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The fracture and deformation behavior of the ordered NiAl and FeAl intermetallics were studied on the
basis of full-potential local-density linear-muffin-tin orbital total-energy calculations of the shear and
cleavage decohesion processes. Based ah initio calculations of generalized stacking
fault energetics, the structure of the dislocation core was constructed in the scope of the Peierls-Nabarro model
with a generalized restoring force law. We found that dislocations in FeAl show a strong tendency for splitting
into two superpartials, in contrast with NiAl. Estimates of the Peierls stress yield the correct preferred slip
systems for NiAl(i.e., (100 {110}) and FeAl(i.e.,(111) {110}). [S0163-182696)00343-9

[. INTRODUCTION resistance to dislocation emission at a crack tip may be mea-
sured by the maximum energy associated with the sliding of
Aluminides with theB2 structure exhibit a wide range of atomic planes.This parameter, the so-called unstable stack-

interesting physical and mechanical properties, such as high?d fault energy §,9, is determined by extremal properties
ordering temperature, corrosion resistance, and highof they surface, namely, the energy of the generalized stack-
temperature strength. The lack of ductility, however, often"d fault (GSP associated with a rigid shift of one-half of the

! ’ crystal along some direction in the slip plane. The definition

limits the application of these intermetallic alloys. One MaY if the GSE was introduced by VitBlas an important char-

expect many reasons for their low ductility. In accordance,eristic for understanding dislocation structure and mobil-

with recent understanding, the poor ductility of FeAl is ;

caused mainly by environmental factditsydrogen-induced  ~ An essential feature of the GSF is that as a planar fault, it
embrittlement (Ref. 1) in contrast to NiAl, which is consid- s not as complicated an object for modeling as is a disloca-
ered to be intrinsically brittlé. However, a recent tion, and so it is quite possible to perform accurakeinitio
experiment illustrated that it is possible to achieve high band-structure calculations of its energetics. On the other
(25% tensile elongation for high-purity monocrystalline hand, what may make it useful is that knowledge of the GSF
NiAl. It is important to stress that the most intriguing fact energetics allows one to analyze the structure of a dislocation
observed in Ref. 3 is that, after substantial plastic deformaeore in the scope of the Peierls-NabaffiN) modef'1° with

tion in NiAl, cleavage fracture takes place. This cleavage-general restoring force. Thus the PN model may be consid-
type crack propagation is observed also for FeAl ancered as a bridge that brings together information offered by
CoAl.M Thus these experimental facts demonstrate that thab initio band-structure methods and the problem of disloca-
nature of the brittleness in this type of material is still nottion core structure. Recently such an approach was used for

completely understood. an analysis of dislocation structure in fcc metaland in
The principal processes that determine brittleness and/ci.1°
toughness are dislocation mobility and crack blunfimg the To our knowledge there have been no systematic

case when the effects of crack shielding can be neglétied first-principles calculations ofy surfaces in intermetallic
example when the mobility of the dislocations is lowhe  compounds. There are a numberadf initio calculations of
description of brittle vs ductile behavior in terms of the Rice-antiphase boundary energie@\PB’s), associated with
Thomson approach’ is based on a comparative analysis of 2111){110: shear in NiAl and FeAt?"1* Recently, the pe-
two competing processe§) the opening of the crack, and culiarities of NiAl and FeAl fractures were studied on the
(i) the emission of a dislocation near the crack tip. Now, thebasis of ab initio calculations of cleavage characteristics
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by the full-potential linearized-augmented-plane-wavey=0 andu# 0 vectors. Thus special care has to be taken
(FLAPW) method'® regarding convergence and numberkopoints to keep the

On the other hand, both the surfacé® and dislocation same precision of the total energy calculated for different
structuré’ were simulated using an atomistic molecular stacking faults vectors.
static approach with different types of interatomic potentials. An important factor is the choice of the supercell geom-
However, there is an open question of whether the potentialstry, since the size of the supercell should be big enough to
used in these atomistic simulations are good enough to dexxclude interaction of théeriodig faults; together with the
scribe the essential features of the mixed covalent-ionigpoor convergence in the case of huge supercells, this makes
bonding in NiAl or FeAl, and whether that type of potential such calculations rather expensive. The way to design the
is transferable for other compounds like TiAl. supercell with two constant translation vectoysandc, and

In this paper, we attempt to explain some features of thevariable vectorc; has been described previouéfyThe tri-
mechanical behavior of NiAl and FeAl on the basisalf clinic supercell is considered instead of the base-centered
initio full-potential linear muffin-tin-orbitalFLMTO) (Ref.  orthorhombic cell. In this work, we follow the traditional
18) total-energy calculations for both cleavage and planachoice of a supercell as a repeated stacking of some layers
shear fault characteristics for possible slip modes. The struand keep the mirror plane symmetry. Then, the supercell
ture of the dislocation core was constructed based on theith tetragonal symmetry consisting of five unit celten
solution of the Peierls-Nabarro model with general restorindayerg was constructed for the GSF in tH&00 plane. In
force determined fromab initio calculations of the energy for case of thg110; plane, an orthorhombic supercell with axes
the unrelaxed GSF. Finally, deformation modes are disa, b=a\2, andc=3a/2 (six layer§ was used. This super-
cussed using results of Peierls stress estimates for NiAl ancell geometry is suitable both for calculations of the shear

FeAl. and cleavage decohesion processes. In our FLMTO calcula-
tions, a second energy panel was added to account for the

Il. METHODOLOGY AND DETAILS 3p semicore states of Fe atoms positioned in the vicinity of

OF THE CALCULATIONS the fault plane, since in this region the MT radii have to be

reduced in order to avoid their overlap.

The first-principles total-energy calculations were per- As a result, we were able to simulate different slip sys-
formed using the FLMTO method without any shape ap-tems in NiAl and FeAl. Calculations of GSF energies were
proximation to the effective crystal potential and chargeperformed for the full range of the variation of the fault
density.” We employ the Ceperly-Alder form of the yectoru; in all, seven points were calculated for each direc-
exchange-correlation potential, a scalar relativistic treatmen{on. No relaxation effects were considered at this stage of
of the valence electrons, and the linear tetrahedron methoghe study. Note that an “unrelaxedy surface is a kind of

for integration over the Brillouin zone. model object that nevertheless is very important for the
analysis of the dislocation core in terms of the PN approach.
A. Bulk Thus, our study is based on the suggestion that the “unre-

laxed” y surface allows one to detect essential properties of
the deformation behavior, at least in the scope of the PN
model aproach, and hence to improve the understanding of
mechanical properties.

Calculations for bulk NiAl and FeAl were performed with
a triple-kappa basi&?=—0.01, k3=—1.0, andk3=—2.3
Ry. Muffin-tin radii were chosen to be equal for Ne) and
Al atoms with a crystal space filling ratio of 66.9%. Integra-
tion overk space was performed usingx®8Xx 8 regular di-
visions of each axis in reciprocal space. We found that the
equilibrium lattice constants for NiAlgyy =2.839 A and The same type of supercell geometry used for the GSF
FeAl (apen=2.811 A are in reasonable agreement with ex- Wa&s gmployed for calculations of_the cleavage fracture char-
periment(2.887 and 2.88 A , respectively and in excellent ~ acteristics for two crystallographic plan¢s00 and {110
agreement with result8of FLAPW calculationsay, =2.81  1he cleavage enerdg. is defined as the energy required to
R, apa=2.83 A (Ref. 14 and ayn=2.84 A, apes cleave an infinite bulk crystal into two sem|-|nf|n_|te parts,
—2.817 A. The underestimation of the equilibrium lattice @1d SO is the energy to be applied for the creation of two
constants is typical, and is usually explained by errors of théurfaces. In the supercell approa@, is calculated as the
local-density approximation itself, and by neglecting the ef-total-energy difference per unit surface area. .
fect of temperature expansion. All results reported in this [N the case of th&2 structure, the supercell geometry is

paper were obtained with the theoretical value of the latticéssentially different for thel00; and{110 planes. Th¢100
constants. plane consists of only one type of atogl or Ni), and so

this plane is polar and causes some difficulties in the cleav-
age energy estimates. An analogous problem arises in calcu-
lating polar surfaces and interfaces. These problems are re-
The generalized stacking fault energy is determined as thiated to the impossibility, in the framework of periodic
energy necessary to apply for a rigid shift of one-half theboundary conditions, of constructing a supercell without an
crystal on the vecton (fault vecto) in a slip plané® Periodic  excess of one type of atom, and so such a supercell basically
boundary conditions have to be imposed in order to useepresents some off-stoichiometric compoghd.
band-structure methods for calculating the GSF energy, We used the following algorithm to calculate the cleavage
which is then determined as a difference of large total enerenergy for the{100 polar plane. Calculations of the total
gies for two supercells designed to simulate faults withenergies for three types of supercells were performed: the

C. Characteristics of the cleavage fracture

B. Generalized stacking fault
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TABLE |. Cleavage fracture parametef$G. (J/M?), omax

50 T . ] 80 (GPa] and cracking criteridu/ y.
av
TR > " Alloy Plane G (I/m?) o max (GPA buly
| . - <
,' \ b - NiAl {100 5.7 34 11.7
CEEEAY e {110 4.15 22 16.1
<] . ' 140§ Feal {100 6.70 42 10.7
o 2 H W\ 7 {110 5.57 26 12.9
F/AANN
i AYAY 1 2.0
10 AYAN . " .
,T \\ wherey=G./2 is the surface energy ardis the magnitude
\;:=~‘ . of the Burgers vector. The process of dislocation emission
0 S — 00 was studied in a more consistent way by Shé&ekith the
00 05 Lo s 200 25 30 use of Peierls-Nabarro model approximations. According to
wd Ref. 23, if the inequality
FIG. 1. The energy of separation,BJ/m?) and its derivative w (1-v 0052¢)2Mb
o (GPa as a function of separation distanae(in units of the B<O'94 8mwBR(1—v)y @

interplane distancd) counted relative to the equilibrium interplane

distance for th¢100 plane in NiAl and FeAl. Notationa(a') and s trye, then brittle propagation of crack should be expected.
b(b’) stand for E, (and derivatives) for FeAl and NiAl, respec- Here o is the width of the dislocation core
tively. B=sin(¢)sin(0/2)cos@/2), whered is the angle between the

i . ) slip plane of the emitted dislocation and the plane of the
first represents bulk, and consists of seven Ni layers and o, propagation, ane is the angle between the Burgers

seven Al layers k,); another was constructed from four Ni yector and the direction parallel to the tip of the crack. Equa-
layers, three Al layerslack of Al layers, and seven empty jon (1) is analogous to the Rice-Thomson criterion, but in

layers E,); and a third consists of three Ni laygfack of Ni. 5qition takes into account the dislocation core width. The
layers, four Al layers, and seven empty layer4). Then  ghear modulug:,, with shear vector on a plane with nor-
G, was determined as the total-energy difference of the SUs,41 vectorn. in the case 0f(100 slip in {100 or {110
percell consisting of seven unit cellseven Ni layers, seven anes coincides with they, elastic constant. The calculated
Al layers) and the sum of the total energies of the last tWopayi b/ for NiAl and FeAl alloys was found to be similar
supercells,G.=E,— (Eo+E;). The {11Q plane contains anq ynexpectedly largesee Table)l This result shows that

both Ni and Al atoms, i.e., it is nonpolar, and in this casejy tayms of this simple criterion both materials have a ten-
G, was calculated in the usual manner. The energy of SePRency for brittle propagation of crack.

ration of two halves of the crystal as a function of distance As mentioned in the Introduction, it was recently ob-

Eci(u) was then determined by varying the thickness of theggryed for pure NiAl monocrystal samples that cleavage frac-
vacuum slab. ture takes place after substantial plastic deformatibmac-
cordance with the results of our calculations, the
Ill. RESULTS AND DISCUSSIONS cleavagelike type of the crack tip propagation may be ex-
plained by a relatively small value of the surface energy
(Table ). As seen in Table I, in terms of Rice-Thomson
The calculated dependence of the separation energy asmiteria, one may expect a similar fracture behavior for NiAl
the distance between halves of the cry$al(u) for NiAl and FeAl.
and FeAl are presented in Fig. 1. As can be seen, at some It is interesting to compare results for NiAl and FeAl with
separation distance this dependence is saturated, and the #ssse for fcc metals. Among fcc metals such a large value of
ymptotic value is the ideal cleavage decohesion energyhe ub/y ratio is known only for Ir(about 12, whereas for
(G.). The calculated points in Fig. 1 are approximated withCu and Ni this value is about 51 .Note that, among fcc
a universal binding energy relatiéh The maximum deriva- metals, only Ir shows a cleavage fracture after substantial
tive of E(u) is the so-called theoretical cleavage strengthplastic deformatioR? The analysis presented in Ref. 11
(omay- Both the cleavage energ$. and the theoretical shows that this peculiarity of the Ir fracture is mainly related
strength,onax, for {100 and{110 planes are presented in to the large value ofib/y.
Table I. The FLMTO results for Gare in good agreement The segregation of light gas impurities on the crack tip,
with both the earlier FLAPW calculations by Yoo and u, especially for H impurities, was found to result in a substan-
and the more recent relaxed results of \tal!® It is also  tial decrease of the cleavage energy in FEAHowever, in
important to stress, that as in Ref. 15 the calculateda@d  the case when brittle propagation of crack takes place, the
O max are similar for NiAl and FeAl. plasticity of materials is governed by conditions of the crack
An analysis of the dislocation emission process in theformation. These conditions are easier to fulfill if gas impu-
scope of the elastic model allows the formulation of criteria rities are segregated or interstitial phases are formed. The
(known as Rice-Thompson criteyiaof the brittle-ductile latter is most probably a major factor controlling enviromen-
transition in the form of the inequalityeb/y<7.5-10, tal brittleness of the FeAl.

A. Cleavage fracture
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FIG. 2. Dependence of the cleavage energy ratjt(?@ on the
fault vector introduced on the cleavage surface in NiAl for the
following: {10G} plane andui=a(100), solid line with filled circles;
{110 plane andu=a (100, long dashed line with filled squares;
and {110 plane andu=a (111), short dashed lines with open
circles.
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FIG. 3. y surface for thg110 plane in NiAl (the energy E in
JIm?). TheX axis is taken along the100) direction, and they axis
along(110.

E(u)=n§1 Cn(1—cogK,u)), ®3)

where K,,=n;k;+n5k,, and n; and n, are integers. For
the {110 plane, with X and Y axes along(100 and
(1100 respectively, we havek;=(27/b;)(1,0) and

ko= (27/b,)(0,1), withb;=a andb,=2 \/(2a (wherea is

a lattice constant The expansion in Eq.3) is restricted to
terms with |K,|<2k;, and the coefficients C are deter-
mined using a mean least-squares fit to the calculated ener-

Finally, we also calculated the cleavage decohesion ergies. They surface for thg110 plane in NiAl determined in
ergy Gy, which is defined as the cleavage energy in thethis way is presented in Fig. 3, and calculated sections are

presence of a planar fault with shear vectprintroduced

presented in Fig. 4. The maximum GS#,§ energies were

before separation in a cleavage plane. Results of the calcieund at a displacement=b/2 for (100) and atu=0.2%

lated dependences & on the fault vector modulusuj for

for NiAl and u=0.3b for FeAl in the case of111) {110

NiAl are presented in Fig. 2. As expected, the cleavage erslip; the corresponding calculated y,, ratios are presented

ergy is lowered with the appearance of a fault; in particular
the most pronounced lowering was found fora/2(100)
on the {011 plane (from 4.15 to 3.1 J/M) and for
u=a/2(100) on the{100; plane(from 5.7 to 4.3 J/m). This

in Table Il. Note that for all calculated slip modes this ratio

is small, and typical for materials with intrinsic brittleness.
For example, Ir, which shows cleavage structure, has the
ratio y/y,s=3.8 according to embedded-atom-method calcu-

lowering of thea/2(111){011} APB is not so pronounced as lations at the same time that for Cu and Ni this ratio is about
for other faults, from 4.15 to 3.95 JAnThus one should not 11.8 and 8.4, respectivelyThus calculated shear and cleav-
expect that the APB may be that surface plane in which th@ge characteristics show that both for NiAl and FeAl,

opening of a crack is preferable.

B. Shear strength

cleavage-type crack propagation should be expected. This
conclusion is based on the criterion in Eg), with unre-
laxed values fory,s. The lattice relaxation may result in a
substantial decrease of the corresponding values as demon-

Another important parameter of fracture is the sheargi ateq by recent FLAPW calculatidfisfor the {100} slip
strengthogp,, and the energy of an unstable stacking faultpjane, which means an easier emission of the dislocations

vus- IN accordance with the recently suggested modificatiofrgm the crack tip. However, even for a 2—3 times decrease

of the brittle-ductile transition criteriof prittle propagation
of the crack should be expected if the inequality

Yus<f(8)y 2
is not true; heref(6) is a geometrical factor. The energy

of the y,s (Ref. 19 in the case of a noncompad0GC; plane,
the ratioy/ y,sis still small, and the conclusion about cleav-
agelike crack propagation obtained in terms of EQ). re-
mains valid.

The local minimum on curves andd in Fig. 4 at3

Yus IS defined as the maximum of the GSF, and scales witlf111) displacement in thg110 plane corresponds to the
the energy necessary for emission of dislocations from th&PB. We found an APB energyapg=1000 mJ/nt for

crack.

NiAl, and 765 mJ/nt for FeAl is in good agreement with

We calculated GSF energies corresponding to the mosesults for unrelaxed APB energies obtained by Fu and

important slip modes in NiAl and FeAl. In order to approxi-
mate the calculateB(u), and to determine the surface, we
used Fourier expansions oveK/) vectors in the two-

Yoo using the FLAPW method1000 and 650 mJ/R). It
should be stressed that, in accordance with Ref. 14, relax-
ation results in a lowering of the APB energy with about a

dimensional lattice which is reciprocal to the slip plane. The20% decrease for NiAl and especially for Feidom 650 to

form of this expansion is

300 mJ/nd).



13510 N. |. MEDVEDEVA et al. 54

TABLE Ill. Shear moduli estimated from GSF energies calcu-
lated for NiAl and FeAl.

Plane
Alloy and shear vector u,(exp,GPa  w,, (theo),GPa

NiAl {100} (100 116 92
{110} (100 116 92
{110 (112 41 61
FeAl {110 (112 55 87

E (J/m?)

with experimental data even if E¢p) is very approximate. It

is also important to note that shear moduli estimated in this
way do not reflect the experimentally observed degree of
anisotropy of the elastic response in NiAl. Obviously this
result may be related also with the above-mentioned approxi-
mations.

It is seen in Table Il that the results ferg,/un are
systematically larger than those obtained by molecular dy-
namics calculations for metallic alloy3 This is undoubtedly
related to the neglect of relaxation in our model, which was
especially clearly revealed in the small value of the ratio

FIG. 4. The energy of the GS@/m?) for the slip systems(a) o'/ o', Which was found to be less than 1 {dr00) shear.
(100 {100} (b) (100 {110}; and(c); (112) {110, all for NiAl; and  As is known(see, for example, Ref. 26for all metals the
(d) (111) {110 for FeAl. cleavage strength is larger than the shear strength. Neverthe-

less, we assume in this stage of our study that a model with-

The shear modulug,,, can also be determined from the out relaxation can correctly reproduce the relation between
GSF energies for a plane with normal vectoand displace- ¢, for different displacements. The smallest value of the
ment vectoru. Assuming that interactions in the crystal are jdeal shear strength was found for NiAl in the case of
restricted to nearest neighbors, a simple relation betwee(111]> {110 shear(see Fig. 1L Hence one may conclude that
GSF energie€(u) (for small u) and corresponding shear the deformation in NiAl is related mainly t6111) disloca-
moduli w,, can be found. The restoring fordE(u)/du act-  tions. However, this conclusion contradicts experimental
ing between halves of the crystal can be expressed througlasults? which show that thé111) {110 deformation mode
the shear deformationand shear moduli,,, in accordance is most unlikely in this alloy and100) are the most prefer-
with Hooke’s law able modes. The solution of this problem in terms of the PN
model is discussed in Sec. Il C.

u/b

dE(u) ) u @
=2 = ey -
du nu "d C. Construction of the dislocation core

Then we have the following expression for estimates of the We concentrate on the analysis of deformation modes and

shear moduli; dislocation structure in the scope of the PN model. As is
known?” in terms of the PN model the crystal lattice in both
B d?E(u) upper and lower half-spacésith respect to the slip planés
Hou=H— gz 5) considered as an elastic continuum which is characterized by

elastic displacements. The upper and lower half-spaces are
whered is the interplane distance. Thus, E®) allows a  restricted correspondingly by planés(from below and B
rOUgh estimate of the shear moduli USing the calculated GSﬁrom above_ Then the distribution of the elastic disp|ace-
energies. Results of such estimates are presented in Table fents in the PN model is determined by the balance of the
along with experimental data. As can be seen from Table Illjattice restoring forces acting between plaesnd B, and
the theoretical values for,, are in reasonable agreement g|astic stresses of the continuum media represent the rest of

the crystal.
Omax! Tshr ¥/ Yus- Burgers vector are described by the PN equéfion
Plane o A

Alloy and shear vectorog, (GPa oW iny  Tmaxd Tsh ¥ Vus 2? _wgd—gx dudf) =— dE(UU) , (6)
NiAl {100 (100 375 0.32 0.8 0.91

{110 (100 31.3 0.27 0.96 0.91 whereE is the energy of interactiofper unit areabetween

{110} (112 13.3 0.10 2.25 2.15 the upper and lower parts of the lattice as a function of
FeAl {110 (11D 18.1 0.33 1.93 1.85 the relative displacement, which is related to the absolute

displacement u® by the simple relation u=2u*
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20 2 dE(u(x)) AL
where
1| A Ank
pnk_z (X_Zk)n (X_Z_k)n (10)
R and
o Ank Ank

=—= - 11

Onk 2 (X_Zk)n (X—Zk)n ( )

are real and imaginary parts of some analytic functidris
the number of the poles of ordep, at the points
z=Xti (k=1,... N). If the dislocation is split, then

05 Lo e s
0.0 0.1 0.2 0.3 0.4 0.5

Xy gives the positions of the partial dislocations, dpdjives
the width of the dislocation core.

u/b We consider here two types of dislocations, namely edge

dislocations with Burgers vectdi11) and(100. It is suf-
ficient to use parameterd=1 and p,=3 in the case of

FIG. 5. Restoring forcé [in units of (4mwq/uDb)(dE/du
9 [ (meo/1DD)( )] (100 dislocations, andN=2 andpy=2 for (111) disloca-

as a function of displacementb for slip systemga) (100 {110};
(b) (100 {100; and (c) (111) {110} all for NiAl, and (d) (111 ¢ ) !
{110 for FeAl. displacementau(x) and restoring forcegE/du in conve-

nient parametric forms
+sgn() - b/2;?" D is a parameter equal to 1 for screw dislo-

cation, and to 11-v) for edge dislocation. 2mu(é) = : 01+ 6,— a—l(sin01+ sind,) |, (12
One should point out two problems appearing in the b 2 a
analysis of the dislocation core structure in the scope of the
PN model(i) the restoring force law is unknown, afio) the dmwg JE 1 SinG. + sind +2a;1
mainly mathematical problem related to the solution of the uDb du 2« ! 2 a
nonlinear integral equation, E(). To determine the restor-
ing force law we use results of the GSF total-energy calcu- S|r12—sm01+sm2 S|n02) (13
lations. Restoring forces determined in this way for NiAl and
FeAl are presented in Fig. 5. : :
The solution of the PN model Ed6) for an arbitrary for (111 dislocations, and
restoring force law is unknown. In theriginal PN model 2u(0) a—1 )
only the lowest harmonic of the Fourier expansioriE¢f) is p 0~ —, Sing—p sing, (14
considered, so that the restoring force is taken to be propor-
tional to sif4mwu”/b). In this case the solution is well Amwg JE 1
knowr?’ as 9 =~ |sing+ 2% sm2—3|n0
uDb -
A_ _ £ t X 7) .0
ut= - g, ( +2 sm3§ B cos3/2 (15)

where w,=dD/2 is the width of the dislocation core. Later for (100 dislocations, where
Foreman, Jaswon, and Wo@EJW) proposed a solution for

the more general cagd.An effective method to find the 0,(0)=2 arccoxt_ﬁ, 0(0)=2 arccoX¥+5,
solution of the PN equationy(x), for a wide class oE(u) 4 4
functions was proposed by LejcékIn the following analy-
sis we use his formalism. _ X

In accordance with Ref. 29, E@6) is considered as an 6=2 arccoté—.

example of a Hilbert transformation, so that the density ofH d that iial dislocati ¢
the infinitesimal dislocatiop(x) = du(x)/dx may be written ere we assume at superpartial dislocations are &

tions. Using Egs(8)—(11) one can obtain expressions for

in the form

N pg
p(X)=2 > pulX), (8)
k=1 n=1

with restoring force

and have the same core width awy.

The earlier proposed solutions of the PN equation can be
obtained as limiting cases of Eqd.2)—(15). In particular,
for §=0 and §,=6, we have expressions equivalent to the
FJW solution, and if, in additiong=1, then expressions
Eqgs.(12)—(15) are transformed to the original solution of the
PN model[see Eq(7)].
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TABLE 1V. Dislocation core structure parametera,(8, )
and Peierls stressp .

Slip plane o (8409
Alloy and Burgersvector « B 8,a o®%%/y  MPa
NiAl {100} (100 1.0 -0.3 0.0 0.057 5240

{110} (100 1.47 -0.712 0.0 0.0075 690

{110 (111) 186 0.0 0.84 0.072 4800
FeAl (110 (11)  1.81 00 1.64 00058 510

We now consider only an analysis of the edge disloca-
tions, for which the PN model is expected to be most ad-

equate. The parametess B, ands, determined from the fit
to the curves presented in Fig. 4 using E(4®) and(13) or
(14) and (15), are presented in Table IV. Dislocations with

b=a(100 have a compact core and are not split into dislo-

cations with a smalleb (6=0). The tendency of the split-
ting into two superpartials for the dislocation with
b=a(111) is quite obviougsee Table IV, and the distribu-
tion of the displacements®(x) determined with the use of
Eqg. (12) for NiAl and FeAl are presented as Fig. 6. As is
clearly seen{111) dislocations in FeAl demonstrate an ap-
preciable tendency for splittingdg.a=1.642); at the same
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displacementsi(x—1) does not depend on the position of
the center of the dislocation Then, by calculating the so-
called “misfit energy” per unit length of dislocation

d>p(|>=so; E(u(x,—1)) (16)

(where the sum is performed for the positions of atomic ar-

raysx,, which are parallel to the dislocation axis a8glis
the area per atojnwe have

4

The sum oven can be simplified using the Poisson formula

d@p(l)

—a an

Op

max

cbp(|)=soszZ_m f:E(u(ht—n)exp(zwist)dt

time, in NiAl the distance between superpartials is the order

of the width of their core.

In the scope of continuum elastic theory, the width of the

splitting is proportional tod~ b3/ {aps. i.€., it increases

with lowering of the APB energy. On the other hand, the

calculated unrelaxed APB enerdypg for FeAl is slightly
smaller that for NiAl, but the splitting of 4111) dislocation
in FeAl is two times large(see Table V. Hence, in contrast

to elastic theory, in terms of the PN model the splitting is

S:OG
=S, > expsny(s), (18)
S=—o00
where
As)= = [T IEEW M o misxihd 19
(S)_Zwis —» dU 5exp( misx/hydx, (19

andh is the period of the lattice in the direction perpendicu-
lar to the dislocation line in the slip plane. In E{.8) it is
sufficient to consider lowest harmonic contributions. Then, if
the parity properties oflE/du and du/dx are taken into
account, we have

determined not only by the APB energy, but also by the

shape of corresponding section of thesurface.
Let us now consider the Peierls strass for different
types of dislocations. Following Nabartdthe magnitude of

op May be determined if one assumes that the field of the

0-37| T T v T T

02 |

e
=

uA(x)/b, —p(x)

.
e
s

02 |

03
-4.0 -2.0 0.0

x/a

FIG. 6. Structure of the dislocation core; distribution of dis-
placementsu®(x)/b and the density of infinitesimal dislocation
p(x) for NiAl (curvesa anda’) and for FeAl(curvesb andb’).

Op(l)=dL +2S,cog27I/h)I(1) and

4
UP:;T_:OJ(]')’

(20)
and the problem is reduced to integrating products of ana-
Iytic functions[Egs.(10) and(11)]. The values ofrp deter-
mined in this way are given in Table IV. For NiAl, the low-
est value ofop corresponds to the slip systefh00) {011.
Note that the 111) {011} dislocations, for which GSF energy
barriers are minima(see Fig. 6, have large values ofp.
The latter is easy to understand on the basis of the analysis
performed above. Naturally, the magnitude ®f is con-
trolled not only by the energy barrier for homogeneous
shear, but also by the size of the area where most appreciable
lattice distortions are taking place and by the character of the
distribution of the distortions. Sinca(111) dislocation in
NiAl is almost not split, distortions in the area of the core are
large and it is hard to move this dislocation over the lattice.
For FeAl, since thea(11l) dislocation is split intoa/2
(111), with a smaller dislocation Burgers vector than the
original, the Peierls stress in FeAl is controlled by the mo-
bility of those superpartial dislocations.

The displacement of atoms in a direction perpendicular to
the slip plane is not treated in the PN model. Thus the effect
of relaxation on the mobility of dislocations cannot be ana-
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lyzed by a simple replacement of the unrela¥gd) depen- principles calculations show that the mechanism of the in-
dence by the relaxed one. The role of the relaxation can btinsic brittleness both for NiAl and FeAl is likely to be

qualitatively estimated by a comparison of the differencerelated with cleavage-type crack propagation. This is consis-
AE=E nelaxed Erelaxear With the energy of the elastic dis- tent with recent experimental studies of the fracture in these
tortion we2,L induced by displacement of atoms in the dis-intermetallics at room temperatuté. However, to under-

location core. The second parametéy is the lattice defor-  stand the physical mechanisms driving the difference in ten-
mation in a process of relaxation ahd-b is a typical size  Sile ductility of those two alloys, one has to address ques-

of the area with considerable relaxation in direction perpentions not only about crack propagation but also about crack
dicular to the slip plane. In caskE<ue2 L, the role of Nucleation processes, which depends on many factors, first of

relaxation is neglegible; if those parameters are of the sam@! On the mobility of dislocations. _
order, one may expect that value of, to decrease rather Based orab initio calculapons, th_e structure of the dislo-
considerably as a result of such a relaxation. However, we d6ation cores were determined using solutions of the PN
not expect this to change the qualitative conclusions, since X0del for a general restoring force. We found thiatthe
substantial decrease of thigeg in FeAl (Ref. 14 only would ~ core of a(100 dislocation is compact, in agreement with
increase the width of the splitting and, correspondingly, amgh-resolu_tlon trans_m|SS|on elegtron microscopy measure-
further lowering of the Peierls stress, in FeAl should be ~Ment by Mills and Miracle?? and (i) a (111) dislocation is
expected. On the other hand, the lowering of theg for split into two sgperp_’art@hlz_(ll]) d|sloca_t|ons. The oﬂs—
NiAl is too small for a splitting of the dislocation and so the t@nce of the splitting in NiAl is about the width of the dislo-
Peierls stress is expected to remain rather high. cations, but is much larger in FeAl. Estimates of the Peierls

Our analysis supports a suggestion that the APB energy f&'€SS in terms _of this approach_ allowed us to reprodu_ce cor-
a very important parameter that controls the slip mode betectly the relation between slip systemglQQ {100 in

havior of B2-ordered alloyS! However, the particular value NiAlL and (111 {110 in FeAl). Our calculations and analy-
of op for different slip systems depends on details of theSiS Show, in agreement with the original work of Rachinger
restoring force law which is itself controlled by details of the @d Cottrelf}" that the main factor making unlikely the ap-
chemical bonding, or even more importantly by anisotropyPe€arance of111) {11 slip in NiAl is the high APB energy

of the chemical bonding. This conclusion can also be illusi" this alloy, although the shape of thesurface also con-
trated by the fact that estimates®f performed in the scope tributes considerably to the structure of the dislocation core.

of the analysis described above differ from the original PNIN @ccordance with our results, compared with NiAl, the rela-
approximations estimates by an order of magnitude. tively low Peierls stress in FeAl, and the correspondigly
higher mobility of the dislocations, is likely to be the main

intrinsic factor why FeAl shows a better tensile ductility than

NiAl.* We expect that a proper treatment of relaxation will
IV. SUMMARY AND CONCLUSIONS result in some lowering of the Peierls stress, but will not
change the qualitative conclusions obtained here.

For NiAl and FeAl ordered alloys, all-electraab initio Finally, our results show that first-principles total-energy

local-density calculations of the-surface sections and cor-

and operative slip modes B2 intermetallic compounds. We
conclude that this approach would be especially useful in the
study of materials for which models of interatomic interac-
tions are not accurate enough or justified, e.g.,feFiAl.

good agreement with earlier FLAPW results by Fu and
Y00.1* The results of our calculations of cleavage character
istics show that both in NiAl and FeAl the habit crack plane
is {110 which agrees with experimental observations for
NiAl. It was shown for a FguAl 4o alloy that the{100 cleav-
age plane is preferabfePossible reasons for such a contra-
diction were discussed by Yoo and Euand related to a This work was supported by the Air Force Office of Sci-
mutual orientation of crack and operative slip planes. Theentific Research(Grant No. F49620-95-1-0189 We are
calculated ratiqub/ y is fairly large(greater than 1Q which,  grateful to M. J. Kaufman and V. I. Levit for information
according to the simple Rice-Thomson criterion, indicates grior to publication, to F. Rao, L. P. Zhong, and R. Wu for
tendency to brittle propagation of the crack in both materialaiseful discussions, and to M. van Schilfgaarde for pointing
(cf. Sec. lll A). The same conclusion was also draya. out useful references. Our special thanks go to Stefan Bei-
Sec. Il B) on the basis of an analysis of the theoretical sheader-Kellen for constant friendly help, which made it possible
strengthog, and unstable stacking faujt,s data. Thus first-  to perform many of our calculations.
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