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First-principles determination of the effects of boron and sulfur
on the ideal cleavage fracture in NjAl
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The effects of boron and sulfur impurities on the ideal cleavage fracture propertiegAlfudder tensile
stress are investigated using the full-potential linear-muffin-tin-orbital total-energy method, with a repeated
slab arrangement of atoms simulating an isolated cleavage plane. Results for the stress-strain relationship, ideal
cleavage energies, ideal yield stress and strains with and without impurities are presented, and the electronic
mechanism underlying the contrasting effects of boron and sulfur impurities on the ideal cleavagAala$ Ni
elucidated[S0163-18206)03329-3

The L1,-type ordered nickel aluminide, M, exhibits cantly modifies the complex behavior of fracture that
unique mechanical properties that make it attractive fopropagates along or through the grains. Thus, bbtws
structural applications at elevated temperattir@ese are been known to suppress intergranular fracture in contrast to
its high melting temperature, low density, resistance tosulfu® that promotes it. More recent experiméfithave
oxidation? and the increase of yield stress with increasingshown that boron also improves the ductility of singleMi
temperaturé,in contrast to conventional compounds or dis- crystals, suggesting that a “bulk effect” should be consid-
ordered alloys. However, as with many other intermetallicsered in addition to the grain-boundary strengthening of boron
an inherent drawback to using polycrystalline ordered stowhen explaining the improvement in ductility of polycrystal-
ichiometric NiAl alloys as a structural material is the ten- line Ni;Al due to B additions.
dency to undergo brittle intergranular fractdreyen though While significant progress is currently being made in ato-
single crystals of NjAl are highly ductile. Weak grain- mistic simulation calculations of fracture procesSesclu-
boundary cohesion and low cleavage strength have beesion of realistic materials characteristi@@rain boundaries,
suggestetito be two of the main causes of brittleness in dislocations, et¢.in first-principles electronic-structure cal-
polycrystalline intermetallic systems. Microalloying studies culations remains very difficult. Since, in the case of the
have shown that doping with boron, which strongly segre-Ni3Al, the crystalline structure of the grains remains ordered
gates to the grain boundaries, can significantly improve theery close to the boundary plane, producing a relatively
ductility of polycrystalline NiAl,®> whereas sulfur reduces sharp grain boundary, with or without boron additfoi,is
ductility and causes embrittlemeht. reasonable to expect that a first-principles study of the bond-

It is well known that the complex and varied microstruc- ing characteristics of atoms in a supercell with and without
tures of grain boundaries play central roles in determiningporon and/or sulfur impurities will provide insight into the
the mechanical behavior of these systénBtudies have cohesive forces that control cleavage failure. The next level
been underway to “design grain boundariést order to  of study would then be to include the relaxation of the crys-
affect the thermomechanical behavior of these alloys. Théalline atomic positiongemulating the partial disorder that
manner in which electronic charge becomes localized ohas been revealed experimentally very close to and at the
spread among neighboring atoms will make a significangrain boundary, and to determine the effect of such pertur-
contribution to their thermomechanical behavior. Thus, thebations on cleavage properties, some of which have proved
region between adjacent grains, the grain-boundary domaimseful in phenomenological models of fracture, but can only
can be very sharp or extended spatially with simple or combe obtained from first-principles investigations. Among these
plex local structures tied to the chemical thermodynamics ofre the upper bound of tensile yield stresses, the “ideal yield
these systems creating stable or metastable structures outgifess,” and the ideal cleavage enefgshich is equal to the
thelocal chemistry’ The fracture mode of brittle intermetal- total surface energys of the two cleaved surface planea
lics is either cleavage, i.e., fracture along specific crystalloquantity which appears in the phenomenological theory re-
graphic planes in either a single-crystal or polycrystallinecently proposed by Ri¢8 for determining the intrinsic duc-
sample, or intergranular, i.e., fracture along the grain boundtile versus brittle behavior of materials. Rice proposed that a
aries in a polycrystalline sampieAddition of atomic impu-  simple rule to measure the brittle and/or ductile behavior of
rities which segregate to the grain-boundary domain, signifimaterials is the ratioy, J/ v, which determines the competi-
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FIG. 1. Supercell geometry used in the cleavage calculation.
The filled, empty, and gray shaded circles represent sites for Ni, Al,
and impurity (X stands for boron or sulfuratoms, respectively.
Atoms of different symmetry are distinguished by a type number.

s (auw.)

tion between dislocation emission from a crack tip and crack FIG. 2. (&) The calculated total-energy difference per unit area,
cleavage. Dislocation nucleation is characterized by the urAE, versus cleavage separation fogAli (solid squares NizAlB 1/,
stable stacking fault energy,s, which is the maximum en- (open squargsand NBAISy, (solid circles. The solid, short- and
ergy barrier encountered in sliding one half of a crystal relalong-dashed lines are the least-squares (litsThe cleavage stress
tive to another along a slip plane. versus cleavage separation forsMi (solid line), NizAIB 1/, (short-

In an attempt to determine these parameters and developigshed ling and NEAIS,; (long-dashed ling
more fundamental understanding of fracture phenomena, re- ) i )
cent theoretical efforts have applied first-principles?'USter mc_reasédecreas)ethe maximum sustainable restor-
electronic-structure calculations to study the atomic-levefd force in the cluster. More recently, Wu, Freeman, and
factors that underlie the effect of impurities on grain-Olson® have carried out full-potential linear-augmented
boundary cohesion and intergranular fracttié?® Using plane-wave calculations to determine the difference in inter-
guantum-mechanical methods, Messmer and Brianbd- facial energy associated with the embrittling potency of bo-
eled Ni or Fe metal clusters coordinating different impurities.Fon and phosphorus impurities in iron.
The contrasting behaviors of the added boron and sulfur im- [N the present study, we take a different approach to the
purities have been interpreféas caused by modification of Understanding of role segregation plays in cohesion, by in-
the local electronic structure induced by these defects ne€stigating the effect of impurities on theeal cleavage
and within the grain boundary in specific ways; “embrittling Propertiesof single NiAl crystals. Using highly accurate
elements,” such as sulfur, draw charge from neighboring?otal-energy self-consistent electronic-structure calculations,
metal atoms onto themselves, thereby weakening the metdpased on the  full-potential linear-muffin-tin-orbital
metal bond charge network, whereas “cohesive enhancerstFLMTO) method,” we have investigated the effect of im-
such as boron, do not draw charge from their neighboringUrities on the ideal cleavage propertigdeavage energy
metal atoms, forming homopolar bonds, and maintain thénd yield stressof NisAl. Though the method, as used here,
cohesiveness of the metal-metal atom charge netWorke IS capabge_ of dealing with very open systems, such as
electronic-structure cluster calculations of Eberhart andsurfaces’, it is not constrained to surface situations, so that a

Vvedensky* have shown that the appearance of localizedcontinuous transition from a bulk, closely packed arrange-
grain-boundary electronic states insAli, with considerably )

less directional charge distribution than that found in the TABLE I. Calculated values for the ideal cleavage enef@y,
parent crystal, provides an indication of intergranular frac-ne maximum tensile stresg,,,, and the ideal straie correspond-
ture. In a later papé'ﬁ it was further suggested that boron ing to the maximum tensile stress, for fracture cleavage of@b&)
possesses an electronic configuration which, due to symmé’lanes Of NIAl, NigAlB 1/, and NEAIS,

try considerations, can stabilize the noncrystallographic

bonding geometri_es found near grain boundaries. E.Iectronic(-:omloound (J?niz) (101gma:n,2) .
structure calculatiort§ have also been used to investigate the

effect of charge redistribution on the interfacial strength dur-NizAl 6.31 3.80 35%
ing the process of straining. First-principles atomic-clustemi,AIB,,, 6.02 3.89 30%
calculationd’ of the total energy and the gradient forces haveni,AlS, , 4.08 271 25%

shown that boror(sulfur) interstitial impurities in a nickel
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FIG. 3. Boron-induced charge
density on the(200 plane for
various slab separation ratissa.
Solid (dotted contours denote
contours of increase(ecreased
charge density. Contours start
from =8.0x10™* ef(a.u)® and in-
crease successively by a factor of
root 2.

(s = 0.0) (s = 0.05q) (s = 0.08q) (s=013a)

ment of atoms to an open arrangement, as when cleavagdi(4), and one Ni3) nearest neighbors. Such an arrangement
planes are created, can also be treated. In the FLMT®@orresponds to an impurity concentration of 11.1 at. %. In
method!® no shape approximation need be made to the poorder to minimize the effect of interactions between impuri-
tential and the charge densitthe iteration process to self- ties within the(001) planes, we are currently carrying out
consistency does not require a spherical averaging of thelectronic-structure calculations employing a slab twice as
potential and the charge densityThus, these calculations large as thatin Fig. 1, with an impurity concentration of 5.88
can provide accurate information on the tensorial/directionaft- %- This will allow us to investigate the effect of impurity
properties of the bonding forces across and parallel to th§oncentration on cleavage properties. Even though the impu-

cleavage plane in terms of the anisotropy of the detailedity concentration in the calculations is high relative to the
induced bonding charge characteristics experimental values,we believe that these calculations

The creation of a cleavage plane is achieved in this cglServe as a first step in understanding the effects of impurities

. . : n the cleavage propertiggleavage energies, ideal yield
culation by using a repeated slab construction. Each Celfs)tress, etg.in NiAl

s??wn Im Fig. 1,Ocoolnta||ns onef Sflzlbl and _eaTh f’l"’ltb consists Fig. 2(a) we have plotted the difference in total energy
of four layers of(00) planes of NiAl. Inequivalentatoms in - o it areaAE, of the four-layer unit cell versus the sepa-

the cell are denoted by numerical labétmiclosed in paren- ra4ion (s in Fig. 1) between neighboring slabs, for the pure
the_z5|s), depending on their point-group symmetry. The SIMU-Nji Al system (solid squares the NiAIB,,, system(open
lation of the separation of two neighboring plareteaved  squarel and the NJAIS, , system(solid circles. Here, AE
surfacey is accomplished by varying the separatisnbe-  refers to the total energy of the slab at separasiaminus the
tween the slabs. Fs=0 we have bulk NjAl, and ass is  total energy at separatiosy,, wheres, represents the slab
increased the slab separation increases. Thus, we obtainsgparation at the minimum of the total energy. Atomic relax-
repeated slab configuration of isolated surfaces at large sepation between th€001) layers within the slab was ignored
rations. The impurity is placed at the octahedral interstitialand the lattice constant was held fixed at the value of 3.568
site labeled byX, where the impurity has four KB), one A for pure N'bAI.21 The difference in total energ§E con-

[1.0,0] [1.0.0]

@ . FIG. 4. Sulfur-induced charge
(W) (¥ density on the(200 plane for

{ various slab separation ratissa.
Solid (dotted contours denote
contours of increase¢tdecreased
charge density. Contours start
from +8.0x10 % efa.u)?, and in-
crease successively by a factor of
root 2.

(s = 0.08a) (s =013a) (s =0.23)
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FIG. 5. Comparison of thd- and site-projected DOS of
NizAl X4/, (solid lineg with that of the pure system BHAl (dotted
lines). (@) DOS for boron-doped systenX& B) with slab separa-
tion sy and(b) DOS for sulfur-doped systenXE S) with slab sepa-
ration sg.

verges to the ideal cleavage enel@riffith energy as the
separation between neighboring slabs incredfles ideal

cleavage energy is the total surface energy of the two cleav

reduces it only by 5%. This small reduction in total energy
and the small increase in the maximum tensile stress of
NizAl when doped with boron we attribute to the impurity-
induced charge density presented below. These results are
consistent with the experimental findings that single crystals
showreducedcleavage strength when the boron concentra-

tion is more than 0.8 at. %. Much larger supercell calcula-
tions are required to investigate lower impurity concentra-
tions, and these require substantially increased level of
numerical calculations, together with relaxation of the
atomic positions, with which we are now engaged and which
will be reported elsewher®.

The nonzero values o, for the NLAIB;,, and NBAIS; ,
systems indicate an outwa(@01) surface relaxation induced
by the impurities. By fittingAE to a simple functior(cubic
polynomial times an exponentjaby the nonlinear least-
squares method, we have determined the variation of tensile
stress with cleavage separation. The tensile stress, a quantity
of central interest for the cleavage calculation, is simply
o=(1/a?)(dAE/ds), wherea is the lattice constant. Figure
2(b) shows the variation of tensile stress with separation be-
tween neighboring slabs for pure Jdi (solid curve, for
Ni3AIB 4/, (dotted curvg and for NBAIS,, (dashed cunje
Calculated values for the ideal cleavage energy, the ideal
yield stress, and the ideal yield strain for pureyNj for
NizAIB 15, and for NBAIS;,, are listed in Table I, respec-
tively. We find an ideal cleavage energy of 6.3 J7or
pure NiAl, which compares well with the value of 5.8 Tt
found by Fu and Yo@? It is important to notice, that while
boron increases the maximum cleavage stiédsal yield
stres$ by about 2% compared to that of the purgAisys-
tem, sulfur causes a significant reduction &f,, by 29%.
These results for the contrasting effects of boron and sulfur
on the maximum ideal yield stress of JAl are similar to
those found for these impurities placed interstitially in a
nickel cluster’” More recently, we foun that reduction of
the impurity (boron or sulfuy concentration by a factor of 2
(5.88 at. % produces small changd2-5 % of the maxi-
mum yield stress attained at the highigd.1 at. % concen-
tration. It remains to be seen, whether the effects of boron
may become more pronounced in nonstoichiometrickel-
rich) NisAl compounds™*

In order to understand the contrasting effects of boron
and sulfur on the ideal yield stress of JMl in Fig. 2,
it is important to study the rearrangement of electronic
charge induced by the impurities within and across the
cleavage plane. We have calculated ihgurity-induced
charge density, Aping= psoiid NizAlX1/2) = psoiif( NizAl)
—paondX1/2).  (The first two terms are the self-consistent
charge density of the slab with and without the impurity, and
the last term is the superposition of atomic charge densities
centered on impurity sites In Figs. 3 and 4 we show the
boron- and sulfur-induced charge density on the vertical
(200) plane(the plane which contains just nickel atoms and
the impurity atom in Fig. }, respectively, for several values
of the slab separation. The solidotted contours represent
accumulation(depletion of electronic charge. We find that
there is a large charge accumulation between the boron and
Ni(4) atoms across the cleavage plane fogAB ,/,, while
dijere is a large depletion of charge in the region between the

surface planes We find that sulfur reduces the ideal cleav- sulfur and the Ni4) atom for NLAIS,,,. These results are in

age energy of the pure Ml system by 35%, while boron

contrast to those of Messmer and Bridfwyhere embrittling
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elements draw charge from neighboring metal atoms ontd-projected DOS in Fig. &). Similar results for the rigidity
themselves, thereby weakening the metal-metal bond chargd the boron-induced charge density were reported by Wu,
network. The strong accumulation of bonding charge whichFreeman, and Olson for iron grain boundatfemd by Eber-
“hangs on” across the interface much longer, explains thehart and Vvedensky for NAI grain boundaries®*® On the
fact that the ideal cleavage strength for,AIB,, is larger ~ Other hand, as can be seen in Fi¢b)She overlap between
than that of NiAIS,,, and we believe it is the microscopic the sulfurp and Ni5) d and Ni4) d derived bands is smaller
basis for the resistance of the boron-doped system to cleai? NisAlSyp,, indicating a weaker hybridization between the
age. On the other hand, both boron and sulfur impuritiesU/fur Px,py,pz, and nickeld orbitals. This is consistent

induce an accumulation of interstitial bonding charge beith the depletion of bonding charge in the vicinity of the

tween the nearest-neighbor (Bji atoms in the(001) plane, sulfur atom. Thus, the downward shift of the(#)i and Ni5)

indicating clearly the anisotropic character of the bondingd-%ﬁgjzi?;idbgsritwe::it%r((?:j)g?\pgﬁ:rrget?rgﬁs?g é?rr?]li)%g ir:)yr;ic

charge and hence the tensorial nature of the forces along alﬁ aracter. The downward shifts in the (8 and Ni4) d

across the cleavage plane. The effect of charge redistributioBOS are' consistent with the calculated values of charge

during the straining process has been suggested to play a0 <¢er for these atoms.

important role in determining the material's tensile 14 symmarize, we have presented self-consistent total-

strength’ L . ) i energy FLMTO electronic-structure calculations of the role
In order to gain insight at the microscopic level into the ¢ horon and sulfur impurities on the ideal cleavage fracture

effect of the impurities, we show in Figs( and 3b) thel-  ronertiegideal cleavage energy, ideal yield stresENiAl

and site-projected density of stat30S) for NisAIBy, and nqer tensile stress. Thatectronic bonding mechanisam-

NigAIS,/,, respectively, and compare them with those of puréyerying the contrasting effects of the boron and sulfur im-

NisAl (dashed linesfor the slab separatios,. The density ) rities seems to be stromp hybridization for the boron

of states show a strong intra- and interplanar hybridizatiory, ity and a more embeddedlikelectrostatig interaction
between the B and Ni5) d and Ni4) d states. As expected, ¢qr the ‘sulfur impurity. Work currently in progress is aimed

the interaction of the impurity with the R8) atoms is similar 4t the effects of boron concentration and of relaxation of the

to that with Ni4) atoms for small cleavage separations. Theystalline atomic positions on the ideal cleavage properties.
boron p,,p, ,p, orbitals hybridize with the Nid,2_,2 and

. . ' ¢ In the near future we intend to proceed with calculations
dz orbitals ofe; symmetry forming bonding and antibond- j,lving the sliding of one half of a crystal relative to an-
ing &,—p states. As can be seen clearly in Fig. 3, this hy-giher along a slip plane in order to investigate the competi-
bridization gives rise to a depletion of electron density fromyjo, petween dislocation emission and cleavage, and calcu-

the Nieg-p antibonding statémainly d,2_y2 or dz2 orbitals  |5i0ns which involve the geometry of grain boundaries.
at the Ni5) and Ni4) site9, accompanied by a charge

buildup in thet,4-type antibondingl orbitals pointing along We have benefited greatly from discussions with Dr. Ru-
the nearest-neighbor Ni-Ni directiofmainly d,,, d,,, and  gian Wu and Dr. Say Peng Lim. The research at California
dy, at Ni siteg. In the pure NjAl system, the Nd hole states ~ State University NorthridgéCSUN) was supported through
above the Fermi energy are antibonding states,pft,; o the U.S. Army Research Office under Grant No. DAAH04-
type. Thus, thep-d interaction fills thet,, antibonding 93-G-0427 and the Office of Research and Sponsored
states, resulting in a downward shift of the(diand Ni5) Projects at CSUN.

1C. T. Liu and D. P. Pope, inintermetallic Compounds— *2J. Rice, J. Mech. Phys. Solid®, 239 (1992.
Principles and Practicesedited by J. H. Westbrook and R. L. ®R. P. Messmer and C. L. Briant, Acta Meta80, 457 (1982.

Fleischer(Wiley, New York, 1995, Vol. 2, p. 17. 14M. E. Eberhart and D. D. Vvedensky, Phys. Rev. Lé8, 61
2G. H. Meier and F. S. Petit, Mater. Sci. Eng.183 548(1992. (1987.
3K. Aoki and O. Izumi, J. Jpn. Inst. Metak3, 1190(1970. 15M. E. Eberhart and D. D. Vvedensky, Scr. Met&, 183(1988.
4K. Aoki and O. Izumi, Acta Metall27, 807 (1979. 18M. E. Eberhart, D. P. Clougherty, and J. N. Louwen, Mater. Res.
5C. T. Liu, in Alloy Phase Stabilityedited by A. Gonis and G. M. Bull. 16, 53 (1991).
Stocks(Kluwer, Dordrecht, 1989 p. 7. 17G. S. Painter and F. W. Averill, Phys. Rev. LedB, 234 (1987).
6C. L. White and D. F. Stein, Metall. Trans. @4, 13 (1978. 18R, Wu, A. J. Freeman, and G. B. Olson, Scie@68, 376(1994.
"Takayuki Takasugi, inntermetallic Compounds—Principles and °David L. Price and Bernard R. Cooper, Phys. Rev3® 4945
Practices edited by J. H. Westbrook and R. L. Fleiscligéfiley, (1989.
New York, 1995, Vol. 1, p. 585. 2David L. Price, John M. Wills, and Bernard R. Cooper, Phys.
8p. Johnson, W. Gourdin, A. Gonis, N. Kioussis, and M. D. Vau- Rev. B48, 15 301(1993.
din (unpublishegl 21D. Hackenbracht and J. Kubler, J. Phys1¥ L179 (1983.
9CIyde Briant, inIntermetallic Compounds—Principles and Prac- 22N, Kioussis, D. lotova, S. Sun, and M. Ciftannpublished
tices (Ref. 7, p. 895. 23C. L. Fu and M. H. Yoo, Mater. Chem. Phy32, 32 (1992.
O E. Heredia and D. P. Pope, Acta Metall. Mat8g, 2017  2*V. Vitek (private communication J. J. Kruisman, V. Vitek, and
(1992. J. Th. M. De Hosson, Acta MetalB6, 2729 (1988; D. M.

115, p. Chen, A. F. Voter, R. C. Albers, A. M. Boring, and P. J. Dimiduk and T. A. Parthasarathy, Philos. Mag. Leit, 21
Hay, J. Mater. Res5, 955 (1990. (1995.



