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Interstitial solid solutions could be formed at the matrix—fibre interface in the processing of
metal matrix composites. Typically these solutions are of small concentrations and the
solubility is usually diffusion-controled. To calculate the diffusivity, a model of the
interstitial solid solution is used which gives the possibility of choosing whether octahedral
or tetrahedral interstitial positions are occupied by the fibre atoms dissolved in the matrix.
Analysis of Ag—-C and Cu-C solid solutions allow a comparison of the occupation of the
interstitial positions and its temperature dependences. The results obtained on the basis of
non-empirical calculations predict the preferable occupation of octahedral positions up to
T ~ 1200 K. This confirms the structure of the interstitial solid solution. In the framework of
this model we calculate the heights of diffusion barriers and the temperature dependences
of carbon diffusion in silver and copper hosts. © 7999 Kluwer Academic Publishers

1. Introduction trix dissolve the carbon fibre. Sun and Zhang [7] stud-
The stability of the silver- and copper-matrix MMC ied the increase of interfacial strength by adding iron
with carbon (Ag/C and Cu/C) has been investigatecand nickel to copper. They showed that, in the case of
previously [1-3]. By adding graphite fibres it is possi- iron doping, the F¢C carbides are formed at the inter-
ble to obtain improved friction properties because of theface, realizing the chemical reaction bonding. Nickel,
lubricating properties of carbon. Silver-based composon the contrary, does not lead to the desirable effect
ites are one of the most acceptable materials used fand only dissolves small amounts of carbon fibres (dis-
low-voltage circuit breakers. They exibit low arc ero- solution bonding). The influence of the oxidation of
sion and low contact resistance [4]. The system Cu/@opper-coated carbon fibres on the thermal stability of
shows good thermal, electrical and mechanical propetthe coating was discussed elsewhere [8]. The formation
ties in comparison with other copper-based MMC (seeof very dilute Cu—C interstitial alloys at the interface
[5]). The character of the physico-chemical bonding inmay be diffusion-controlled. Suest al. [3] used car-
the reaction zone of Cu/C and Ag/C interfaces has nobon fibres and nickel-coated carbon fibres for the for-
yet been investigated. Gnesin and Naidich [2] studiednation of silver-based composites. The main problem
the wetting between liquid copper and SiC, and foundwith the development of these metal-matrix compos-
that in alloys there was an interaction zone Cu$l.  ites is the poor wetting characteristic of the fibres by
Small amounts of silicon dispersed in the matrix sup-liquid silver (see [9]). Sometimes, the reactivity of car-
press the interaction of copper with SiC. Carbon is in-bon with many metals may be a barrier for composite
soluble in copper up to very high temperatures; its solfabrication. In the case of silver, reaction does not oc-
ubility does not exceed 0.02 at %. Thus a problem careur, so the technique may be employed only to improve
arise with the wettability of carbon fibres by copper. wetting properties. To predict the diffusion behaviour
This wettability is extraordinaruy small [6] and does of carbon it is necessary to study structure and inter-
not allow the composite material to be fabricated. Thusatomic interactions in such alloys.

the interfacial bonding in copper—carbon composites In order to write the expression for the energy of
is extremely weak [7]. Increasing interfacial strengththe interstitial atom in different positions, it is possi-
for Cu—C is generally achieved in two ways: forcing ble to use the pertubation series on potentials in re-
a fibre reaction with the matrix, and making the ma-ciprocal space (PSP RS method). It is evident that this
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approximation will only roughly describe the basic par- lattice. The number of octahedral positiondMg and
ticularities of the electronic spectrum of the solutions.the number of tetrahedral positiondls. Thus, the total
This is especially true for the solutions where transi-number of intestitial positions is1 = My + M;. Then

tion metals are chosen as alloying elements. Howevegtoms of carbon are placed in the interstial positions in
asthermodynamic values are always obtained as a restlte following mannem, atoms in octahedral positions
of averaging over the spectrum, they are less sensitivandn; atoms ; = n — n,) intetrahedral positions. That
to its particularities than, for example, optical charac-part of the total energy of the crystal depending on the
teristics [10]. That is why we believe that the PSP RSnumber of interstitial atoms may be written as

method can be applied to material science problems,
such as the determination of the tendencies in the vari-
ation of the alloy thermodynamic functions in alloying,
or to other problems determining the quantities, which

are not too sensitive to details of the electron eNnergissuming that carbon atoms do not interact with each

spectrum of metals and alloys. other. This assumption is reasonable because the con-
Making use of the PSP RS method, we calculateqeniration of carbon is very small. Heng andu; are

the potentials of Ag—Ag, Cu-Cu, Ag-C, Cu-C, and g energies of carbon atoms in the octahedral and tetra-

C-C interactions in Ag-C and Cu-C alloys. The useneqra| positions, respectively. The number of different
of these potentials is two-fold. A study of occupations yermytations of carbon atoms on the interstitial posi-
of tetrahedral and octahedral interatomic positions by« is

carbon atoms was carried out on the basis of statistical
thermodynamics with the obtained potentials. By ex-
ploring this result and the same interatomic potentials, L = Mo! M! )
the height of the diffusion barriers for a carbon atom No!(Mo — no)! ne!(M¢ — ny)!
which passes between the nearest interstitial positions
and predict the diffusivity of carbon in silver and copper
matrices, can be calculated.

As a final step we studied the changes in the diffu-
sion of carbon atoms in a copper matrix with different S—kInL (3)
alloying elements. The tendency to decrease the dif-
fusivity of carbon in the presence of an additive may _ o
promote the formation of carbides at the interface, thugvherek is the Boltzmann constant. Substituting=
favouring adhesion. On the contrary, increasing the dif" — No and making use of the Stirling formula, we ob-
fusivity of carbon in the matrix with dopants prevents tain the free energf = E — T Sin the form
the formation of carbide and does not lead to the desired
effect. We assumed that carbon atoms in host matriceﬁz
form a dilute interstitial solid solution, where carbon
occupies the interstices. — (Mo — no)[IN(Mo — no) — 1]

The idea of “averaged” or “effective” interaction was
used for the investigation of the influence of the third + In Mt = (0 = no)fIn(n — no) — 1]
element upon the diffusion process in interstitial alloys. — (Mt —n+ng)[In(M¢ —n+ ng) — 1]} (4)
Assuming that we have a disordered substitutional alloy
A-B and interstitial atoms C occupy the interstitial po- _ I -
sitions, in the case of the f ¢ ¢ lattice under investigation APPIYIng the equilibrium conditions F/dn, =0, the
there are one octahedral and two tetrahedral interstitigP!!0Wing equation for the equilibrium numbens and
sites per atom. Only positions for interstitial atoms are't May be obtained
considered. These positions also form the fc c lattices.
Allinterstitial atoms are situated in the mean-field lat- (m, — n)(n—n;) (Mo — no)ny Uo — U
tice potential. This potential is formed by the silver or (M; — N + no)n = (M; — non = p( )
copper and B atoms distributed on the fc ¢ lattice sites." o/t tT o
The diffusivity of carbon atoms in pure silver and cop- (5)
per matrices and in a copper matrix with additives, is
compared.

E = noUo + NeUt 1)

while the entropy of the systers, is

= NoUo + (N — No)ut — KT{In My! — ng(Inng — 1)

Itis easy to see that when the temperature increases, the
system of carbon atoms seeks a uniform distribution of
carbon atoms on the interstitial positions. In this case
2. Occupation of interstitial positions (atT — oo) we obtain fi;/ng) = (M¢/My).

Let us assume that interstitial atoms of carbon, C, oc- To clarify the temperature dependencengfandng,

cupy both octahedral and tetrahedral positions in thé&equation 5 may be solved giving

0~ Mo+n— M —np £ [(Mo+n+ Mep — nu)? — 4Mon(1 — p)]*2
° 21— )

(6)
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Here we use the equality; =n — ny, and notified Consequently, the energy of the C atom in the saddle
u = exp[uo — uy)/KT]. Using the definition of partial pointus is

concentrations of atoms in octahedral and tetrahedral

interstial positiong, = ny/n andc; = n¢/n, respec- Us = — Z{VAC(R+ hs)C(R)

tively, the following result may be obtained R

a+ B+ [(a+ B)? — 4p]Y2 + Vec(R+hs)[1 — C(R)]} (12)

28 hs is the vector of the saddle point position. Equa-
(") tions10and 11 reproduce exactly the local atomic con-
¢=1-0G figuration in the vicinity of the interstitial atom in the
diffusion process. Consideration of such local effects
wherea = 1+ (Mt/Mo)u; B = y(1—u);andy = s very important in the study of material properties

n/M,. For relatively smalh, this result has to transform (see, for example, [11]). Calculationsigfandus may
to the Boltzmann distribution. This condition leads to provide the necessary information on the influence of
the consideration that only the minus sign befosef(  microalloying additives on the diffusion coefficient. On
B)?—4B]*? in Equation 7 has to be left and in this case performing these calculations in the framework of the
from Equation 5 it follows that cluster approach, one obtains the local valuas @id
Us. These quantities have to be averaged to account for
M \* the influence of a crystal medium [12].
Co = (1 + M_o'“> (8a) The alternative way is to introduce the distribution of
P atoms in A-B substitutional solid solution. This distri-
6 — [1 n (_t'u) ] (8b) bution may be described by one occupation probability
Mo functionn(R) that is the probability of finding the atom

A at the siteR of the crystal lattice
When the value is small, the value of is also small _
and the square root may be expanded in Taylor’s series. n(R) = (C(R)) (12)

Then from Equation 7 in the limiting cage — 0 we  where the averaging is done over the Gibbs’ canonical

getc, = 1/a which coincides with Equations 8aandb. ensemble. Performing such averaging we may rewrite
In the case of the fcc lattice witN lattice sites, Equations 10 and 11

Mo = N andM; = 2N. Thus, the final expressions for

the concentrations, andc; have the forms U = — Z{VAC(R +h)n(R)
R
-1
C = [1 12 exp(uok‘T U )} FVec(R+ML-n(R])  (13)
. ) Us = =D {Vac(R+hon(R)
o fredon)] R
t 2 kT + Vec(R+ hs)[1 — n(R)]} (14)

Analogous averaging was done by Khachaturyan [13]
3. Diffusion of interstitial atoms to describe the ordering effects in a binary substitutional
The basic idea of effective interaction may become ofsolid solution. Let us consider the case where all po-
use for the investigation of the influence of the third sitions of crystal lattice sitegR} are described by one
element upon the diffusion process in interstitial alloys.Bravais lattice. Following the works of Khachaturyan
We assume that atoms B substitute for atoms A, an@see [13] and references therein), the functigir),
atoms C are placed in the interstitial position. The valuavhich determines the distribution of the solute atoms
of the energy of atom C in the interstice positiog,is  in an ordering phase, can be expanded in a Fourier se-

ries. It may be represented as a superposition of static

U = — Z{VAC(R + h)C(R) concentration waves (SCW)
R 1 ) )

FVec(R+M)L-CRY  (10) NRI=C+35> Q)€+ Q (k)e ] (15)

i

whereh; is the vector of the position of the atom C. wherec, is a concentration of A-type atonexf(ik; R)
Vac andVpc are the values of the interaction potentialsis a static concentration wavk; is a non-zero wave
between atoms A and C, and B and C, respectivelyector defined in the first Brillouin zone of the dis-

C(R) is the spin-like variable ordered binary A-B alloy, indej denotes the wave
vectors in the Brillouin zoneQ(k;) is a static concen-

1, if an atom in the lattice sit® tration wave amplitude. As shown by Khachaturyan
is of the type A [13], all Q(k;) are the linear functions of the long-

C(R) = range order parameters of the superlattices that may be
formed on the basis of the Ising lattice of the disordered

is of the type B solid solution. In the alloy with a small concentration

0, if an atom in the lattice sit®
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of one of the components it is possible to assume théurn now to the study of the changes of pre-exponential

existence of a disordered solid solution. The small confactors caused by alloying. The Gibbs’ free energy of

centration of the B atoms immediately leads to the disimigration includes the entropy term and the pressure-

appearance of the ordering state and3k;) become dependent term. The last can be neglected because we

equal to zero. are studying the diffusion process at the atmospheric
We consider now a disordered substitutional alloypressure that in our units is approximately zero. The

A-B with interstitial atoms C. In the case of the fcc entropy of migration in a binary alloy A—C may be cal-

lattice studied here, there are one octahedral and twoulated, according to Shewmon [15], with our values

tetrahedral interstitial sites per atom. We shall considefor the migration energyaU

only the octahedral positions for interstitial atoms. This

model follows from the results of the calculations for S = ,3& (20)

occupation probabilities for Cu—C which will be dis- T T

cussed in the next section. These octahedral positions

are also forming the fc c lattice and, in the case of comwhereg ~ 0.35 [15] andT, is the melting point. Now

pletely disordered solid solution, they are energeticallywe may write the following relation

equivalent. Allinterstitial atoms are situated in the same )

mean-field lattice potential. This potential is formed by Drem _ @exp[(l — p1) (AU _ AUte_rn):| 21)

the A and B types of atoms randomly distributed onthe Dpin a2, kT mg mg

fc clattice sites. Making use of the above described av-

eraging, itis possible to calculate the influence of alloy-

ing elements upon the diffusion of fibre atoms (namedyhere Dy, and Dy are the diffusion coefficients of

C) in the matrix (atoms A). The concentrations of atomsthe carbon in ternary and binary alloys, respectively,

of sort A and B will bec, andcy, respectively. Taking r = T/T,, and AUrtﬁiBn and AUP" are the migration

into account only the first and second nearest neighenergy for ternary and binary &{Ti%ys_
bours, we have from Equations 13 and 14 Our model is of the common nature and could be
used for the calculations of diffusivity in the pure host
Ui = —[6(Cavac + Counc) + 8(Cavie + Covpe) | assuming the atomic fraction of the dopant (C-atoms)

_ (16) s equal to zero.
Us = —[Z(Cavéc + va{)c) + 4(Cavé{C + vagc)]

where vac=Vac(a/2), vyc=Vac(@yv/2/4), vzc= 4. Results and discussion

Vac(ay/6/4), vae = Vac(@y/3/2), vhe = Voe(@/2), vpc = Our mean-field calculations in the framework of local
Voo(@y/2/4), vhe=Voe(@y/6/4), vi=Voc(av/3/2)  density approximation with semiempirical potentials
are the values of the interatomic interaction energieshow the completely different character of C-C interac-
determined from the values of interatomic interactiontion in the matrix of diamond and in the copper matrix.
potentialsV,. andVyc between atoms of sort A and C, The same character of C—C interactionsis presentin the
and B and C, respectivelg is the lattice parameter silver host. In both matrices, the C—C pair potential has
of the alloy. We used in our calculations the modela very strong repulsive tendency and in the diamond
potential from Bachelett al. [14]. The height of lattice the behaviour of the pair potential is traditional.

potential barrier is The interatomic potential presented in Fig. 1 was
used to calculate the carbon atom energies in different
AU = |us — Uj| = |(6vac+ 8. — v}, — 4v§j{c)ca interstitial positionsu, andu; in the copper and sil-
" . ver matrix. In these calculations we take into account
+ (Bupe + Buje — 2vpe — upc) o (17)  the interaction in the first and the second coordina-

) . tion shell. The energies, andu; were substituted in
The values in brackets here have the sense of the he'g%uation 9 and the temperature dependence of the rel-

of barriersAU, and AU in the diffusion process of ave concentrations, andc; were obtained. They are
C atoms in the metals A and B with an fcc lattice.

The diffusion coefficient of C atoms that are situated in

the octahedral interstices of disordered substitutional 1
solid solution A—B with an fcc lattice, may be ob-

tained by substituting this expression into Arrhenius-

type formulae 2
AU B
D~expg —— 18 o
o{~%r) 48§
giving
CaAUz + CoAU 0 ‘ ‘
D~ exp(—w> (19) 3 5 7 5
kT Distance (a.u.)

_|t is easytosee that the _aCtivation energy in our apProXrigure 1 The effective pair potentials (——) of Cu~C, and (- - -) Ag—C
imation is a linear function of concentraticq. Let us  in Ag- and Cu-based metal matrix composite.
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Equation 20, with the obtained values for the migration

or energyAU. The values of migration entropieSnig,
sl are also presented in Table I.
' l In order to estimate the changes in the diffusion coef-

ficient we have calculated the ratiden/ Dpin. In these
calculations we used Vegard'’s law for the changes of

-§ 04 b the lattice parameters in dilute alloys. We have also as-
3 2 sumed that the effective frequency of the atomic vibra-
oz | tions for studied alloys is independent of the alloying.
The ratio of lattice constantsZ,./a2,, for the (Cu,
00 - Ti)—C alloy only slightly deviates from unity and is
h S o0 equal to 1.000 65. Thus it is possible to neglect this ef-
Tewperature (K) fect in studying the changes of diffusion coefficient at

small concentrations. Using the data of Table I, we esti-
Figure 2 Temperature dependences of partial conce_ntratigps of cg_rbormated the ratithem/ Dpin = 0.647 for (Cu, Ti)—C aIon
gtoms occupymg_ (1) octahedral and (2) tetrahedral interstitial posmonsat 800 K. The same calculations were performed for
In a copper matrix. .

copper-carbon alloy with a set of dopants (see Table I).
All investigated additives decrease the diffusivity of
carbon atoms in a copper matrix. On the basis of the
data in Table I, we predict that the strongest influence
on the diffusion coeficient ratio among the investigated
additives may be achieved by titanium alloying of the

plotted in Fig. 2 for the copper host matrix. An analo-
gous behaviour is obtained for Ag—C.

Our results show clearly that the probability of find-
ing carbon atoms in octahedral positions is much highe

than in tetrahedral ones. This statement will be true u%:u—c system. The predicted reduction of the diffusivity

to atemperaturé ~ T, = 1200K. With the following . ) /
: ; . .by a factor of two may be a basis for detailed experi-
increase in the temperature, the occupation probabil- : .
: L mental study of routes of improvement of carbon fibre
ity of octahedral positions decreases to 80% for COPPer - ractions with a copper-based matrix
based alloy. Tetrahedral positions will be occupied by PP )
20% ofthe atoms. Thus we are convinced that the model
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