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Nonuniform displacements of copper atoms in interstitial copper-carbon solid solutions

David Fuks
Materials Engineering Department, Ben-Gurion University of the Negev, P.O. Box 653, 84105 Beer Sheva, Israel

Simon Dorfman
Department of Physics, Technielsrael Institute of Technology, 32000 Haifa, Israel
(Received 17 June 1996

Study of the nonuniform displacements of copper atoms in dilute interstitial Cu-C solid solutions is provided
in the framework of the microscopic phenomenological theory of interstitial solid solutions. For the interstitial
dilute copper-carbon solid solution in the copper-rich region we calculate quasielastic Kanzaki forces and
nonuniform static displacements of copper atoms. Our calculations show the long-range character of the
deformational interaction in dilute Cu-C alloyS0163-18287)10505-7

The problem of stability of copper-carbon solid solutionsthe vicinity of the impurity. Thus, both a geometrical factor
is significant for the developement of modern metal matrixand a charge transfer have to be accounted for in the frame-
composites with the aim of adding improved mechanicawork of the same formalism.
properties to the excellent electrical and thermal conductivity For the interstitial dilute copper-carbon solid solution in
properties of coppefsee, e.g., Refs. 1 and.2f particular ~ the copper-rich region we calculate quasielastic Kanzaki
interest is the possibility of developing improved high- forces and nonuniform static displacements of_copper atoms.
temperature strength. Addition of particulate graphite to copThese displacements are considered for the first and second
per matrices permits considerable improvements in tribologicoordination shells of the intersite carbon atom.

cal properties. Thus Cu-carbon composites see regular In ou; Sr;[“qy we .“.Sfd tlhde mlicr_oscopitr:]_pﬁenomdenollogiczall
application in sliding electrical contacts applications. theory of the Interstitial solid solutions, which was develope

A strong deformational interaction in interstitial copper- by Khachaturyar.It is based on the calculations of the en-

carbon solid solutions leads to considerable nonunifornf: 2, caused by the elastic distortions of the lattice with in-

static displacements of the solvent atoms. Knowledge of v;{-ersmlal atoms. This energp®, is given in the form

ues of these displacements allows us to predict the tenden-
cies to the concentrational polymorphic transformation in the
alloys with interstices. Displacements show how the lattice
“prepares” itself for the phase transition when the concen-
tration of alloying atoms is changédFourier transforma- Y= L R

tions of the nonuniform static displacements define also dif- - 2 Fo(R=RHU(R)C,(R"). (1)
fraction effects in ordered interstitial phases. Effects of an RR', p=1

atomic relaxation appear to be important in a study of a

phase equilibrium even in substitutional alloysee, e.g., A® is the change of the energy, referenced to the state, when
Ref. 4. For example, the relaxation influences on the relativey| displacements](ﬁ) of the solvent atoms are equal to

stability of different ordered metal compoungee, for ex- o ((R) is referenced to the positions of the lattice sites of
rbure solvent, that is, the Bravais lattice. Numpertumerates

3!:(?)'3'(386 e'gt’ Rﬁfsi ?I ano),6et;:. rﬁt the Simﬁ time it Is |V interstice positions in the unit cell of the solvent. The po-
d |cu.tto predict the in uence o the type of the I'nte.rstma sition of each interstitial site may be given by the set
impurity on the values of displacements of atoms in different_ -

matrices. Displacements depend not only on relative “geo{R’p}’ yvhereR |s.th.e- radlusilveﬁctorﬁ,of the solvent atom,
metric” sizes of the atoms of the impurity and those of thedetermining the primitive cellA” (R—R’) are the force con-
host matrix, but also on the electron charge redistribution irstants, andC,(R) is the spinlike variable:

1 L ..
Ad=2> AI(R-R)u (R (R')
Zéér

c (ﬁ)_ 1 ifan atomis in the interstitial positiop of the primitive cellR,
P 0 otherwise.
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TABLE I. Components of the dynamic matri; .
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atomic fraction of interstitial atoms in the positiops Mak-
ing use of the Fourier transformations

Al ()= All(R)e™ <R
R

éR)=3 éRe®R @
R
F (=2 F,(Rie kR
R
cy(K)=> Acy(R)e KR ®)
R

and the equilibrium condition with respect to displacements
one obtains

€(k)= G'J(k)E FL(R)cy(K), (6)

whereG'i (k) is defined by
GI(K)AI'(K) =8,

Ui (p) is the tensor of the coefficients of the concentra-

Fo(R-R') are the constants characterizing the mteracnorhonm distortion of the lattice when interstitial atoms are oc-

force between the solvent atom in the positi@nand the
interstitial solute atom in the positiorp(li’). The sum in

Eq. (1) is performed over all the lattice sites of the solvent
lattice. The insertion of the interstitial atom into the solvent

lattice is accompanied by two effect®) uniform lattice di-
latation, and(b) nonuniform deformation of the lattice, that
is, localized in the vicinity of interstitial atoms. Thus, the
total displacement is represented in the form

u(R)=&;Rj+ &(R) (2)

and

Cp(R)=(cp)+Acy(R), (3)

& is the uniform macroscopic strain, arag(li) is the dis-
placement referenced to the “averaged” latti¢ey,) is the

cupying the sublattice, then
&= U%(p)<cp>=
and Eq.(1) may be represented in the form

N

Ad=— %Aijlm% Ui (P){CpIUim(A)(Cq)

1 . _ R
tan A (g K)
1 _| - * - -
_N% Fo(k) € (k)cp(k), 7

wherev is the volume of the primitive cel is the number
of cells, and\;j;, is the Voigt shear modulus tensor.

TABLE Il. Values of dynamic matrix components for the copper host matrix in the special points in the
Brillouin zone.k are given in 2r/a units, and the components of the dynamic mafijxin N/m?Z.

lz AXX AXy AXZ AyZ Ayy AZZ
G,3% 37.3284 2.48883 1.03091 2.48883 23.8773 29.4489
(.33 42.9 1.03091 1.03091 1.03091 23.8773 23.8773
(3,2} 25.9338 6.00856 2.48883 2.48883 25.9338 31.5054
3,38 26.5342 6.00856 6.00856 6.00856 23.2704 23.2704
(3,33 28.8421 6.00856 2.48883 2.48883 20.9626 23.2704
(3.3.3 30.8985 2.48883 2.48883 1.03091 17.4474 17.4474
N 19.5039 6.00856 6.00856 6.00856 19.5039 19.5039
N 16.8406 6.00856 2.48883 2.48883 16.8406 14.5327
CIE 13.9259 2.48883 2.48883 1.03091 8.35425 8.35425
(3,3% 1.92439 1.03091 1.03091 1.03091 1.92439 1.92439
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TABLE IlIl. Values of Fourier transform components of Kan-

zaki forces in the special points of the Brillouin zoheare given in ,37\
27/a units. J
K Fy Fy F, @
7 31 L J
G.3.3 12.862 31.0516 12.862 \@
.33 12.862 12.862 12.862 > o &
(3,2,1 31.0516 31.0516 12.862 @
(3,33 31.0516 31.0516 31.0516 D ¢
3,3% 31.0516 31.0516 12.862 @
(2.3.3 31.0516 12.862 12.862
3,32 31.0516 31.0516 31.0516 A5 g
@.2,% 31.0516 31.0516 12.862
@.3.3 31.0516 12.862 12.862
(.33 12.862 12.862 12.862
O Copper
The matrix of the force constants on the first coordination
shell has the following symmetrisee, for example, Ref)8 ® Carbon
B v O
y B 0. ®) FI_G. _1. Scngmatics of nonuniform displa_cements of copper at-
oms in interstitial copper-carbon solid solutions. Open circles are
0 0 « copper atoms. The solid circle is a carbon atom. Vectors show the

The force constants, 8, andy may be calculated from the direction of the displacements.

experimetally measured elastic constadsg,, C;,, and

: . . lattice elastic constants for a pure matrix and of the value
Cy4, according to the following relatiorfs: b

0, which is the coefficient of the uniform concentrational

a="1/2AC1y/2— Cyp) dilatation of the latticé,
. - a? [ ka ka ka
B=—1/4Cy,, F(k)=—i—(Cy+2C1)l sin%,sin%,sin% ,
y=—14C1J2—Cyy). 9) (11)

L _ . .
All these equationg9) are written in the lattice parameter Whereu=a “(da/dc). ais the lattice parameter in an alloy.

units. Using the elastic constants from Ref. 12 we obtained is the atomic fraction of the interstitial atoms in the alloy.
the matrix of the force constant8): In our calculations, the results of which are in Tables II,

lll, and IV, we use the model of the dilute Cu-C interstitial
3.0 352 0 solid solution with carbon atoms which statistically occupy
352 3.0 0 (10 the octahedral interstitial positions in the fcc lattice of the
: ' . host copper matrix. In this case there is only one sublattice of
0 0 -0.215 such positions. Thup=1 and the atomic fraction of car-

) ) . N bon in Cu-C solid solution may be calculated from the rela-
Performing the Fourier transformatigd) for A'(R) we ob- o

tain the dynamic matrix in the reciprocal space. Matrix ele-

mentsAll are presented in Table I. The Fourier transform of PN Cy
the vector of Kanzaki forces is expressed in terms of perfect c= o= : (12
1+3,c, 1+c
TABLE IV. Phonon frequencies of copper in Brillouin zone The averaged value of the atomic volume may be obtained
points.k points are in 2r/a. from the Zen's law. In our calculations we assumed
c;=0.02 at. % and obtained=0.271. The atomic volumes
K points Frequencies (16 s 1) of copper and carbon were taken from Ref. 10, where these
volumes were extrapolated from the experimental data to
Theory Experimenttaken from Ref. 9 zero temperature. The elements of the dynamic méfidble
(00D 7.672 7.40 II) and the Fourier transform of the vector of Kanzaki forces
5.525 4.88 (Table 1ll) were calculated in the special points of the Bril-
3.3.% 6.880 7.56 louin zone'*
4.526 3.55 The quality of the dynamical matrix calculations may be
(3.3.0 6.195 6.51 checked after carrying out diagonalization of this matrix and
5.425 5.33 a comparison of the obtained phonon frequencies in some
4.526 3.40 Brillouin zone points with the experimental datsee Table

IV). The average error in phonon frequency calculations is
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about 13.5%. This error encourages us to use the calculatede second NN’s are 14.4% and 4% from the lattice param-
values of the matrix element; (Table Il) and the Fourier eter. The same values for Al-C are much smaller and are
transform of the vector of Kanzaki forcé$able Ill) in the  equal to 3.7% and 0.55%, respectively. Such a behavior cor-
calculations of the nonuniform displacements of copper atresponds well with the balance between elastic and Coulomb
oms in dilute Cu-C solid solutions. forces in the compared solid solutions. The volume of the
The interstitial carbon atom was situated in the pointoctahedral intersite in copper is much smaller than in alumi-

(0,0,0, while copper atoms were located in points of typespym. Thus the elastic response of the copper host on the
0.52(1,0,0) and 0.&(1,1,1); see Fig. 1. These points corre- penetration of a carbon atom is larger than the corresponding
spond to the first and second nearest-neighktidh$) atoms, response of an aluminum matrifd, > Ua.c). At the same
%ime the values of the effective charge of the Al ion is larger
than the Cu ion. This factor leads to the increase of the

oulomb repulsion between the carbon interstitial and the
Eost atom in the Al-C solid solution and the modulus of the

isplacement vectoe in the Cu-C solid solution increases.
he vector of displacements of the second MNin com-

with Eq. (6) show that copper atoms of the first coordination
shell move to the carbon atom and of the second NN mov
from the carbon(Fig. 1). The oscillating character of these
displacements is the sequence of the oscillatory term whic
represents the Fourier transforms of the vector of Kanzakll.

forces[see Eq.11)]. We are talking here about the motion parison with thee, is 3 times smaller in Cu-C and 5 times

relative to the positions in the uniformly distorted lattice. . ;
. . smaller in Al-C. This result shows the long-range character
The values of the displacements on the first and second cg-,

ordination shells ares,=0.98 a.u. ande,=0.27 a.u. The of the Qeformatlonal interaction in dilute Cu-C alloys in
L T i comparison with Al-C ones.
directions of this displacements are shown in Fig. 1.
It is of interest to compare this result with the values of This research was supported by Grant No. 94-00044 from
displacements in the dilute Al-C interstitial solid solutibh. the U.S.-Israel Binational Science Foundati&sP), Jerusa-
In Al-C €;=0.29 a.u. ande,=0.04 a.u., whileG=0.191*  lem, Israel and by the special program of the Israel Ministry
The relative displacements in the Cu-C alloy for the first andof Absorption.
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