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Abstract—The concentration dependencies of the interdiffusion coefficient, D (¢), have been determined

with the aid of electron probe microanalysis at 11 temperatures above and below the temperature T,

ord

of the Al-Ll, (Cu;Au) ordering transition. At temperatures T > T, there are minima on these
dependencies near the Cu; Au composition. Slightly below T, the D (c) dependencies are monotonous.
At T < (T, — 20 K) maxima appear on D (¢) which grow with decreasing temperature. Such a behaviour
is explained by the concentration dependence of the thermodynamic factor @. Dependencies @ (c, T') have
been calculated within the framework of the tetrahedron approximation of the cluster variation method.
The calculated dependencies are in good agreement with the experimental data.

1. INTRODUCTION

Due to the increased resistance to plastic deformation
at elevated temperatures and other properties which
originate from the strong bonding between the dis-
similar constituent atoms many ordered intermetallic
compounds are attractive materials for a wide range
of engineering applications [1-3]. The application of
these materials in advanced aerospace structures and
propulsion systems are only possible because they
show reduced atomic mobilities at elevated tempera-
tures [4, 5]. Unfortunately, the laws governing the
diffusional properties of ordered intermetallic com-
pounds are still poorly understood. For example, the
self-diffusion coefficients in these materials have only
a slight minimum on the stoichiometric concentration
(CoAl [6], Ni;Al [7]), but the interdiffusion
coefficients D which actually define the high-tempera-
ture properties of such important intermetallics like
NiAl, CoAl and FeAl depend strongly on the devi-
ations from stoichiometry: D can increase or decrease
by more than a factor of ten in the narrow concen-
tration interval where the intermetallic compound
exists [8, 9]. These dependencies of D on the concen-
tration ¢ are also very unusual; for example, D (¢) has
a deep minimum near the stoichiometric concen-
tration in NiAl [8], but in Ni;Nb D (c) has a strong
maximum at 75 at.%Ni [9]. Also well known is the
drastic influence of small ternary additions on the
properties of ordered compounds [5].

Another important open question is the unusual
behaviour of the coefficients of bulk and grain bound-
ary diffusion in the narrow temperature interval near
the temperature of ordering phase transition, T,
particularly because the coefficients of self-diffusion
normally do not have any anomalies [10-12].

The goal of this work was to investigate the
behaviour of the interdiffusion coefficient in the
narrow temperature interval near the bulk ordering
transition and in the narrow concentration interval
where the ordered phase exists. For this sake, we have
measured the concentration dependencies D (c¢)
above and below T, and have developed a method
for description and prediction of D (c) peculiarities
using existing thermodynamic data. For the measure-
ments and theoretical calculations we have chosen
the Al-L1, (Cu;Au) ordering phase transition in
the Au-Cu system because the phase diagram, self-
diffusion coefficients and thermodynamic data for
this classic system are well established. On the other
hand, many technologically important ordered com-
pounds like, for example, Ni;Al, Ni;Ga and
(Co, Fe); V also have the same L1, structure [14].

2. EXPERIMENTAL

This work is devoted to the investigation of bulk
interdiffusion near the A1-L1, ordering phase tran-
sition in Au-Cu alloys. Cylindrical single crystals
(10 mm diameter) were grown from Cu of 99.9998%
purity by the Bridgman technique in high-purity
graphite crucibles and oriented by Laue X-ray back-
reflection. Samples, approximately 2 x 2.2 x 7mm in
size, had the 2.2 x 7mm faces parallel to {011} cut
from the single crystals. The samples were carefully
polished on 4000 grid SiC paper. After cleaning, the
samples were annealed for 15 h.at 1223 K in order to
relieve residual strains.

The Cu-56 at.%Au alloy was produced from Au of
99.998% purity and Cu as mentioned above. This
alloy has the lowest solidus temperature (1162 K) in
the Cu-Au system [14]. The alloy was homogenized
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in vacuum (<4 x 10"*Pa) at 1183 K for 100 h, rolled
to a thickness of about 0.5 mm and cut to slices of
2 x Smm. These thin slices of Cu-56 at.%Au alloy
were then fixed between two single crystalline speci-
mens parallel to {011} [Fig. 1(a)] using a stainless
steel holder and encapsulated in silica ampoules
under vacuum (<4 x 10 “Pa). The ampoules were
put into a furnace with a temperature of 1183 K for
4 min and subscquently quenched in water. During
the 4 min heating ampoules were heated up to 1183 K
(about 3.5 min) and annealed at 1183 K for about
30s. This time was sufficient to melt the slice of
Cu-56 at.%Au alloy and to produce a contact be-
tween the alloy and both Cu single crystals [Fig. 1(b)].
According to the Cu-Au phase diagram some copper
was solved in the film of liquid Cu-Au alloy. After
quenching, the concentration ¢,, of gold in the tran-
sition layer was about 45 at.%. The distance between
the positions of contact planes before and after
heating was about 60 ym.

The diffusion couple Cu/Cu-45at.%Au  was
formed after this procedure. Therefore, the stoichio-
metric concentration of the ordered phase Cu,Au
(L1,) lies somewhere in the middle of the concen-
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Fig 1. Sample preparation and determination of the diffu-
sion profiles. (a) Two {011} Cu single crystals fixed together
with a slice of Cu-56 at.? nAu polycrystal between them. (b)
Anneal at 1143 K for 30s. The intermediate melts, and the
surface layer of the Cu single crystals solves into the melt.
(c) Solidified Cu-45 at.% Au quasi-single crystal between Cu
single crystals after quenching. 1 1" to 5-5 are the positions
of the line scans used for the determination of the concen-
tration profiles.
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tration interval where the interdiffusion was studied.

It was important to control the thickness of the
diffusional layer built between the halves of the
diffusion couple during the preparation. The thick-
ness of this layer should be negligible in comparison
with the thickness of the diffusional layer after the
diffusional anneal because the solution for the couple
with two infinite halves and constant concentrations
was to be used. During the formation of the diffusion
couple (1 =30s) the former contact plane moved
60 ym due to the dissolution of Cu into the Cu-Au
alloy. The thickness x, of the diffusional layer for
diffusion from the plane with constant concentration
¢, moving with velocity v was calculated using the
following equation [15]

X + vt

2/Dt
+ex ( vvc)e ‘Cr—utJ
r
P 2/D

Here D (c) is the interdiffusion coefficient for the
Cu-56 at.%Au alloy extrapolated to 1183 K using
experimental data [16]. According to this equation,
Xo~ 0.1 um. The electron probe microanalysis
(EPMA) measurements show that the thickness of the
transition layer is indeed negligible in comparison
with the thickness of the diffusional layer after the
anneal. The EPMA profiles show also that the Au
concentration in the quenched layer is constant (see
left side of Fig. 2).

Our procedure of sample preparation permits us to
investigate the interdiffusion in single crystals without
the disturbing influence of GBs in the diffusion zone.
Indeed, during the quenching the liquid layer crystal-
lizes on the Cu single crystals like on seeds, and two
single crystals of Cu—45 at.%Au grow on both {011}
samples. (Of course, these single crystals of Cu-Au
alloy are not as perfect as the Cu substrates.)

The diffusion couples were then annealed in the
same ampoules at 11 different temperatures above
and below the temperature of the Al-LI, ordering
transition (7,4=663 K [14]). After annealing the
samples were mounted in Wood’s metal and ground
and polished with 1 um diamond paste. The concen-
tration profiles ¢ (x) [Figs 1(c) and 2] in the diffusion
layer perpendicular to the contact plane were then
determined. The EPMA measurements were carried
out by wave length dispersive analysis on a JEOL
6400 electron probe microanalyser operated at 15kV.
The intensities of the Au M, and Cu L, peaks were
determined. The Au and Cu concentrations were
obtained utilizing a program which applied atomic
number, absorption, fluorescence and background
corrections.

The dependencies of the interdiffusion coefficient D
on the molar fraction of Au atoms ¢ were then
calculated using the concentration profiles ¢ (x). In
order to improve the accuracy of D (¢) determination
and to avoid effects connected with the deviation of

¢ (x, t)—l |:e fc
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Fig. 2. Dependencies of the Au concentration ¢ in the
diffusion zone on the distance x for the temperatures
studied.

the shape of the contact interface from the ideal
plane, the following measuring procedure was ap-
plied [Fig. 1(c)]. Firstly, the concentration profile
c(x) perpendicular to the contact planc was
measured [profile [-1" in Fig. 1(c)] in order to localize
the area with the largest local concentration gradient
(where ¢ decreases from ~25 to 20 at.%Au). Then
the concentration profile ¢(y) along the contact
plane was measured [profile 2-2" in Fig. 1(c)] in order
to localize the location where ¢ ()= const on the
long distance. After that, the other concentration
profiles were measured with high accuracy in the
middle of the place with c¢(y)=const [profiles
3-3',44" and 5-5 in Fig. 1(c)]. For the determi-
nation of the concentration profiles the electron beam
was stepped at 1 um intervals, the distance between
the profiles was 2 pm. For each group of neighbour-
ing profiles the averaged profile was then determined.

The averaged profiles were processed in order to
determine the concentration dependence of the inter-
diffusion coefficient D (¢). We have employed the
Boltzmann-Matano analysis for the calculation of
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D (¢). The method can be applied only if Vegard’s
rule for the molar volume of alloys is valid. It has
been shown recently [9] that even in the case of
relatively strong deviations from the Vegard's rule
(about 2%) the difference between the Boltzmann-
Matano analysis and exact Sauer-Freise [17] analysis
is negligible. Thus, in the present work the Boltz-
mann-Matano method has been used. In order to
smooth the experimental data, the concentration tails
of the diffusion profiles were fitted by the error
function (Hall method [18]), and the rest of the profile
was smoothed by a four-point Fourier filter. The
interdiffusion coefficient D for the given Au concen-
tration ¢* at the given distance x* was calculated
according to the formula.

. 1 e
D (c*) :(2:? > J (xy —x)de  (2)
OX | ox 0
where 7 is the time of the diffusion anneal, v is the
distance and xy, denotes the position of the Matano
plane which is defined by

)

[ (xyy —x)de =0 (3)
(

where ¢, is the molar fraction of Au atoms in the
Au-rich foil used for the preparation of the diffu-
sional couple.

3. RESULTS

The averaged concentration profiles c(x) (Fig. 2)
are shown for all temperatures investigated. The
smoothest profiles arc those for 657 and 662 K. All
other profiles have diffcrent deviations from the error
function form typical of 15(('):C0nst. The most
prominent irregularitics arc found for 593 and 573 K.
The concentration dependencies of the interdiffusion
coefficient D (¢) determined using the procedure de-
scribed above are shown in Fig. 3. The following
features can be seen in these dependencies in the Au
concentration interval of interest (20-30 at.%Au)

e There arc definite minima in these dependencies
at temperatures above the critical temperature
T,y of the order-disorder transition (663 K).

® Below the critical temperature 7., up to 646 K
the concentration dependencies are monotonous.

e Below 646K a maximum appears at approx.
27 at.%Au. The lower the temperature, the more
pronounced is the maximum in D (c¢).

The concentration dependencies of formally deter-
mined activation energy O (¢) and pre-exponential
factor Dy(c) for interdiffusion are shown in Figs 4
and 5. At low Au concentrations (in the disordered
state, ¢ < 15at.%Au) they nearly do not depend on
¢ (@ =120£10kJ/mol and D,=3x 10 *mYs).
Above ¢ x~ 15at.%Au the Q(c¢) and D,(c) depen-
dencies are nonmonotonous. Both of them have
minima at ¢ x27at.%Au (0 ~60kJ/mol and
Dy(c) ~ 10-12m%s). We will sece below that the
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Fig. 3. Dependencies of the interdiffusion coefficient for
Cu-Au alloys on the Au concentration. The thick line shows
the concentration interval we were interested in.

Arrhenius parameters for interdiffusion have a physi-
cal sense only in the interval of concentrations where
the alloy is in the disordered state in the whole
temperature interval studied.

The temperature dependence of the interdiffusion
coefficient D(T) for ¢ =10at.%Au is shown in

150 ' ' R

50+ I ]
0 10 20 30 40
Au, at.%
Fig. 4. The activation energy for interdiffusion in Cu-Au
alloys as a function of the Au concentration. The low
values of the activation energy between 18 and 33 at.%Au
are connected with the temperature dependence of the
thermodynamic factor @ and have not any physical back-

ground. The error bars are defined by the linear regression
procedure.
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Fig. 5. The pre-exponential factor for interdiffusion in
Cu-Au alloys as a function of the Au concentration.

Fig. 6. That composition lies in the disordered region
Al and satisfy the above requircment.

4. DISCUSSION

According to Manning [19] the interdiffusion co-
efficient can be written as

D=(-D&+(—c) Di)or (4)

where D&, and D%, are tracer self-diffusion co-
efficients of the components in the homogenous
Cu—-Au alloy, @ is the thermodynamic factor and r is
the vacancy wind factor which is usually of the order
of unity and further will not be taken into account.
It is known that tracer sell-diffusion cocfficients are
changing in the ordered state [8]. In the case of
magnetic ordering in «-Fe and its alloys the effect was
thoroughly investigated [20-22]. Generally, tracer
diffusion coefficients in the ordered ferromagnetic
state are lower than follows from the extrapolation of
the Arrhenius line from the disordered paramagnetic
region, and the activation energy for the diffusion far
below the transition point is higher than in the
disordered state. These features of the sclf-diffusion
coefficient temperature behaviour have also been
observed in B-brass [23]. The physical reason for the
increase in activation energy is the additional energy
necessary for the breaking of atomic bonds in the
ordered alloys at the formation and migration of a
vacancy. It is generally believed that qualitatively the
principal features of the interdiffusion coefficient
behaviour at the order-disorder transition are the
same as for the self-diffusion coefficient. However,
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Fig. 6. Arrhenius plot of the interdiffusion coefficient f for
Cu-10at.%Au.
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present results show (see Fig. 3) that at some tem-
peratures the interdiffusion coefficient can be higher
in the ordered than in the disordered state.

We will demonstrate that the thermodynamic fac-
tor @ is responsible for such a behaviour of the
interdiffusion coefficient. & expresses the tendency of
an alloy to mixing or unmixing and can be written as

[15]
_c(l=c) (0%
"b_—TT_(_a?) ©)

where G is the Gibbs energy of the alloy, R is the gas
constant and T is the absolute temperature. It can be
seen from equation (5) that @ is proportional to the
second derivative of Gibbs energy of an alloy with
respect to the concentration. Therefore, it should be
connected with the other thermodynamic quantities,
like specific heat, which are changing during the
phase transformation. It was demonstrated that &
plays an important role in the vicinity of the critical
temperature of unmixing 7T,.,, where the above
mentioned second derivative approaches zero. For
example, in the Nb-H system the interdiffusion co-
efficient decreases by several orders of magnitude
slightly above 7, , while the self-diffusion coefficient
follows the normal Arrhenius dependence [15]. How-
ever, till now less attention has been paid to the
possible role of the thermodynamic factor at the
order—disorder transformation.

4.1. Calculation of ¢ by the cluster variation method

For the calculation of the thermodynamic factor,
the Gibbs energy of an alloy should be calculated
first. For that purpose we have used the tetrahedron
approximation of the cluster variation method
(CVM) [24]. This is the lowest approximation which
allows one to predict the Cu-Au phase diagram
correctly. The lower order approximations (pair
CVM approximation or Bragg-Williams-Gorsky
model) do not take into account the different types of
neighbourhood situations in the face centred cubic
(f.c.c.) lattice and, therefore, the phase diagrams
calculated on their basis are not consistent with the
experimental data. We utilized the mean-field formu-
lation of CVM proposed in [24]. The set of spin
variables {g,} is introduced such that o, = 1 if the ith
site is occupied by a Cu atom and o,= — 1 if the ith
site is occupied by a Au atom. The contribution of the
internal interactions inside the maximal cluster (tetra-
hedron) and its subclusters (segments and single sites)
to the cluster Hamiltonian can be then written as
follows

Hyw=—v } o0 ©)

i,j < clust
where the summation is taken over the nearest neigh-
bours inside the cluster and v is the interaction
energy. an irrelevant constant is not taken into
account. To the expression in equation (6) the ener-
gies corresponding to the interaction of cluster spins
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with the mean field creating by the other tetrahedra
through the common segment i~/

7“/(610—/—/))1\'((714_{7,) (7)

common atom at the site /

k0, (8)

and with the external field & which plays a role of a
chemical potential

ho, (9)

should be added. Here k = 1 for the Cu-Cu segment
and Cu atom and k =2 for the Cu-Au segment and
Au atom. The density matrix p for the cluster can be
written in the form

Peust = exp{ - Hc]uil /kT }/Zc]ual ( IO)

where Z,,, is a partial statistical sum for a cluster.
Finally, the CVM equations can be written from the
consistency conditions for the corresponding density
matrices

Tr,

if plctrahcdron = pscgmcnl

(11)
(12)

Tripscgmcnl = Psite -

For the single sites the elements of the density matrix
can be expressed through the mole fraction of Au
atoms and long-range order parameter 5 (grand
canonical ensemble)

8y, +h —8y,—h
exp T — exp 7

=ZQ2c-in—1) 13)

and

< 8y, +h —exp —8y,—h
PY kT kT
=7,Q2c +3in—1).

The single particle statistical sums Z, and Z, are
simply equal to the sum of the exponents in the left
sides of equations (13) and (14). Solving the system
of nonlinear equations (6)—(14) and returning back to
the canonical ensemble one can calculate the Gibbs
energy G and its derivatives. The corresponding
concentration dependencies of the thermodynamic
factor @ for two temperatures below 7., arc shown in
Fig. 7. It can be seen that in the middle of the ordered
region @ is higher than in the disordered region. The
amplitude of the @ increase is higher at lower tem-
peratures. Thus, in the CVM approximation the
thermodynamic factor for interdiffusion is higher in
the ordered alloy than in the disordered one.

(14)

4.2. Comparison with experiment

The A1-L1, phase transition in the Cu-Au system
is of the first order and the corresponding two-phase
areas exist in the phase diagram. Formally, the
interdiffusion coefficient should go to zero there.
However, we have not observed the rapid decrease of
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Fig. 7. The thermodynamic factor @ as a function of the Au
concentration for temperatures below the critical tempera-
ture of the order—disorder transformation T, calculated in
the tetrahedron approximation of CVM. The wavy charac-
ter of the lines is caused by error accumulation during the
calculations. The asymmetry of the maxima around
25at.%Au are in accordance with the asymmetry in the
composition range of the Cu; Au phase [15]. The asymmetry
is stronger for 646 K than for the 573 K.

D at the boundaries of the ordered region. Indeed, in
many cases narrow two-phase regions in the equi-
librium phase diagram do not manifest themselves in
the diffusion zone [15]. The minima on the D (¢)
dependencies in the concentration interval 20—
30 at.%Au above the critical point can be attributed
by the short-range order influence on the diffusion
process. The minimum on D (c) at 25at.%Au has
been observed also at 773 K [25].

Other features of the D (c) dependencies in Fig. 3
can be satisfactory described by the calculated @ (¢)
dependencies:

ethe D (c) dependencies demonstrate a maxima
in the interval of concentration 20-30 at.%Au
below the critical point;

e the maxima are higher at lower temperatures;

o the maxima are shifted from the stoichiometric
concentration of 25at.%Au to higher Au con-
centrations. Though the maxima on the calcu-
lated @ (c) dependencies are at approx.
25 at.%Au (see Fig. 7), the @ (c¢) dependencies
are strongly asymmetric, their gravity centre
being shifted to higher Au concentrations, es-
pecially for higher temperatures.

It should be noted that the maxima in the concen-
tration dependencies of the interdiffusion coefficient
in Co,Nb and Ni;Nb intermetallics have been ob-
served [9], and their presence has also been attributed
to the thermodynamic factor. This is quite normal,
because the intermetallic can be treated as a com-
pletely ordered binary alloy. It is interesting to men-
tion that in Co,Nb the maxima are shifted a little
from the stoichiometric composition. In our study,
the corresponding maxima are shifted by 2-3 at.% to
the higher Au concentration, too.

INTERDIFFUSION IN Au-Cu ALLOYS

In the above consideration we have ignored the
possible role of the change of the tracer self-diffusion
coefficients D &, and D %, at the ordering. It follows
from the atomistic theory of diffusion that in ordered
Cu;Au D %, should drop rapidly in the ordered state
because in the L1, ordered structure ncarest neigh-
bours of Au atoms are only Cu atoms, and the
diffusional jump for the Au atom is connected with
the creation of an antistructural defect [26]. Tt was
recently shown [27] that the vacancy wind factor can
be important in an ordered alloy. It exhibits a sharp
minimum at the equiatomic composition. As we have
not seen any noticeable decrease in the interdiffusion
coefficient in the ordered region, any diffusion mech-
anism other than monovacancy jumps could be in-
volved. For example, the unusually low valucs of the
pre-exponential factor (see Fig. 5) indicatec a strong
correlation of the diffusion jumps [28]. Contrary to
the vacancy wind factor and the tracer self-diffusion
coefficient, the thermodynamic factor docs not de-
pend on the particular diffusion mechanism and
describes only the trend of the alloy for mixing or
unmixing. It should also be said that the magnetic
effect for tracer diffusion has been observed in metals
with body-centred cubic (b.c.c.) structure, which is
more open than f.c.c. or hexagonal closc-packed
structures. There is no evidence for the magnetic
effect in the f.c.c. Co or Ni [29]. Considering the
analogy between magnetic and atomic ordering one
can suppose only little change of tracer sclf-diffusion
coefficients in the ordered state in the casc of f.c.c.
Cu-Au alloys. In any casc, a corresponding negative
contribution to the interdiffusion coefficient is lower
when compared with the positive contribution of ¢,
as Fig. 3 clearly shows.

It is clear from what is said above that the acti-
vation energy of interdiffusion has no physical scnse
in the concentration interval between 20 and
30 at.%Au. Unphysically low values of the activation
energy (60 kJ/mol, see Fig. 3) can be explained by the
strong temperature dependence of @: its lowering
at temperatures above the critical point and its
increase far below the critical point. The values of the
activation energy and pre-exponential factor in the
disordered region at a low Au concentration
(120 + 10kJ/mol and 3 x 10 *m?/s) arec in good
agreement with the earlier data [30] for Au Cu
interdiffusion in the disordered region in the tempera-
ture interval 700-1000 K (115kJ/mol and 6 x
107* m?/s). The activation energy for the interdiffu-
sion in the temperature interval 1006--1130 K [16] is
higher (190 kJ/mol for Cu--Au alloys containing 10
and 20 at.%Au). Other values for the activation
energy (42kJ/mol for Cu-4at.%Au alloy and
45 kJ/mol for Cu-8 at.%Au alloy) we have extracted
from data in the literature [26] for the temperature
interval 323-523 K. Thus, one can sce that a strong
scatter of the data for the activation cnergy of
interdiffusion exists in the literaturc. It reflects
the complex character of cquation (4) for the
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interdiffusion coefficient, which incorporates at least
three temperature-dependent terms. By this, the acti-
vation energy can be dependent on the width of the
temperature interval where the interdiffusion has
been studied. The anomalies of & can, for example,
explain the lowering of the activation energy for
interdiffusion in Cu—50 at.%Au in the ordered state
[31]. It was found that the activation energy in the
ordered state (45 kJ/mol) is 20% lower than in the
disordered state (57 kJ/mol).

5. SUMMARY AND CONCLUSIONS

The results of this study are summarized below,
and the following conclusions can be drawn.

1. The interdiffusion coefficient D has been deter-
mined for Cu-Au single crystalline alloys in the
concentration range 540 at.%Au and tempera-
ture interval 573-673 K.

2. The concentration dependencies of the inter-
diffusion coefficient show in the concentration
range 18-32 at.%Au the following features:

® above the critical temperature T, , = 663 K
there are minima on these dependencies;

e in the temperature interval 646-662 K the
dependencies are monotonous;

® below 646 K a maximum appears on these
dependencies.

3. The thermodynamic factor @ has been calcu-
lated in the tetrahedron approximation of the
cluster variation method. Its concentration de-
pendencies exhibit a maximum in the middle of
the concentration interval of the ordered phase
stability.

4. It is shown that the activation energy for inter-
diffusion has no physical sense in the interval of
concentrations where the order-disorder phase
transition occurs. The temperature dependence
of the thermodynamic factor contributes
strongly to the temperature dependence of the
interdiffusion coefficient. Therefore, all data
about activation energies and pre-exponential
factors for interdiffusion measured near the
phase transitions should be treated with care.
The Arrhenius parameters for the interdiffusion
in the disordered region (5-15at.%Au) have
been determined (Q =120 + 10kJ/mol and
Dy =3 x 1078 m?s).
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