PHYSICAL REVIEW B VOLUME 53, NUMBER 20 15 MAY 1996-II

Adhesion in NiAI-Cr from first principles
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Fully self-consistent all-electron density functional calculations have been performed to obtain the full
adhesion curves for the systems NiAl, Cr, and NiAl-Cr. We find that the work of adhesion for Cr is larger than
that for NiAl and for the interface between these two materials the work of adhesion is intermediate. We find
that NiAl at the NiAI-Cr interface is Ni-terminated. Electronic charge density distributions indicate that the
bonding is largely metallic with a discernible covalent character. The interfacial bonding is due largely to the
Ni and Crd electrons while in NiAl the bonding results froep-d hybridization. Estimates of segregation
effects suggest a reduction of the work of adhesion for the interface by roughly 20%. Comparisons between
our calculated ideal work of adhesion and fracture toughness measurements indicate that significant crack-tip
plasticity is associated with the brittle fracture mechanism of NiAl. Our results are consistent with previous
electronic structure calculations and measurements on NiAl and fracture mechanisms observed for NiAl-Cr
composites.

[. INTRODUCTION cations. Due to the near perfect lattice matching
(day<<1%), thedensity of misfit dislocations is lospacing
There is considerable interest in nickel alumini@#Al)  on the order of 0.07um).2
composites composed of refractory melich as Orrein- The room temperature fracture resistafitacture tough-
forcements in a NiAl matrix because these materials showesg of NiAl-Cr eutectic composites is over three times that
promise for use in high-temperature structuralof pure NiAl because good bond strength between the NiAl-
applications:=® NiAl forms in the cesium chloride structure and Cr-rich phases prevents them from acting independently.
(one atom type at cube corners, the other at body centerét is the adhesion between phases that is the subject of this
and has a high melting temperaty@®11 K), high thermal paper. This adhesion leads to several toughening mecha-
conductivity (4-8 times that of Ni-based super allpyss  nisms: crack bridging, crack deflection, and an increased
resistant to oxidation, and is of relatively low dens{&.9 supply of mobile dislocations produced at the interface by
g/cnt at room temperatujé™® Unfortunately, however, it is thermal cycling and the difference in thermal expansion co-
too brittle at and below room temperature and has relativelgfficients of the NiAl- and Cr-rich phaség.Another source
poor elevated temperature>(L000 K) strength. This pre- of toughening arises because of the difference in fracture
cludes the use of pure NiAl as a structural material in manyplanes for the two materials. The fracture plane for NiAl is of
applications since the thermal stresses produced during terthe {110 type whereas for Cr the fracture planes are of the
perature cycling would likely lead to crack growth. Compos-{001} type. A crack must, therefore, change direction when
ites which retain the desirable high temperature properties antering a new phase. The degree to which the Cr can deform
NiAl but show increased ductility at low temperatures can bedepends on how it is constrained by the NiAl matrix. In-
formed by adding refractory metals to NiAl. The presentcreasing the degree of debonding at the NiAI-Cr interface
study is concerned primarily with NiAl matrices reinforced leads to an increase in the volume of the Cr phase that can

with Cr. deform and hence the amount of work needed to fracture the
Eutectic composites, in which microscopic fibers Cr increases.
(rods or lamellae(plates of Cr form in the NiAl matrix, The ideal work of adhesion for the NiAI-Cr interfagee.,

have been produced by directional solidification ofthe energy required to rigidly cleave the interfaiea quan-
(NiAl)gcCrz4.1?%"11The morphology is easily changed from tity of fundamental importance for understanding the
fibrous to lamellar by adding small amounts of Mo, V, or strength and fracture characteristics of NiAl-Cr composites.
W.” The directional solidification process aligns the fibgns ~ The Griffith modet? for the ideal fracture strength of brittle
lamellag along the growth direction and leads to increasedsolids states that cracks will propagate if it is energetically
high temperature strength. In these composites, the NiAfavorable for them to do so. Elastic energy stored in the
(CsCI structurg and Cr (bco crystal axes are all parallel strained material ahead of the crack is released as the crack
(cube on cubeand the interfaces between these two phasemoves. If the magnitude of this energy is greater than the
are semicohererit.e., large separation exists between dislo-surface energy required to create new surface as the crack is
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opened(i.e., the crack facgsthe crack will propagate. The
Griffith model relates the critical stress for crack propagation
o to the crack lengtlt and work of adhesioiV,y as

WCE 1/2
UF:(L) ,

7C

D

whereE is Young’'s modulus. This result is significant in that
an expression similar in form to Eql) applies even for
situations in which limited plastic deformation is associated
with crack propagation. In such a case, Ek.is modified by
replacingW,q by W,qt+W, where W, is the plastic work
associated with dislocation motion and other nonelastic de-
formation. The plastic worlV,, is indirectly related toWV,q
since the amount of plastic work achievable is determined by
the magnitude of the stresses near the crack tip and these
stresses are limited by the bond stren@ttork of adhesioh

at the crack tip. Since it is very difficult to measufé,q for

the internal interfaces of the eutectic composites, we employ
theoretical methods to determiié,.

In this paper we present the results of first principles elec-
tronic structure calculations to determine the ideal work of @® \Ni O Al ¢ cCr
adhesionW,4 and peak interfacial stress,, of NiAl, Cr,
and NiAI-Cr, as well as the electronic properties related to
bonding (such as electronic charge density rearrangementg
and _densmes of s_tat)esThe purpose of this _study IS t(? de- are employed and a mirror symmetry plane coincides with the layer
Ferm'ne the magnitude _Of the work of e_ldhesmn_of . NIAI'Cratoms at the bottom of the figure. The unit cell extends beyond the
interface and to determine the underlying bonding charactety; of the figure to include enough vacuum to isolate the system
istics. A self-consistent first principles solution is essential toom its periodic images along thedirection. The adhesion energy
an accurate description of interfacial bonding, bond breakeyrve is obtained by calculating the total energy as the Cr sub-
ing, and surface formation which occurs upon separating theystem is displaced relative to the NiAl subsystem.

interface, since considerable electronic charge rearrangement . o )
OCCUIS. {003} (i.e., z) direction. Above and below the Cr/NiAl/Cr

computational cell are several layers of vacuum. Figure 1
depicts our computational half unit cell in which periodic
boundary conditions are assumed in thendy directions

We represent the interface between NiAl and Cr as thaand the mirror symmetry plane coincides with the lowest
between two lattice matched thin slabs for which no in-planeplane of atoms in the figure. Half the experimental lattice
atomic relaxation is allowed. The lattice constant is fixed atconstant[(2.88 A)/2] is used for the interplane spacing in
the experimental value which is reported to be 2.88 A foreach slab. Experience has shown that, due to the short
both NiAl- and Cr®!° Since the goal of the present study is screening lengths associated with metallic systems, these
to establish trends in ideal chemical bond strengths, we dslabs are sufficiently thick that the adhesion curties, en-
not explicitly consider the effects of atomic relaxation ergy vs interslab spacinglo not show finite size effect§=*°
around the interface. Therefore the work of adhesion disEvidence supporting this claim for the present system will be
cussed herein is referred to as tiskeal work of adhesion presented in the following section.
Since only{001} surfaces and interfaces are considered here, The energy of the system at different interslab separations
we expect that the work of adhesion and tteal work of is determined by calculating the paramagnetic ground state at
adhesion will differ by only a few percent. This follows from each separation using the self-consistent local-orbital
the observation that the relaxation of high-symmetry surfaceéSCLO) method. This method solves the electronic ground
in relatively close-packed metallic systems is small. Use oftate problem in the local-density approximatfo(LDA) in
the ideal work of adhesion allows us to unambiguously sepaa basis of atomic orbitals. We obtain the atomic orbitals by
rate the energy of fracture into a reversible part and a dissiperforming self-consistent all-electron calculations on iso-
pative part associated with plastic deformation. Either defi{ated atoms and fitting the results with sets of even-tempered
nition of the work of adhesion should suffice since, as isGaussians. The minimum basis set obtained in this way is
shown below, the work associated with plasticity is nearlyaugmented by including additional, more diffuse, basis func-
200 times the value of the ideal work of adhesion. tions (polarization functionsfor each atom. The resulting set

Our unit cell consists of five layers of NiAl sandwiched corresponds to the chemist's “doubdeplus polarization”
between two outer three-layer slabs of Cr. This arrangemeniasis. The frozen core approximattérs adopted and the
was chosen for computational efficiency since it allows aCeperley-Alder exchange-correlation poterifids used to
mirror symmetry plane through the center of the NiAl slab togenerate the Hamiltonian matrix for the entire system in a
reduce the computational effort. The layers, which extendasis of Bloch functiongsuperpositions of atomic orbitals
infinitely in the x andy directions, are stacked along the indexed by the in-plane momentunkf. The problem is

FIG. 1. Half unit cell used to study interfacial adhesion between
iAl and Cr. Periodic boundary conditions in tkeandy directions

II. DENSITY FUNCTIONAL CALCULATIONS
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solved by diagonalizing the Hamiltonian matrix, updating Energy vs. separation (d)
the potential, and iterating to self-consistency. We optimize
the exponents for the polarization functions to minimize the
total energy of a several-layers-thick slab. For this optimiza-
tion we used a three-layer slab for Cr and for NiAl we used 0.0 |
two different three-layer slabs, one with Ni atoms on the
surface and one with Al atoms on the surface. The exponents
for the rest of the basis were fixed at the values given by the
fits to the atomic calculations. Calculated work functions
provided a further check of the quality of the basis. For fur-
ther details of the SCLO method see Ref. 19. Finally, we
obtain the adhesion curve by plotting the total calculated

1.0

Energy (J/m?)

energy vs interfacial separation. =30 r = NiAl
The calculated adhesion energy cufemergy vs separa- 4 Cr
tion) is fitted to a universal-binding-energy relatidn —a0 |} g ’?.'.'1'.78? .
(UBER). The UBER is commonly parametrized as )
* Wad * " N X
E=—-Eyl+a*)e™® =——(1+a*)e @, 2 =50
of ) 2 ) @ 0.0 2.0 40 6.0 8.0

d (Angstroms)
where

a*=(d—do)/l, () . . .

FIG. 2. Calculated total energper interfacial areavs interfa-
E is the total energy per unit surface afeat to be confused cial separation(d) for the systems NiAl, Cr, and NiAl-Cr. These
with Young’'s modulus of Eq(1)], andd is the interfacial results suggest that the work of adhesion for NiAl-Cr is intermedi-
separation. Equatiof?) has been found to apply to a large ate between Ctthe highest and NiAl (the lowes}t and that it is
class of metallic and covalently bonded systéfhin the  energetically more favorable for Ni rather than Al to be in contact
above equationgs, is the ideal adhesion energy which for with Cr (i.e., the interface is Ni-terminatgdn each case the inter-
pure systemgNiAl or Cr separately is equal to the surface face is a plane whose normal is parallel to §@91} crystallo-
energy ). The ideal work of adhesion is therefore relateddraphic direction. The curve designated AINi/Cr was calculated
to the ideal adhesion energy W= 2E,. In Eq. (3), d, is With Niin conta_ct with the Cr while NiAl/Cr correqunds to hgving_
the equilibrium interfacial separation and the scaling Al |n. contac.t with the F:r. For gac.h system, the splld curve is a fit
length, is a fitting parameter which is related to the elasti@®Ptained using the universal-binding-energy relation of .

properties of the material. The interfacial stresss separa-
tion is obtained by differentiating Eq2) with respect to  of adhesion of the AINi/Cr interface is intermediate between

interfacial separation: that of NiAl and Cr. The ideal work of adhesion results are
summarized in Table I. Table | also includes the calculated
o= 0ommatel ), (4)  surface energies of the individual phases.

] ) ] The ideal interfacial stress vs separatigig. 3) follows
In Eq. (4), the peak interfacial stressy,,, is related to the  {he same trend as for the work of adhesion in that Cr has the
ideal adhesion enerdy, and the scaling lengthby highest peak interfacial stress, NiAl the lowest, and that for
oF NiAI-Cr is intermediate between NiAl and Cr. The peak in-
-0 (5)  terfacial stress for NiAl is very close in value to that for the
le Al-terminated interface(NiAl/Cr) with the latter slightly
wheree is the base of the natural logarithm. Iarger.than the former. Close agreement bgtween the_w.ork. of
adhesion for these two systems also exists. The similarity
between the Al-terminated interface and NiAl reflects the
strong similarity between the bonding characteristics of Ni
A. Adhesion energy and stress and Cr. Table Il summarizes the fitting parameters for the

Omax—

Ill. RESULTS AND DISCUSSION

The calculated adhesion curves for NiAl and Eig. 2) ) 5 _
along a{001} plane are of the UBER forrfEq. (2)]. These TABLE_I. Calculated works o_f adhesiow,q (J/m ) for NiAl,
results imply that the ideal work of adhesion alongo@; ~ C" and NIAI-Cr. Surface energieSs,=W,42 are given for the
plane is larger for Cr than for NiAl. Figure 2 also contains P4'¢ Sy?\}\‘ngS NiAl and Cr. 'The calculated works of adhesion are
data for the NiAl/Cr and AINi/Cr interfaces, where we have orderedWeag>Wag ™ >Wag ™ >Wag" -
adopted the notation that the NiAl at the NiAl/Cr interface is
Al terminated while NiAl is Ni-terminated at the AINi/Cr

System Esur Wag

interface. These data demonstrate that the work of adhesiawAl 3.2 6.3
of the Ni-terminated AINi/Cr interface is larger than that for cr 4.8 9.6
the Al-terminated interface. This suggests that NiAl at anjal/Cr 6.3
{003 NiAI-Cr interface is preferentially Ni terminated and, aINi/Cr 7.4

hence, we shall exclusively consider this interface. The work
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Interfacial stress vs. separation (d)
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. ) . . FIG. 4. Charge density rearrangements which arise upon form-
FIG. 3. Calculated ideal interfacial stress vs separation for thg, yhe NiAl-Cr interface from isolated NiAl and Cr crystals. Elec-
systems NiAl, Cr, and NiA-Cr. These curves were obtained by qnic charge density distributions for the separated slabs were sub-
differentiating the UBER curves for the adhesion energy of Fig. 2.5cteq from that for the combined system. Solid curves represent
These results imply that Cr has the highest peak interfacial stresg,arge accumulation and dashed curves represent charge depletion.

(corresponding to the the highest tensile strengMiAl has the  pjgplaved are the results for the plane normal to{th&d direction
lowest, and NiAI-Cr(AINi/Cr) has a value intermediate between Cr for the half unit cell. The continuous band of charge which accu-
and NiAl. Also, AINi/Cr (Ni-terminated interfaceis stronger than

) g ) mulates is indicative of metallic bonding while the significant
NiAl/Cr (Al-terminated interface

pileup of charge along the lines connecting Ni and Cr atoms sug-

UBER. The trends for the peak stresses can easily be seen B§Sts @ covalent character to the bonding.
inspection of the first row of Table II.

The equilibrium interfacial separatiod, and scaling At this point a few comments regarding improvements to
length | also give some indication as to the nature of thethe theory which go beyond the LDA are in order. The LDA
interfacial bonding. For instance, the stronger Ni-terminateds only formally valid for systems in which the charge den-
interface(AINi/Cr) has a smaller interfacial separation thansity is a slowly varying function of the spatial coordinates.
the Al-terminated interface. Likewise the stronger pure ma-The fact that the LDA works so well outside the domain of
terial, Cr, has a smalla, than does NiAl. The trend for the formal validity is due to cancelation of errofs Methods
scaling length closely follows the stress and energy trends.such as the so-called generalized gradient corre¢@iBA)

The stronger interfaces have shorter valuesarfid the scal- approach, which go beyond the LDA, work well in situations
ing lengths for NiAl and NiAl/Cr are the same, reflecting the where the exchange-correlation hétae charge density re-
similarities between Al-Cr and Al-Ni bonds. The correlation arrangement around an electron due to exchange and corre-
betweenEy, omax do, andl is given by Eq.(5), which  lation) is localized near the associated electron such as is the
should be viewed as the theoretical strength at the atomigase in a bulk solid. For this reason, bulk properties such as
level, whereas the Griffith model in Edl) provides the lattice constants and bulk moduli are better represented in the
nominal stress at fracture of a macroscopic sample contaifSGA theory than in the LDA? However, surface energies
ing a sharp crack of length. Note that the values af, for ~ are not improved by the use of the GGAZ® Therefore we
NiAl and Cr are as much as 0.1 A smaller than the measure€lo not expect GGA's to significantly change the calculated
value of 1.44 A. This underestimate of interfacial bondWwork of adhesion relative to that obtained with the LDA.
lengths is common to LDA calculations and is primarily due

to the LDA. B. Electronic properties

TABLE Il. Calculated peak interfacial stressg,,, (GP3a, equi-
librium interfacial separation, (A), and scaling lengtt (A) for
the systems NiAl, Cr, and NiAI-Cr. The following trend is ob-

AINi/Cr

served:o St > ahiN/Cr> NA for the peak interfacial stress.

Electronic charge density rearrangements which occur
upon forming the interface from isolated crystals indicate
that the interfacial bonding is largely metallic while some
covalent character is also evident. Figure 4 is a contour plot
obtained by subtracting the electronic charge distribution for

NiAl cr NiAVCr AINi/Cr the equilibrium interfacial separation from that at large inter-
Omax 32.1 52.8 32.3 39.0 facial separation. Solid contours indicate charge accumula-
do 1.38 1.33 1.54 1.33 tion and dashed contours represent charge depletion. The
| 0.72 0.67 0.72 0.70 contours range from- 1.2e/a.ulto +1.1e/a.ud and adja-

cent contours represent values which differ by Oeld.u 2.
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The continuous band of charge which accumulates along the

interface indicates metallic bonding. There is, in addition, a 80 SIInalll seplaratjlonl , L'Tlrgel seplaratllolnl
significant accumulation along the lines connecting the inter- 60 - cr3) T 6] Cr(3)
face Ni and Cr atoms which suggests a partial covalent char- 40 |- € .
acter to the interfacial bonding. 20 |- A% +

A Mulliken orbital population analysfé of the orbitals 00 [ | ey
contributing to AINi/Cr interfacial bonding shows that the 6o - © cr2) T © Cr2) |
valence @ states play a significant role in the interfacial 40 T 7
bonding?® The largest changes in orbital population for the 0

Ni interface atoms which occur upon forming the interface
are as follows. The population of thed2 2 and 3,22
states increases by 0.24a.u2 while the population of the
3xz, 3yz, and Xy decreases by roughly the same amount Boo nell

(0.18 e/a.u3). The filling of the polarization § state de- = I
creases by 0.1®/a.u2, roughly the same amount as the 40 b

changes for the @ states. The sum of the populations for the 20 -

valence 4 and 4p states increases by 0.21a.u> which is 00 1
about this amount. Changes of this magnitude for the inter- 60 |- (&)

facial Cr atoms occur for the valences &nd polarization B =

5s states, which decrease in occupancy. The absolute value 20 |
of the changes for the Crd3states, 0.0%&/a.u?, is roughly

an order of magnitude smaller than those for the interfacial 60 Ni(2)

Ni. While the valence § occupations increase by 0.15 o ]

e/a.ul for Ni and 0.23e/a.u3 for Cr — roughly the same o A T A ]
amount for both Ni and Cr — the Crsdoccupation changes 60 40 20 00 20 40 60 40 20 00 20 40 60
by —0.23e/a.u2 which is roughly— 3 times the change for Energy (eV)

NI ::Ialwa s. care must be taken when interpreting results FIG. 5. Calculated layer-projected densities of states for the
yS, P 9 0I(IiAI-Cr (AINi/Cr) system at small interfacial separationg{2)

a Mg!llken pppulatlon an’c_1Iy5|s S0 as _not to read t00 much:ompared with those at large separation in units of si@esiton).
significance into any part_'CUIar numer'cal ,Value bUt only O The interface is between layers(li and C(1) [results displayed in
use the resultg to ascertain trgnds in bondlng. This is bec_auigneb(c) and(d) on the left for small separatiora/2) and on the
there is no unique way to assign spectral weight to any giveRgnt for the large separatidnThe planes are labeled according to
orbital. Thus to the extent to which a Mulliken population their atomic type and distance from the interfdte., Al(1) is the
analysis can be trusted we can summarize the previous digirst Al layer from the interfack The Fermi level defines the zero of
cussion as follows. The interfacial bonding between Ni ancknergy and the dotted curves correspond to results calculated as
Cr atoms is due to thed 4p, 4s, and 5 states. The largest described in the text. The close agreement between the solid and
changes in orbital population upon forming the interface oc-dashed curves justifies our use of thin slabs to model the interface.
cur for the Ni A and 5 states, while for Cr the largest
changes occur for thesdand 5 states with the changes for sponds to the central layer of the system and is a mirror
3d and 4p states down by roughly a factor of 2 from those symmetry plane. Thus, as previously stated, there is a total of
for the 4s and 5s. Lastly, we note that for the Cr atoms one five layers of NiAl sandwiched by two three-layer slabs of
plane away from the interfad&ig. 4), the largest change is Cr.
in the population of the 8,2_,2 state. The symmetry of this Calculated electronic densities of statB®S’s) give fur-
change is evident from the figure. ther evidence in support of the claim that the interface be-
Surface and interface effects are confined to distances ameen two thin slabs provides a good approximation to the
the order of one layer spacing due to very effective metallidNiAl-Cr interface. The solid curves are the calculated
screening. This fact is clearly demonstrated for the interfac& DOS'’s for this system and the dashed curves correspond to
in the charge density rearrangements depicted in Fig. 4. Bthe results obtained using thicker films. For a given layer, the
two layers away there is virtually no change in the chargedashed curves on the right and left are identical and corre-
density resulting from breaking the interface. Similarly, con-spond in pané$) (f) to the LDOS from the surface layer of a
tour plots of the total charge density for systems with slabsiine-layer Cr system; in parig) (e) to the central layer of a
as large as nine layefgsot shown indicate that the charge nine-layer Cr system; and in paf®l(a) to the central layer
density quickly approaches the bulk distribution within of a nine-layer NiAl system. The interfacial layers for the
roughly one layer from the interface. separated interface are free surfaces so we compare their
Figure 5 displays the calculated layer-projected densitiekDOS'’s, in panel(d) and(c) at large separation, to the cor-
of stategLDOS’s) for the AINi/Cr system at small and large responding surface layers of the larger systems. In all cases
interfacial separations on the left and right sides of the figurethe area under the LDOS curve is well reproduced by the
respectively. Each panel corresponds to a layer of atoms arttin-slab calculations. This implies that our results for total
is labeled according to the atom type and its distance fronenergies will be of good quality. In addition, we find good
the interfacefi.e., Al(1) is the first Al atom from the inter- qualitative agreement for the density of states at the Fermi
facel. The lowest panel in the figurHabeled (a)] corre- level and for the band filling.
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The discrepancies between thin- and thick-slab results caexpect the system to follow the AINi/Cr adhesion cu(fey.
be thought to arise from two sourcé$) a shift of the LDOS 1) until sufficient segregation has taken place to allow the
due to a change in the filling, ani@) additional structure for system to follow the NiAl/Cr adhesion curve. Figure 1 shows
the smaller system due to quantum confinement. The centréhat the AINi/Cr and NiAl/Cr curves cross at roughdy=2 A
Ni layer provides a clear illustration of these two effects. Inwhich is very close to the maximum of the stress vs separa-
panel(a) the primary difference between the two curves fromtion curve of Fig. 2. This is the point at which the system
the Fermi level to—2.0 eV belowE; is simply a shift of  will begin to follow the NiAl/Cr curve if the crack propa-
roughly 0.25 eV. In the rigid band picture, this shift implies gates very slowly.
that isolated NiAl has slightly different band filling than does We can estimate the segregation effect on the work of
the system in which Cr is bonded to NiAl. This is a result of adhesionW,q and peak interfacial stress,,,, by modifying
the fact that isolated NiAl has a different Fermi level thanthe AINiI/Cr adhesion curve at large separation. The surface
does Cr. In our calculations the Fermi levels of the two subenergy of pure Ni is 2664 mJ/fi?"?8 while the Al surface
systems are equal. In order for this to occur there must be energy is 1170 mJ/fm*>?° The difference of these two sur-
slight separation-dependent charge transfer between the Niddce energies, 1494 mJfingives a rough estimate of the
and Cr subsystems which manifests itself as a weaklghange to the AINi/Cr work of adhesioM/Al/“"=7388
separation-dependent band filling. Betwee@.0 and—4.0 ~ mJ/m?— W,(segregatioy=5894 mJ/nt.
eV there is more structure for the smaller-slab calculation
corresponding presumably to states due to confinement. In
contrast to pangk) on the left, in the equivalent panel on the D. Comparison with previous studies

right, the primary difference between the thick- and thin-slab |, experimental studies of fracture in NiAl-Cr composites
calculations is due to the additional structure _of the thin-slay \was found that cracks are resisted by, among many effects,
system. The central peaks are now aligned in energy, demyack bridging, crack deflection, and interfacial sources of
onstrating that, for the separated system, there is very littlgyopjle dislocationg.In the case of crack bridging, a crack in
charge transfer. The primary effect of breaking the Ni-Crine Njal matrix encounters a Cr fibefor lamella and its
interfacial bonds is the transference of weight from the cennropagation is hindered in the Cr-rich phase, as indicated by
tral peak to the one at 3.0 eV. _ _ wedge-shaped necks there. Often cracks have been observed
_Thed electrons of Ni and Cr at the interface play a sig-to renucleate on the other side of a Cr fiber or lamella. If the
nificant role in interfacial bonding and the bonding in NiAls jnterface is relatively weak, the crack can change its direc-
largely due tasp-d hybridization. Orbital-projected LDOS'’s  tion and travel along the interface. Mobile dislocations can
(not shown demonstrate that the contribution to the interfa-he produced at the interface due to the difference in thermal
cial LDOS's[panels(c) and(d)] due tos andp states is of  expansion of the NiAl- and Cr-rich phases, as noted earlier.
very small amplitude. Comparison between par(ejsand  The most common toughening mechanism is crack bridging
(d) for Cr and(a) and(c) for Ni shows that there is consid- and the next most common is crack deflection, as observed
erable broadening of the LDOS at the interface for Ni and axperimentally?
significant increase in the LDOS Bt for Cr. These changes  There has been some discussion in the literadfas to
imply bonding. The spread in energy, of roughly 4.0 eV,which quantity, the work of adhesion or the peak interfacial
indicates that the interfacial bonding states can be thought tgtress()-ma)(, is more important for determining the fracture
be of an itinerant character. The LDOS for the Ni layer of thecriterion. It has been argued that,,, is critical to the
separated interfacgpanel (c) on the right is narrower by  strength of composité Recent theoretical studies suggest
roughly a factor of 2 in the absence of hybridization with thethat the criterion for dislocation emission in a chemically
broad Cr band. The bonding in NiAl represents a situation inemprittled solid is mostly determined by the nominal stress
which the states are intermediate between localized and ditgt fracture®® In a study of impurity effects on adhesion be-
fuse (itineran_l). The bonding is due to a hybridization_ be- wween Mo and MoSi, Honget al.found that whileW,qwas
tween the diffusesp states of Al and the more localized reduced for all impurities considered, some impurities such
states of Ni. An example of this coypling is the small_bumpas C increasedr,,, while others such as S caused it to
in the Al LDOS of panelb) on the right at—3.0 eV which  decreasé? C is known to enhance cohesion in steels, while S
corresponds to a similar feature at the same position in thg; known to cause embrittlemetTo the extent that impu-
LDOS of Ni in panel(a) on the right. The fact that a similar ity embrittiement of steels and Mo composites is similar,
feature is found in both panels could, however, be merely aghese results suggest the relative importancegf,. While
artifact of the Mulliken approximation. the Griffith fracture strength depends only ¥4, [Eq. (1)],
the theoretical strengthr,,,x depends not only oWV .4 (or
Eq=W_,42) but also on the shape of the potential as de-
scribed by the scaling length[Eq. (5)]. Simply put, for a
Qualitatively different behavior may occur for slow and given value of the work of adhesion, the peak theoretical
fast fracture of the interface due to the different adhesiorstress will be largersmalley if the energy vs separation
curves for Ni-terminatedAINi/Cr) and Al-terminatedNiAl/ decays more quicklyless quickly. This suggests that Eq.
Cr) interfaces. Figure 1 shows that the lowest-energy inter{5) is more general than the Griffith condition of Eg).
face is one in which the Cr is in contact with Ni. Since pure We may estimate the contribution to the work of adhesion
Al has a lower surface energy than Ni, however, the freedue to plastic work by comparing the calculated work of
NiAl surface tends to be Al terminatéfThus for slow frac- adhesion with the results of fracture toughness
ture (i.e., below the threshold for catastrophic failunee  measurementsThe fracture toughness is the work required

C. Segregation effects on adhesion



53 ADHESION IN NiAl-Cr FROM FIRST PRINCIPLES 13 889

to fracture the material, including the effects of plasticity. from first principles® (5.5 J/n?) and is in reasonable agree-
Although the relation between the work of adhesion and thenent with our resul{6.3 J/n¥).
plastic work is not known explicitly, there is a body of ex- A very large body of experimental and theoretical work
perimental and theoretical research which suggests that smadkists for Cr° A number of first principles calculations have
changes in the work of adhesion can lead to large changes een performed to determine the electronic structure of Cr
the degree of plastic work. This is not surprising, since theyng are summarized in Ref. 40. To verify the accuracy of our
maximum stress that can be applied to the material is Ulti'method, we have repeated the calculations of Fu and
mately limited by bond strengths at or near the crack tip. Thg-reemaft in which Cr was represented as a seven-layer slab
difference between the measured fracture toughness and oy o free surfaces. We find good agreement with their
_calculated ideal yvork of adhesmn is the vv_ork due to pIaStIC'calculations with the exception that our calculated value of
lty. For zone-refmec{OO])z smgle-crys_tal NIAl, the ffaCt“Fe the work function is somewhat smaller than that of Ref. 41.
toughness is 11 MPa H. To determmg Fhe correspondlng These authors report a value of 4.4 eV for the paramagnetic
fractpre energy we appeal to the definition of the stress "N3tate of Cr while we obtain 3.9 eV. The difference could be
tensity factor: due to the fact that we are using a different exchange-
correlation potentialwe used Ceperley-Ald&twhile Fu and
GE Freeman used Hedin-Lundqvidt Similar discrepancies ex-
K2=(1_—V2). (6) st in the measured values of the Cr work function. Wilson
and Mills*® obtained 4.46 eV while Meieet al** obtained
) ) ) 4.1 eV. Skriver and Rosengaard have calculated the work
whereG is the fracture energyand is equal tdNyq in the  function for a larger number of elemefit4® from first prin-
absence of plastic deformatipr is Young's modulus, and  ciples. Their result for Cr is larger than 5 €¥.45 eV for the
v is Poisson’s ratio. For fracture aloq®0L} we use the {110 surface; no result is presented for §@91} surface.
measured values &q;=95.9 GPa andrg;=0.4047 Using Several authors have calculated surface energies for Cr
Eqg. (6) and the measured value of the fracture toughnesgom first principles’®*’ For the {001} surface, the calcu-
(K=11 MPa m'"?) we obtainG=1056 J/ni for the fracture |ated value including magnetic effeciig. 1 of Ref. 47 is
energy. Our calculated work of adhesion to separate thgjose to the experimental value of 2.3 Jiwhich was de-
{003} interface is 6.294 J/f Thus we estimate the plastic rived from measurements of surface tensions of liquid met-
work to beWp"‘“\’ 1050 J/IT?, a value which is 167 times the als.. Their calculated surface energy ﬂl(} Cr is 3.63
ideal work of adhesion. For a brittle solid with limited crack- jym2. Our calculated value of the surface energe.,
tip plasticity, such as a glass, the fracture toughness is typip, /2)is 4.8 J/nf. It is possible that our overestimate of this
cally on_the order of 2 to 5 times the ideal work of gqyantity is due to the neglect of magnetic effects which
adhesior?* This shows that NiAl exhibits considerable Aldén et al. have shown to be importaft. These authors
crack-tip plasticity despite the fa(_:t that it fails by brittle frac- have shown that upon including magnetism substantial re-
ture. It should be noted that NiAl tends to fracture alongquyctions in the surface energy can occur. We are currently
{110 planes rather thafD01} planes. This does not change carrying out local spin-density functiondlSD) calculations

the above argument qualitatively. It only implies that in prin- for the AINi/Cr system, which will include magnetic effects.
ciple we should be comparing a calculated work of adhesion

for fracture along{110 planes which will be smaller than
for {_OOJ} but will be of the same order of magnitude. Since IV. CONCLUSIONS
the ideal work of adhesion is so much smaller than the one
inferred from fracture toughness measurements, we would We have presented first principles calculations of the
obtain the same conclusion: there is a significant amount ofvork of adhesion and peak interfacial stress for NiAl, Cr,
plasticity associated with the fracture. and NiAI-Cr interfaces, along with charge density rearrange-
NiAI-Cr eutectic composites are considerably tougherments and densities of states. We find that Cr has the largest
than NiAl due to the previously mentioned tougheningwork of adhesion and peak interfacial stress, NiAl has the
mechanisms provided by the Cr phase. For comparison, thewest, and the interface has an intermediate value. Our cal-
fracture toughness for the NiAl-Cr eutectic composite is 16.4culations indicate that NiAl at the NiAl-Cr interface is Ni-
MPa m'2, which is 3.8 times greater than the fracture tough-terminated. This leads to the suggestion that there may be a
ness of polycrystalline NiA(4.3 MPa nt/?) 2 qualitative difference between slow and fast fracture due to
Our calculations of the electronic structure are consistensegregation effects since the free NiAl surface tends to be
with previous investigations of the individual phases. Previ-Al-terminated. Segregation effects which lower the NiAl sur-
ous experimentd!*® and theoreticdl studies of the elec- face energy have been estimated to reduce the work of ad-
tronic charge density distribution indicate that NiAl forms hesion of the interface by roughly 20%. Calculations of elec-
strong covalent bonds between the Ni and Al atoms andronic charge density rearrangements indicate that the
these are superimposed on a metallic-bonding charge distrinterfacial bonding is metallic with a significant covalent
bution. This type of bonding is similar to that between the Nicharacter. This situation was also found in previous experi-
and Cr atoms at the NiAI-Cr interface as displayed in Fig. 4mental and theoretical studies for the bonding between the
We also find Nid—Al p hybridization, a filled Nid band, Ni and Al atoms in NiAl. The bonding at the interface was
and low density of states at the Fermi leElg. 5) in accor-  found to be due to theBas well as 4, 4p, and 5 electrons
dance with previous first principles calculatiofisThe work  of the Ni and Cr atoms and that in NiAl is due to MHAI
of adhesion for NiAl has also been previously calculatedp hybridization. Comparisons between the calculated
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