the seventh band is observed to drop in energy, mainly
because the antibondirddo derived states lower their en-
ergy as the interatomic distance alongirection increases.
This downward movement of the energy band thus contrib-
utes negatively to the total energy increase, more or less

— Fermi Level of FeAl i
] depending on how much this band has been occupgied.

61— - FermiLevel of CoAl
--- Fermi Level of NiAl

~
!

similar variation of the energy band under shear stress was
observed in transition-metal carbonitricd®s.Consequently,
NiAl possesses a lower elastic moduld95 GPa along the
[001]] direction because of significant occupation of the sev-
0 R B ; enth band. FeAl, on the other hand, shows a high modulus
-2 .10 8 6 -4 2 0 2 4 6 8 (195 GPa as its seventh band is empty in the ground state.
Energy (eV) CoAl, with its Fermi level across the bottom of the antibond-
FIG. 3. Density of states in FeAl at ground state. CoAl and NiAl ing d'b_aDQ’ has nearly the, same elastic modull80 GPa .
have similar DOS curves with their Fermi energies 1.06@dtted ~ at the initial stage of loading as FeAl, because the negative

liney and 1.85 eV (dashed ling higher than that of FeAl, contribution from the small portion filling of antibonding
respectively. states is compensated by the complete filling'gf d-states.

As the strain increases more antibonding states become oc-
dy,+d,, (the fourth and fifth bandsn the direction froml"to  cupied resulting in a decrease of the elastic modulus of CoAl
X. The other twod-states, sharing, symmetry(d,2_,» and ~ compared to FeAl.
ds2_2), are also degenerate Bt with an energy approxi- Thed,, andds,2_,2 derived bands move in opposite direc-
mately 2.5 eV below the Fermi level. Above the Fermi level,tions under tension and cross each other at an engineering
along X-M, the seventh band is constructed mainly from thestrain of 0.08 for FeAl[Fig. 2c)]. At the critical strain
o bonding of theds._,2 orbitals from the transition metal (0.14), the antibondingl-state touches the Fermi level, im-
atoms, yielding a high density of antibonding statéig. 3).  plying that electrons flow from the stable bonding state and

With a total of 11 valence electrons in the unit cell, FeAl begin to fill this antibondingl-state[Fig. 2(d)]. In contrast to
fills its first three bands completely, the fourth and fifth bandsCoAl and NiAl which have a high occupancy of bonding
nearly full, and leaves the sixth band slightly over half-filled. states near the Fermi level, FeAl has fewer valence electrons
The Fermi level falls within the bonding stat¢big. 3).  tofill the T,y bonding states. Full bonding states are expected
NiAl, in contrast, pushes its Fermi level beyond the anti-to contribute positively to the energy of the strained system.
bonding peak by filling nearly half of the seventh band as @onversely antibonding states decrease their energy with in-
result of the two more valence electrons contributed by Nicreasing strain. The energy curve of FeAl rises less rapidly
The Fermi level of CoAl resides in the “pseudo gap” which than those for CoAl and NiAl beyond the critical strain. This
separates the bonding and antibonding states, and touches ihea direct result of filling of the previously empty antibond-
very bottom of the seventh band near M. Filling the anti-ing d-band in FeAl. The inflection point introduced by this
bonding states would result in the energy increase of thehange of energy gives rise to the local maximum stress. The
system and hence weaken the stability of the bonding. Thenechanical instability is consequently triggered by filling of
tendency in lattice constants decreasing from FeAl to CoAlthe unstable electronic states before the structural instability
while increasing from CoAl to NiAl is consistent with this is broken. Such antibondingg,2_,2 instability is unlikely to
analysis?* be dominant undef110] and[111] tension due to the differ-

When a uniaxial stress is applied along fl0®1] direc- ent loading paths in which the bond lengths associated with
tion, significant changes of the energy bands near the Ferntiie ddo states deviate less with respect to the unstrained
level are observed. The thrdg, d-states are no longer de- antibonding states.
generate and a small gap openslafFig. 2(b)] as cubic It is intriguing that the calculated ideal strengths for FeAl
symmetry is broken. Fror to X (i.e.,[001]), bands derived correlate well with the observed cleavage mode of the mate-
from d,, andd,, are still expected to be degenerate becauseial. Although the cleavage of crystals can be complicated
the crystal follows a tetragonal path whexeand y are  and detailed modeling of the crack tip region and dislocation
equivalent. Near X and M, these bands rise relative to theimicrostructure is needed to understand fully this problem, it
initial levels as the strain increases. In the unstrained statés tempting to correlate the ideal tensile strength with cleav-
adjacent transition metal atonfalong the cube edgen the  age mode. The inherent anisotropy of the bonding strength in
{100} planes bind to each other villr bonds involvingT,,  different orientations may possibly serve as the source of the
orbitals. The square shape of each cubic face wherein a trafracture anisotropy. If so, the electronic origins of the cleav-
sition metal atom sits on each corner is thus favorable. Undeage properties of FeAl have been identified, and this is an
tensile strain along001], the square symmetry @100) and important first step towards engineering, through alloying
(010 planes is broken leading to an energy increasedfor ~additions, the cleavage properties of FeAl.
and d,, derived bands. On th€01) plane, transition metal In conclusion, the computed ideal tensile strength of FeAl
atoms move nearer to each other without breaking the squarffers substantially from the similar alloys NiAl and CoAl.
symmetry, pushing thd,, derived band upwards as well. In Whereas NiAl and CoAl are strongest[id01] tension, FeAl
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is weakest when pulled in the same direction. The electronialuminides. This identification may allow future engineering
origins of the anomalous behavior of FeAl have been idenof the cleavage properties of FeAl.

tified. Specifically, the crossing and filling of twlbbands in ) ) )

FeAl as a function of the applied strain state yields the com- This work was supported by the Directorate, Office of
puted nonmonotonic behavior for the stress vs strain curveznergy Sciences, Office of Basic Energy Sciences, of the
The ideal tensile strength study facilitates an alternative unDepartment of Energy under Contract No. DE-AC03-
derstanding of the cleavage properties of B2 transition metal6SF00098.
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