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First-principles determination of the tensile and slip energy barriers for B2 NiAl and FeAl
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The Griffith energies and the unstable stacking fault energies for FeAl and NiAl are investigated using the
highly precise full potential linearized augmented plane wave method. Large multilayer relaxation is obtained
through atomic force and total-energy calculations. The unstable stacking fault energj#6Goand (110
slips in NiAl(001) are 1.3 and 2.2 J/f) respectively. They are much smaller than the tensile cleavage energy,
5.4 J/n?, and indicate that the major deformation mode in stoichiometric NiALLBO) slip, a result which
agrees with experiment. For FgADY), the unstable stacking fault energies are much higher and are equally
anisotropic(2.4 and 3.9 J/rhfor (100) and(110) slips, respectively We found thatp-d hybridization plays
an important role aEg for NiAl but not for FeAl, which may contribute to these different mechanical
properties][S0163-18206)08034-4

I. INTRODUCTION rion for the intrinsic ductile and brittle properties for the case
with a single sharp crack in a dislocation-free crydtatow-

B2 transition aluminides, especially FeAl and NiAl, have ever, it was found very recently that the ductile-brittle cross-
been extensively studied as high-temperature structural maver is determined by a critical value ¢f,;, with increasing
terials due to their intriguing properties such as high meltingy, leading to reduced ductilit}® The number of possible
point, low specific gravity, good thermal conductivity, and slip plane$? and the anisotropy of the surface for a gen-
oxidation resistanck* The long-range order produces eralized stacking fault are also believed to be important.
strong bonding between atoms, which, in turn, usually leads Unfortunately, only tensile energies for FeAl and NiAl
to slower diffusion processes and better creep resistafioe. have been determined using first-principles approaches based
apply these materials to the aerospace industry, however, o the local-density-functional schef&-®Due to the inevi-
must first overcome their disadvantages, i.e., the apparetable large atomic relaxations and reconstructions, it is very
poor ductility and low fracture toughness at ambient tem-difficult to obtain reliable results for the energy barriers for
peratures. Due to the intrinsic complexities of the mechanicaslip deformations and the fully surface!* The values of
processes, the mechanisms governing the ductile and britthe  are thus usually estimated indirectly from the energies
properties of intermetallic materials are still far from being for the antiphase boundaries, for which the effects of relax-
well understood, and so challenge theoreticalation and reconstruction are assumed to be small. However,
explanatiorf,”118 it was realized very recently that even a small relaxation can

It is widely believed that the ductility of a material is be very essential in the formation of the intermetallic com-
closely related to the anisotropy of the energy surface enpounds. For example, a correct structdib) ;) for Al 5Ti
countered in the tensile and slip deformati@d&When ten- can be obtained only when structural relaxations are
sile stress applied at the tip of the crack exceeds the boncbnsidered?®
strength, the bonds there become unstable and the crack will Here we directly determine the tensile cleavaGeiffith)
extend, which results in brittle behavior. On the other handenergy ys, and the slip energy barrierg, (for (100) and
if the stress can be released through slip deformations, thgl10) deformationg for the (001 plane of FeAl and NiAl
crack is expected to be blunt and thus ductile behaviousing the full potential linearized augmented plane wave
develops. The resistance to the dislocation emission at aFLAPW) method!® With the aid of total energy and atomic
crack tip is associated to the energy barrier to slip deformaforce approache¥, we optimize the positions of all the at-
tion. The intrinsic ductile and brittle behavior is believed to oms in the unit cell. After a brief description of the method-
be determined by a combination of three important quantiology in Sec. Il, calculated results of atomic structures, total
ties, namely, the Griffith energyyt), the unstable stacking energies, and the bonding mechanism are given in Secs. llI
fault energy 9, and the product of shear modulus andand IV, respectively. Finally, a discussion and conclusion are
Burgers vector. The ratio of¢/y,s was proposed as a crite- presented in Sec. V.
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TABLE I. The calculated interlayer distancés a.u., where layer 1 is the surface layfar the clean and
slipped FeA{001) and NiAl(001) surfaces and the energy barriérsJ/m?) obtained from a seven-layer slab.
Elements in parentheses denote those on the topmost layer.

System d3g das dip Yus
clean
FeAl (Al) 2.70 2.81 2.34
FeAl (Fe) 2.63 2.62 2.53
NiAl (Al) 2.65 2.73 2.55
NiAl (Ni) 2.62 2.80 2.29
(100 slipped
FeAl (Al) 2.70 3.81 2.22 2.29
FeAl (Fe 2.62 3.63 2.43 2.54
NiAl (Al) 2.76 3.73 2.17 1.24
NiAl (Ni) 2.39 3.60 2.22 1.36
(110 slipped
FeAl (Al) 2.63 4.47 2.19 3.75
FeAl (Fe 2.43 4.41 2.48 4.11
NiAl (Al) 2.82 4.52 2.12 2.14
NiAl (Ni) 2.34 4.34 2.29 2.34
Il. METHODOLOGY AND COMPUTATIONAL DETAILS tances between the adjacent(R&-Al planes in the bulk,

2.68 a.u.(2.65 a.u).. Large surface relaxations are found for

6 . .
In the FLAPW method no shape approximations are all cases. For the Al-truncated F€B801) and NiAI(001) sur-

made for charge density, potentiql,_and wave functions. Th?aces a large contractiqB—15 % in d,, is accompanied by
core states are treateq full){ (elat|V|st|caII_y, and the vallenc?Jln expansion2—6 % in dys. The calculatediy,, ds, and
states are treated semirelativisticallye., without spin-orbit da, values for Al-truncated FeA001) are 2.34. 2.81, and
coupling. We employ the Hedin-Lundgqvist formulas for the 3;0 a.u. They are in excellent agreement with the measured
exchange-correlation potentials. This approach has been afésults. .i e 234004 282004 and 277004 au

plied very successfully in the last decade to determine th respec’tiv.eliy’lg ' e T : : i
electronic and magnetic properties of many transition-metal For NiAI(bOl) the surface relaxations reduce the surface

systems® .
.._energy by 109 meV for the Ni truncated case, and by only 18
Energy cutoffs of 13 and 100 Ry are employed for varia eV for the Al truncated case. As a result, the cleavage

tional plane-wave bases and star functions to describe tHe

wave functions and the charge density and potential in thgr;frﬁy. of N'Alc?ézggtghﬁg?{% g;;?ﬁggnb's 3640\]; rrfc,iaFLe?grltthe
interstitial region, respectively. Within the muffin-tiMT) which 1S very AR ed by
spheres iy re=2.2 AU yrni=2.0 a.U., and yya=2.0 unrelaxed case, 5.5 Jm" Interestingly, we found that the

a.u), lattice harmonics with angular momentdrap to 8 are value of the tensile cleavage energy is not sensitive to the

: pproach adopted: Very close resultgithin 5%) are ob-
adopted. Convergence is assumed when the average ro@gﬁned through eithefi) the asymptotic total-energy differ-

mean-square difference between the input and output char nce obtained as a function of the separation between two

densities is less thanX210™* e/(a.u)®. The equilibrium ge- . : .
: ; . - ieces stretched directly, ¢ii) from the sum of surface en-
ometries are determined with a criterion that the force orP o ;
, ergies of the Al and Ni truncated surfaces. For FeAL),
each atom is less than 2 m Ry/a.u. X
the effects of surface relaxation are found to be stronger on
the surface energies; the calculated tensile cleavage energy
lll. ATOMIC STRUCTURE AND TOTAL ENERGY for FeAl along the(001) direction is 6.5 or 0.3 J/fhsmaller

A. Multilayer relaxation on NiAl (001) and FeAl(001) than the unrelaxed valfé.

The (001) surfaces of NiAl and FeAl have a simple struc-
ture and are ideally composed of either(lR® or Al atoms
depending on where the lattice is truncated. In the present The predominance gfL00 slip in NiAl ((111) in FeAl)
calculations, possible surface interdiffusion is exclui®de  has been well establishé%>However, due to difficulties in
used a seven-layer slab to simulate the NOAI) and handling the inevitable large structural relaxation and recon-
FeAl(001 surfaces with either Al or NFe) as the topmost struction, first-principles calculations have rarely been done
layer. The calculated equilibrium lattice constant of 82  for the unstable stacking fault energy. For several systems
bulk NiAl and FeAl, namely, 5.36 and 5.31 a.u., are used insuch as NiAl, Ni and Fe, y,; was estimated using the
the lateral plane. The vertical positions of all atoms are opembedded-atom method for investigating the mechanism of
timized through their atomic forces. the brittleness of NjAl.24

As listed in Table I, the optimized interlayer distances Here, two models are adopted for the determination of
indicate that the thickness of the slab is reasonably sufficieny,: (i) a four-layer slab model, in which the two upper
since the the calculated values @§, are close to the dis- layers are translated against the two bottom layéis;a

B. Energy barriers for slip deformations
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seven layer slab model, in which the central three layers are
translated against the outermost two layers on each side. The
vertical positions of all the atoms are adjusted according to 3
their atomic forces after the lateral translations. As a result, £
we found that the two models give close resitte differ-
ence is less than 0.2 Jfnfor NiAl).

The optimized interlayer distances for the seven-layer slip [}
deformed NiA(001) and FeA(001) slabs are listed in Table 3
[. Surprisingly, the interlayer distanak, is not compressed
much for both(100) and(110) slips. In fact, it even expands
in some cases compared to the valuesdgf for clean
NiAl (001) and FeA(001) surfaces. On the other hand, the
changes ird,;, due to slip deformation are also less than 7%
[except for NiAK001), with Al as the topmost layér Thus =)
the surface and interface effects in FeAl and NiAl are mostly [
localized within one and two layers.

The calculated energy barriers are listed in Table I. For
NiAl, we found that the energy barriers fgrl00) and FIG. 1. The calculated bonding charge densitieg&FeAl and
(110) slips are 1.30 and 2.20 JAnrespectively. Clearly, the (b) NiAl obtained by subtracting the superimposedNig and Al
v surface for NiAl is strongly anisotropic, and th{&OO} atomic charges from the corresponding self-consistent charge den-
Burger's vector appears to be the major slip direction forsity. Contours start from-1X 104 efa.u2, and increase succes-
NiAl—a result which agrees with experimehf strong an-  Sively by a factor ofy2.
isotropy is also found for the potential barrier of FE301).

For both (100 and (110 slips, the potential barriers for from Al to the transition-metal sites plays a dominant role.
FeAl are about 70% higher than those for NiAl. The Al thus acts as an electropositive element, and the re-

It is important to note that the multilayer relaxation is Pulsion between Al atoms is crucial for the structural order-

very important for the determination of the energy barriersing Of these a||0y§_»120 In fact, this is also the driving force
The calculated energy barrier for a rigigithout atomic re-  for the large multilayer surface rippling on the NIALO
laxation (100 slip in Ni(00 is 3.52 J/nf, which is about ~Surface’ |

three times larger than the value for the relaxed case. In It IS important to note here that the sign of the charge
addition, the slip-induced multilayer relaxation appears to pdransfer obtained agrees with a simple estimate made from
very sensitive to the surface truncation. The valuesygf the Pauli electronegativities of All.61), Ni (1.9, and Fe
also depend on the trucation since, as listed in Table |, thél-83- An oppositely ggned charge transfer was previously
calculatedy, for Al-truncated cases are about 10% smallerProposed by Liwet al* based on the calculatddsing the
than those for the FBli)-truncated cases. Together with the linéarized-augmented Slater-type-orbita ASTO) method
results obtained from the four-layer slabs, the error (bar and the measured change of core-level binding energies for

cause of the use of different modgefer the determination of Ni and Al. To clarify this difference, we also calculated the
y4s should be within 10%. core-level binding energies for bulk NiAl, Ni, and Al. Inter-

estingly, as listed in Table II, the NAl) core-level binding
energies enhanc@ecreasewhile charge accumulatgsle-
IV. BONDING MECHANISM pleteg in the surrounding area. This unique behavior indi-
cates the complexity of aluminides, and thus all aspects are
needed to be considered for interpreting results.

Obviously, accurately determined electronic properties Comparing the bonding charge density of FeAl and NiAl
are essential for understanding the mechanical behavior défi Fig. 1, we found that the charge depletion from the Al
materials. From the bonding charge densitighich are ob-  sites is stronger in NiAl; the Al muffin-tin sphere in NiAl has
tained by subtracting the superimposed atomic charge de.08 fewer electrons than that in FeAl. In addition, the bond-
sity from the self-consistent charge dengifgr bulk FeAl  ing charge around Fe sites in Fig(al appears to be more
and NiAl given in Fig. 1, it is obvious that charge transfer directional than that around Ni in Fig.(d). More details

A. Bulk NiAl and FeAl

TABLE Il. The calculated and measured core-level binding ener@mesV) for bulk NiAl, Ni, and Al.

AEg
Core NiAl Bulk Ni (Al) FLAPW LASTO? Expt.2
Ni 3p3» 62.96 62.44 0.52 0.26 0.4
Ni 2P, 830.46 830.19 0.27 0.2 0.4
Ni 2Py, 847.90 847.64 0.26 0.2 0.2
Al 2pa 64.11 64.69 ~0.58 -05 -0.2
Al 2s 102.06 102.63 ~0.57 —-05 -0.3

8Reference 26.
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FIG. 2. The calculated density of states f@ FeAl and (b)
NiAl.

about the electronic interaction can be seen from the total

and muffin-tin-projected density of states in Fig. 2. Clearly,
no strong Als,p—Ni(Fe) d resonant features are found for
both systemgmost of the resonant peaks in Al appear to
originate from the tail effecis However, there is a pro-
nounced peak aEg for NiAl. As indicated in Fig. 3b) by
the energy-sliced charge densifyom states within=0.2

eV), we can see that this peak originates from the hybridiza-

tion between the Ap and Nid,2 stategboth atoms contrib-
ute to the charge densjtyBy contrast, Fel,, , states domi-
nate the charge distribution in Fig(e3 except for the very
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FIG. 3. The calculated charge densitiesEatfor (a) FeAl and
(b) NiAl. Contours start from=1x 10" e/a.u2, and increase suc-
cessively by a factor of 2"

FeAl and NiAl. For a small distortion, which only affects
states arouné g, Al 3p states are important in NiAl but not
in FeAl.

B. Clean and slipped FeA(001) and NiAl(001)

The bonding charge density of the Fé201) and
NiAl (002) surfaces is plotted in Fig. 4 for the case with Al as
the topmost layer. Clearly, the Al atoms also act as charge
donors in the surface environment. Contours in the interior
region resemble the bulk character for each system. In fact,

(@

(b)

FIG. 4. The calculated bonding charge densities far

near nuclear region around the Al sites. This may be amreAl(001) and (b) NiAl(001). Contours start from=1x10*
important factor for the difference between the ductilities ofe/a.u?, and increase successively by a factor/@f.
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geometries. Thus a constant bond length appears to be a
good approximation if one wants a quick approximate esti-
mate of they surface.

V. DISCUSSION AND CONCLUSION

Although the results for thé111) slips are not available
now (calculations are in progresswe can attempt to find
some clue from the available data for the key factors deter-
mining the ductile and brittle properties of an intermetallic
material. Since FeA{ductile) and NiAl (brittle, but fracture
occurs after a substantial plastic deformatipmppear oppo-
site in properties, it is interesting to compare possible factors.

First, is the anisotropy of the surface of crucial impor-
tance? This appears unlikely based only on the energy barri-
ers for the(100) and (110 slips. As listed in Table I,
Yus( 100/ Yus¢ 110 for NiAl is 0.58, which is only slightly
larger than that for FeAl, 0.61. Of course, since the major
slip mode in FeAl is(111) whereas it is(100) in NiAl,
results for(111) slip are needed for any conclusion to be
drawn.

Second, is the ductile/brittle property determined by the

FIG. 5 The calculated bonding charge densities forfatio of ys/vys (known as the Rice criterigf'® The value of
(110)-slipped (@) FeAl(00) and (b) NiAl(001. Contours start ¥s/yus for NiAl is 4.2, which is even larger than that for
from +1x10 4 e/a.u?, and increase successively by a factor of FeAl, 2.7 (here(100) slip barriers are used for both cases
V2. Unless the energy barrier for t§@11) slip in FeAl is much

lower than that for thé 100 slip (by a factor of at least 1)5
the numbers of electrons in the interior Al and Rgi) the Rice criterion appears not to be applicable for FeAl and
muffin-tin spheres are very close to the corresponding bullNiAl
values(deviations of=0.03 electrons are due to relaxation Other possible reasons for the difference in mechanical
This strong screening effect ensures the validity of the calproperties between NiAl and FeAl includg the number of
culated slip deformation energies with the present slalslip channels(four for FeAl and three for NiAl, and (ii)
model. subtle differences for states Bt . [For (i) it is most prob-

For the deformed geometries, the bonding charges alsable that the directiongb-d hybridization atEg may con-
show very similar behavior. The charge redistribution oftribute to reducing the ductility of NiAl, since it does not
(110(00)) slipped FeAl and NiAl in Fig. 5, for instance, occur in FeAl]
indicates that electrons deplete from the Al sites and accu-
mulate at transi_tion metal sites. However, t'he contours in the ACKNOWLEDGMENT
interfacial region show stronger spatial anisotropy—
suggesting enhanced hybridization. Note that théNBe This work was supported by the Air Force Office of Sci-
bond lengths in the deformed NiAl and FeAl systems areentific ResearciGrant No. F49620-95-1-0189We thank
only about 2—4 % shorter than that in their clear surfaceY. Gornostyrev and O. Mryasov for helpful discussions.
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