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PREFACE

Diffusion in ordered alloys and intermetallic compounds has received little
attention in recent years, even though it lies at the heart of many fundamental and
practical problems. As opposed to diffusion in dilute alloys or solid solutions,
atom movements in ordered alloys are affected by the state of order in the
material. Conversely, atom movements change the state of order, either locally,
leading to large diffusional correlation factors, or globally, leading to order-
disorder transformations. Diffusion controls the sequence of compound formation
during the intermixing of pure elements, and affects properties such as creep,
hydrogen embrittiement, and stability against electromigration. These topics form
the scope of this book.

This book originated with the Symposium on Diffusion in Ordered Alloys and
Intermetallic Compounds, held during the 1992 fall meeting of The Metals,
Minerals, and Materials Society (TMS) in Chicago. The goal of this symposium was
to bring together scientists having interests in basic and applied problems ranging
from diffusional correlation factors, to effects of diffusion on microstructural
evolution and on the properties of ordered alloys. The speakers and the topics
were selected to match the scope of the nascent book, and the editors, and
authors worked together to ensure broad coverage without overlap. The editors
thank the authors for accommodating the needs of the book, and the selfless
referees for helping them to do so.

One of us (B.F.) is indebted to Ms. Pamela Albertson for her help in managing
manuscripts and communications with authors. The editors gratefully
acknowledge the support for the Symposium provided by the Office of Naval
Research (S. Fishman) and the Oak Ridge National Laboratory (C. T. Liu).

Brent Fultz
California Institute of Technology

Robert Cahn
Cambridge University

Dave Gupta
IBM Thomas ). Watson Research Center
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Diffusion in Ordered Binary Alloys: A Microscopic Approach

Ching C. Wang and Sheikh A. Akbar

Department of Materials Science and Engineering
The Ohio State University
Columbus, Ohio 43210 USA

Abstract

Diffusion in ordered binary alloys has been treated using the pair-approximation of the
Path Probability Method (PPM) based on an atomistic model. The effect of the atomic
interaction on the ordering behavior and its influence on transport properties have been
clarified. Compositional dependences of both the intrinsic diffusion and interdiffusion
coefficients, correlation factor, and thermodynamic factor agree very well with results from
Monte Carlo simulations. The calculated properties also show qualitative agreement with
the experimental data on diffusivity, activity, and creep in NiAl system.
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I. Introduction

Diffusion in ordered alloys recently has been the subject of considerable interest due
largely to the increasing demand for the understanding of high temperature behavior of the
ordered intermetallic compounds. In comparison with the disordered solid solution alloys,
theoretical treatment of diffusion in ordered alloys are much more complicated because of
the atomic interactions between the diffusing species. In other words, atomic jump in an
ordered alloy strongly depends on the nature of ordering in the immediate environment at
the microscopic level. Considering diffusion via the vacancy mechanism, when diffusing
atoms exchange with vacancies, they tend to leave behind traces of disordered region and
locally deviate from thermodynamic equilibrium. In order to maintain thermodynamic
equilibrium, the migration of atoms must occur in a way or sequence to compensate or
minimize the increase of energy during the diffusion. As a result, diffusion in ordered
alloys is strongly correlated; the degree of correlation (or order) is a function of
composition and temperature, and this considerably complicates the theoretical reatment of
diffusion.

Diffusion in ordered alloys tends to be much slower than in disordered alloys, and is
often characterized with the existence of a sharp minimum in the diffusion coefficient
versus composition curve and a sharp maximum in the activation energy versus
composition curve around the stoichiometric composition. Slow rates of diffusion bring
with them the associated advantage of improved microstructural stability and improved
creep strength at elevated temperatures, especially when creep is controlled by a diffusion
mechanism. Apart from its technical importance, this problem of diffusion is also quite
challenging theoretically. In the past two decades, the theoretical treatment of diffusion in
ordered alloys has mostly been developed as an extension to Manning's random alloy
model in the framework of the nearest-neighbor pair-wise interactions. Bakker {1] and
Stolwijk [2] have extended Manning's random alloy model to include long- and short-range
order and their results show good agreement with the numerical simulations by the Monte

1o method. However, these approaches do not provide an analytical expression for the
calculation of the thermodynamic state of order as a function of composition and
temperature. In the treatment of diffusion in ordered alloys, one requires firstly to construct
an exact analytical expression for the change of the free energy of the system to be
minimized, and secondly to derive the Onsager equation. A combined approach based on
the Path Probability Method [3] and the Cluster Variation Method [4] offers a unique
opportunity to treat these problems [5,6].

The Cluster Variation Method (CVM), a static version of the Path Probability Method
(PPM), can calculate the thermodynamic equilibrium state of order as a function of
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temperaturc .od composition. The PPM, on the other hand, can derive the Onsager
cquatic- for diffusion analytically based on atomistic models (7,8]. Such analytical
expressions are quite helpful in identifying measurable quantities (¢.g. diffusion
coefficient, ionic conductivity, etc.) in terms of fundamental microscopic parameters such
as jump frequencies and interatomic interactions. If sufficient information is available on
these quantities, specific predictions can be made or, conversely, diffusion experiments can
be used to evaluate these atomistic parameters for which there is no straightforward
calculation or measurement. It has recently been demonstrated [9] that by fitting the PPM
equations to demixing experiments in oxide solid solutions, it is possible to self-
consistently evaluate microscopic parameters.

Although some limitations have been found to appear in the original formalism of the
PPM as applied to transport problems where the motion of individual particles is at stake
(e.g., the calculation of the correlation factor), significant improvements have recently been
made by changing some of the averaging processes. A full account of this problem can be
found in references [5,10]. Here, for simplicity, the original formalism will be used. The
objective of this paper is to show how the PPM can be used to treat diffusion problems in
ordered alloys using the well established pair-approximation. The effect of atomic
interactions on the ordering behavior and its influence on transport properties will be
illustrated and compared with the existing Monte Carlo simulations [11] and experimental
results in ordered intermetallic compounds such as NiAl. Compositional dependences of
intrinsic diffusion and interdiffusion coefficients will be illustrated and their implication on
the high temperature creep behavior of NiAl will be addressed. Also, an attempt is made to
deal with diffusion in some ordered alloys where a8 maximum in diffusivity versus
composition curve is observed. This paper is primarily an extension of our recent work on
diffusion in ordered alloys and intermetallic compounds [6), and some results are directly
taken from that reference.

II. Theoretical Background

A. Eauilibrium disribution of

In this section, relevant results of the CVM [4] are briefly reviewed, as the equilibrium
treatment of the CVM forms the basis for the PPM calculation of transport properties. The
role of the Cluster Variation Method is to calculate the equilibrium state or distribution of
atoms of a system using the variation principle common to other equilibrium statistical
mechanics. The equilibrium state is represented by the most probable state specified by the
state variables {a)} which make the free energy F{a) = E{a} - TS{a}, a minimum, or the
partition function Q{a) = exp {- F{a}/kT], a maximum. The choice of the state variables
{a) or the calculation of energy E{a}, and the evaluation of entropy S{a} are the basic
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ingredients of the CVM. In its general form, the CVM represents a hierarchy of
approximations, and the degree of approximation can be systematically improved.

In a binary alloy AB, for example, if atoms interact only with their nearest neighbors,
the total energy E{a) of the system can be given by specifying the number of atomic pairs
such as A-A, A-B and B-B. The entropy S{a} can be evaluated by counting the number of
ways of rearranging these fixed number of pairs on a given lattice (details can be found in
Ref. 4). When these pairs are takea as state variables, the treatment is called the pair-
approximation (equivalent to the Bethe-approximation).

Based on the pair-approximation of the CVM, the variables required to specify a state
are x;'s, which indicate the probability of finding the ith species on a lattice site, and y;;'s,
which represent the equilibrium values of the probability of finding i-j pairs. For a binary
alloy, the state variables fulfill the following relations:

1=¥x, )
i

where, i and j = A, B, and v, the vacancy. With the assumption that interactions exist only
between nearest neighbors, these state variables for a given composition and temperature
are determined by the pairwise interaction energy &;; (&;; > 0 is taken as attractive). In other
words, the state variables for a given composition are determined as a function of
temperature in terms of &;; under the equilibrium condition. For an ordered alloy, the state

variable yj;’s can be expressed as:
¥y = quq,e™ Ky Ge)
K= & Beii (3b)

where, g; and s; are determined by a set of simultaneous equations

xi=q Yy qK{ (4a)
]
o 375
§ = 20 ~1 ln zq,el'-l‘ K;’ (4b)
}

These variables represent the short-range and long-range order, respectively.
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Instead of using values of individual &;;, it is more convenient to introduce an effective
interaction energy parameter € of the form:

4e = 2¢xn - (Ban + E53) )

Although interactions involved with vacancies are often assumed zero (€,v = &gv = Eyy=
0), these can also be treated indirectly through differences among &jj's as defined in Eq.
(5). It is important to note that the value of € can be positive or negative. In the case of
binary solid solution, negative in & corresponds to positive deviation from the ideal solution
in terms of thermodynamic activity, and vice versa. In the present paper where the case
with positive value of € is considered, the effective interaction energy parameter €,
sometime referred to as “ordering energy”, also gives the measure of the critical
temperature T, of the order-disorder transformation. In the pair-approximation of the CVM,
T. at the stoichiometric composition with a negligible vacancy concentration is given in
terms of the lattice coordination number (2m) as {12]

2¢/kT, = In [oV(® - 1)] 6

Equation (6) serves to normalize the value of € with respect to kT,. In a bec lattice with 20
= 8, for example, €/kT, has a value of 0.144.

B. Atomistic calculation of .

The essence of an atomistic theory of diffusion within the linear approximation of the
Onsager formalism is to derive the flux equations in a multicomponent system. For a binary
alloy AB, at uniform temperature, the Onsager equations derived by the PPM can be
expressed as

Ja=-~Laa s - Ligt's (7a)
Ja =~ Lpa®'s - Lpat'n (7b)

Here, J, and J; represent the fluxes of A and B atoms respectively, and a'; (i = A, B)
represents the generalized chemical potential gradient of the ith species (a; = By;, where B
= 1/KT and y; is the chemical potential).

Based on the PPM, the Onsager matrix coefficients L;j's can be expressed in terms of
two parameters: the static and kinetic parameters, i.c., the interatomic interactions (;;), and
the jump frequencies of constituents (w;). For diffusion by the vacancy mechanism, Lj's
are derived as

Laa = wayavWafas (8a)

R - - P> 4nm- . s
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L = WaYavWafas (8b) ‘
Lga = waysvWefaa (8¢)
Lya = waysvWhsfas (8d)
where
w; =0 exp(- Buy) ®
'uii @-1
Zyye
W= —L—;——' (10)
i

As explained in the previous section, the variables y;;’s represent the equilibrium values
of the probability of finding i-j pairs, obtained by the pair-approximation of the CVM, and,
hence, y;, represents the probability of finding a vacancy near an ith atom. This term is
conveniently called the vacancy availability factor (VAF), Here, 0 is the attempt frequency
and u; is the activation energy of motion. It is obvious that while w; is the bare jump
frequency, W; represents the effect of the surroundings on the jumping atom and is called
the bond-breaking factor (BBF).

The quantities fi;’s, which are directly related to the appropriate L;; in Eq. (8),
constitute the so-called vacancy-wind effect or the physical correlation factor f! (for
random-walk motion, f! = 1) defined as:

£} =f,, —£,3C, / Cs (11a)
£} =y —£,Cy / C,s (11b)

where, concentration C; is defined as:
G =1 xim+ xi(g)llz (11¢)
Here, x;(1) and x;(2) are the values of x; on the two sublattices of the ordered system.

In general, although fij and fjj (i # j) can be directly obtained by the PPM [6,13], the
physical interpretation of these functions are rather complicated. In the limit of impurity
diffusion, say, A in the host of B, f,, refers to the impurity (or tracer) correlation factor. At
the other limit of self diffusion (in pure crystal), fa, is unity if the vacancy concentration is
very low. fi; (i # j), which is related to the cross terms of the Onsager matrix coefficients
defined in Eq. (8), reflects the interference of the flux of the j atoms on the flux of the i
atoms. This interference arises indirectly from the competition of atoms for the vacancies.
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Equations (8 - 10) show precisely how the transport of an atom depends on the
availability of a vacancy in its neighborhood, and how the motion is influenced by the
surrounding atoms. It should be noted that for an ordered system with two distinct
sublattices, bond-breaking factors can be introduced for each sublattice. However, the
product of VAF and BBF in the system of Eq. (8) makes the Onsager coefficients invariant
of the sublattice.

The Onsager matrix coefficient, L;; can be related to the more familiar intrinsic diffusion
coefficients as

D = Lo/Cy - Las/Cs (12a)
Dy = Lap/Cp - Law/Cs (12b)

From Egs. (8) and (12), the intrinsic diffusion coefficient, for example, Dy,, can be

expressed as [14]
Dy =D,f}, (13)

where, D, is a hypothetical (or calculated) diffusion coefficient of an A atom which is
making random walk.

It is important to note that D,, and Dy, (or, more precisely, D, and Dg) implicitly include
the thermodynamic factor commonly recognized in the context of chemical diffusion in
non-ideal multicomponent systems. Therefore, sometimes it is convenient to express D;; in
the following form:

D;=DP ®f (14)

where @ accounts for deviation of the system from ideal solution behavior (@ = 1 for an
ideal solution). The quantity D is the intrinsic diffusion coefficient of species i in the ideal
solution. This kind of expression is especiaily helpful in the analysis of problem of
diffusion in multicomponent systems.

The thermodynamic factor @ is usually defined as

@ = fix; (9,701 (15)
Using the relationship, C, + Cy = 1, equation (15) can be rewritten as [11]
@ = BC,ACy (33t - Ha)OCal (16)

which is more convenient for numerical differentiation. The chemical potential of ith

bt Al s s < b I
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species for an ordered alloy with negligible vacancies, can be derived by the CVM and is
expressed as {15]

i = B (2 Ing; - 0.5 - 1) In [xigXics]) an

Thus, the thermodynamic factor ¢ can be calculated from equation (16) by determining .-
3 as a function of composition and performing a numerical differentiation. Furthermore,
by taking the pure component as the standard state, the activity as a function of composition
within the ordered phase region can be calculated by

aj = exp [B (i - Mol (18)
where J; is the chemical potential of pure i.

The PPM calculations will be divided into two parts for two different types of lattice.
First, the simple cubic lattice will be employed so that our results can be directly compared
with those obtained by Monte Carlo simulations. Then, in order to compare with the
experimental results of diffusion coefficients in NiAl (CsCl-type bee structure), the
calculations will be extended to the bee lattice. In both cases, interactions only between
nearest neighbors will be assumed and designated as €,4, €gp, Ean. Further, interactions
involved with vacancies v are assumed to be zero.

In the treatment of diffusion, in which the relative easiness of breaking bonds with its
nearest neighbor atoms is to be considered, the difference of €44 and ezp has to be taken
into account. Therefore, an extra parameter U is defined as

U = (€as - Ea8¥/(4€) 19)

This parameter is a measure of whether A-A or B-B bond is easier 1o break, and can be
estimated from the energy of formation of vacancies.

From equations (8) and (12), the intrinsic diffusion coefficients can be expressed in the
following form:

Dy = W, Yav [far - Cafan/Cel/Ca (202)

D = WyYsy [fss - Cafan/Cal/Ca (20b)
where

w, =wW, (20c)

The vacancy availability factors y,v and ygv are functions of temperature and
composition, and can be evaluated by the CVM. However, in order not to introduce extra

10
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complications and conform to the approach taken by Zhang et al. {11] in their Monte Carlo
computations, normalized intrinsic diffusion coefficients are defined as

?,A =D, /IC,w,} Q1a)
Dy =D, /ICw,] (21b)

and are called intrinsic diffusion coefficients per unit vacancy concentration. The
interdiffusion coefficient of Darken’s form [16], D, can be calculated directly from D,,
and Bm:

and similar to Eq. (14), the interdiffusion coefficient can be expressed in terms of the
thermodynamic and correlation factors in the following form
D =(c,Dif; +C,Dsf ) 23)

For a given set of €, U and temperature (or a normalized temperature in terms of €/kT¢),
both the intrinsic diffusion and interdiffusion coefficients can be calculated as a function of
composition. It is important to note that the composition-dependence of the diffusivity in an
ordered alloy is decided by the competition between the correlation and the thermodynamic
factors [Eqs. (14) and (23)].

III. Results and Discussion

As in the case of Monte Carlo (MC) simulations of Zhang et al. [11], the first part of
our calculation was also carried out for a simple cubic (sc) lattice with U = 0, i.e., €ar =
€gs- From equation (6), the normalized critical temperature for the sc lattice is calculated to
be &/kT¢ = 0.203. Note that in comparison with Zhang et al.[11], our definition of the
ordering energy differs from theirs by a factor of 4. Being symmetrical, only the results for
the A component are shown here; those for the B component can be obtained simply by
substituting B for A in the figures.

Figure 1a shows the composition dependence of the thermodynamic factor @ at various
values of €/kT. Note that lower temperature corresponds to higher ¢/kT. For e/&T > 0.203,
the ordered phase appears with the minima in ®, corresponding to the order-disorder phase
boundaries, and with the peaks or maxima at the stoichiometric composition. These results
agree very well with that of the MC simulation [11}, as shown in Fig. 1b.
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Fig. 1. Composition-dependence of the thermodynamic factor @ at various values of e/&T
calculated by (a) the pair-approximation of the CVM and (b) Monte Carlo simulation{11).
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Figure 2a shows the results of the intrinsic diffusion coefficient D, at various values
of e/kT as defined in equation (21). For e/kT greater than 0.203, a minimum develops in
the ordered region as expected. Again, these results agree very well with that of MC
simulation, as shown in Fig. 2b. There are minor differences, though, especially in the
region where C, approaches 1.

With the results of D, and Dy, the interdiffusion coefficient D can be obtained using
Eq. (22), and the results are shown in Fig. 3a. Similar results obtained by MC simulation
are shown in Fig. 3b. Despite the maximum in the thermodynamic factor, a minimum in D
develops in the ordered region, suggesting that other factors may dominate in the diffusion
process. Figure 4 shows the composition-dependence of the physical correlation factor
at various values of &/kT. In all cases, the decrease of f; to a minimum indicates the
increase in ordering as C, approaching the stoichiometric composition, or, in other words,
the tendency of atoms to reverse jumps becomes stronger in order to preserve local order.
For /kT > 0.203, a deep cusp manifests the so called physical correlation effects, which is
reflected in the stowing down of atomic migration due to preservation of local order as can
be seen in Figs. 3. The effect of correlation factor, therefore, overshadows that of thermo-
dynamic factor and, hence, dominates the interdiffusion processes in the ordered region.

It is known that NiAl is an ordered compound with CsCl-type structure and exits overa
wide range of compositions [17]. The stoichiometric alloy retains its structure up to its
melting point of 1638°C. From equation (6), the ordering energy € can be estimated to be
0.55 kcal/mol. For simplicity, the ratio of bare jump frequencies (wy/w,)) is set to be
unity. The calculations were carried out by choosing different values of €y .4/€x.4 OF U.
Here, the ratio of €y x;/Ea.a Were estimated to be 1.5 from the cohesive energies of Ni and
Al [18]. It should be noted that our fitting of parameters or curves are not meant to be
exact, since the present model does not take into account the variation of lattice parameters
and the vacancy concentration (therefore, interatomic interactions) as a function of
composition. Also, the pair-approximation of the CVM does not accurately predict phase
boundaries in intermetallic alloys; it is necessary to use higher-order approximations.

Figure 5 shows the comparison of the calculated activity of Ni with the experimental
data for NiAl at 1000°C, in the range of Cy; = 0.4 - 0.6. The thin-solid curve represents the
activity of Ni obtained by Hanneman and Seybolt [19], converted from experimental
activity of Al[20] by Gibbs-Duhem integrations. In light of the fact that this calculation is
carried out using the pair-approximation with nearest neighbor interactions, the agreement
is quite satisfactory. For the purpose of comparison, activity of Ni calculated with € = 0.80

13
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Fig. 2. Composition-dependence of the intrinsic diffusion coefficient D,, at various eXT

calculated by (a) the PPM and (b) Monte Carlo simulation [11].
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Fig. 4. Composition-dependence of the physical correlation factor . at various values of
€/kT calculated by the PPM.
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Fig. 5. Comparison of the calculated activity of Ni with the experimental data for NiAl at
1000°C in the range of Cy = 0.4 - 0.6 [15). The thick-solid line is calculated with & = 0.55
kcal/mol, while the dotted line with & = 0.80 kcal/mol.
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Fig. 6. Composition-dependence of the intrinsic diffusion coefficient of Ni, D, in NiAl
at various temperatures, calculated with U =0.73.

kcal/mol is also plotted as the dotted curve. It can be seen that the agreement with
experimental data is better for higher €, suggesting that the actual ordering energy may be
higher than that estimated by the pair-approximation [Eq. (6)].

Figure 6 shows the composition-dependence of the intrinsic diffusion coefficient of Ni
calculated with U = 0.73 at various temperatures as indicated. Note that minima are
observed near the stoichiometric composition for all temperatures below 1638°C, which
qualitatively agree with experimental results {21] shown in Fig. 7. It should also be noted
that the minimum occurred is not centered at the stoichiometric composition, a behavior
also observed in the ordered AuCd [22]. Traditionally, the interpretation of this off-
stoichiometric behavior is based on the argument of the change of defect structure across
the stoichiometric composition. Qur calculations suggest that both the magnitude and the
sign of U play a significant role in determining the location of ihe minimum. In our
calculations, the positive value of U means that vacancies tend to distribute in the Ni-rich
region which makes the minimum off-stoichiometric.

An important implication of the present results is the high temperature creep behavior of

ordered alloys where diffusion mechanism is operative. It has been found in NiAl that the
activation energy for steady-state creep as a function of composition exhibits a maximum at
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clevated temperatures [23,24]. Also, Shankar and Siegle {25] have found that the activation
energy for interdiffusion shows similar composition-dependence, a behavior predicted by
both the PPM and Monte Carlo simulation. The similarity between the composition-
dependence of the activation energy for diffusion and steady-state creep at high
temperatures implies the diffusional nature of the high-temperature creep in the ordered
NiAl

In some ordered binary alloys, a maximum in the diffusion coefficient vs. composition
curve is exhibited. In Ti-Al system, for example, interdiffusion coefficient vs. composition
curves exhibit maxima in both the Ti3Al and TiAl phases [26]. According to Eq. (23), itis
suspected that, unlike in the case of NiAl where f! dominates the diffusion process, © may
become dominant in systems such as Ti-Al In order to verify this latter conjecture, further
calculations in composition-dependence of the interdiffusion coefficient was carried cutin a
hypothetical ordered alloy AB with bee-type lattice at various values of @, as shown in
Fig.8. Note that only the contribution of ® was considered in the calculation because: (i)
composition-dependence of the thermodynamic factor @ in an ordered alloy always exhibit
a maximum, and (i) & is fixed by & for a given temperature and is independent of €. It can
be seen that minima in composition-dependence of the diffusion coefficient persist for © in
the range of 10-3 and 103. In other words, based on the present model, it is suggested that
significant difference in jump frequencies of the constituent components may not result in

a maximum in composition-dependence of diffusion coefficient observed in some ordered
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Fig. 8. Composition-dependence of the interdiffusion coefficient for a binary alloy AB
with an ordered bee lattice calculated at a normalized temperature e/kT = 0.4 (€/kT, =
0.144) at various values of ©.

alloys. The enhanced diffusion around the stoichiometric composition may arise from some
other factors, which affect the thermodynamic and/or correlation factors. Note that since in
the present model interactions involved with vacancies are assumed zero (€ v = €gy = Eyv=
0), further work on the diffusion in ordered alloys may need to include non-zero €y . At
this stage, however, our conclusion is that either there exist some other factors which affect
the thermodynamic and/or correlation factors, or the pair-approximation of the PPM is not
capable of predicting this behavior.

IV. Conclusion

The treatment of diffusion in ordered alloys based on the Path Probability Method gives
insights at an atomic level. The atomic interaction is shown to have significant influence on
transport properties and its derived phenomena such as the high-temperature creep in
ordered alloys. Although an exact quantitative fitting or assessment of parameters is not
given in the present approach, the comparisons with the Monte Carlo simulation and
experimental results serve to show how the PPM can be used to deal with the complex
phenomenon of diffusion in ordered alloys. The composition-dependence of the diffusivity
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is shown to be decided by the competition between the thermodynamic and the correlation
factors. Within the pair-approximation of the PPM, such a competition leads to a minimum
behavior in the diffusivity in agreement with some binary alloys, but fails to predict the
reverse behavior observed in others.

Pl ol e
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Atomistic Approach to Diffusion in Ordered Alioys
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Abstract

Atomistic approach to diffusion processes in ordered systems by means of the pair
approximation of the Path Probability method (PPM) of irreversible statistical mechanics is
critically reviewed in the light of recent progress in the understanding of the treatment. The
treatment of diffusion even by means of the pair approximation of the original PPM eventually
leads to results correspo~ding to the point (mean field) approximation. This is traced to the fact
that, in the PPM, the averaged motion of an assembly of particles is treated as flow. The
troubles can thus be removed by changing the formalism of the PPM into that of dealing with
the motion of a single particle in the assembly of particles. The characteristic change of the
diffusion coefficient with composition is due to a drastic decrease in the physical correlation
factor (the percolation efficiency) in the ordered region, in addition to the increase in the
activation energy. In the original PPM, the percolation efficiency is determined only by the
development of the long range order, while, after conversion, it is shown that the change of the
short range order is responsible for the change of the percolation efficiency.

Diffusion in Ordered Al
Edited by B. Fultz, R.W. Cahn, and D. Gupta
The Minerals, Metals & A I Society, 1993
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1. Introduction

Earlier, Kikuchi and Sato derived expressions for the tracer diffusion coefficients in binary
ordered systems composed of A and B atoms by means of the pair approximation of the PPM
[1,2], and showed that the tracer diffusion coefficient of B, Dy, is expressed by means of the
harmonic mean of two components, Dy, and Dy, as

1 141 1
— =l b )
Dy Z(Du Ds,n)

where Dy (Dyy) may be interpreted as a component of the diffusion coefficient when a B
(tracer of B) atom jumps from a I sublattice into a II sublattice (from a II into a I) site and the
smaller one practically determines D,. This is a convenient concept and has been widely
quoted. However, it has been found that a systematic deviation of the calculated values of
tracer correlation factor from those obtained by Monte Carlo simulation method in the
disordered region exists, but the agreement has been found to be restored when the long range
order develops [3,4]. Here, we examine the cause of such discrepancies with the results of the
Monte Carlo simulation in the light of recent progress in the understanding of the treatments.

Phenomenological approaches which agree well with results of the Monte Carlo simulation
method were developed later {3,4]. We prefer, however, the treatment by means of the PPM in
examining the discrepancies, because the treatment of the PPM does not include any further ad
hoc assumptions other than those models initially assigned, or any further approximations
other than those inherent in the treatment, and all the derivations are made analytically.
Therefore, the cause of improper results, if any, can be traced in a straightforward fashion. The
PPM is an extension of the Cluster Variation Method (CVM) of equilibrium statistical
mechanics to include time, t, in the treatment. The nature of approximation and the validity of
the CVM in dealing with equilibrium properties are well known.

In the following, we show, step by step, why the discrepancies between the PPM and the
Monte Carlo simulation in the treatment of flow should arise, and how these troubles can be
removed in the pair approximation by a change of the averaging process which has been called
the conversion processes [5-9].

II. Treatment of Diffusion in Ordered Systems by Means of the Original PPM
in the Pair Approximation

Here, we adopt a so-called lattice gas mode). This corresponds to the vacancy model of
diffusion commonly adopted. Two species of atoms, A and B, occupy the lattice sites.
Unoccupied lattice sites are "vacancies,” and an atom can jump into a nearest neighboring
unoccupied site. We assume nearest neighbor pairwise interactions, €,,, €55 and €,,, with
4g =2¢e,5 — (85, +Egp), but no interactions between those associated with vacancies, or
E,v = &gy = Eyy = 0. Here, we define that A and B are attractive if €> 0. These are called the

static parameters which determine the distribution of atoms under equilibrium conditions. In
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addition, we need to assume basic jump frequencies for A and B atoms which determine the
probabilities of jumps of atoms into nearest neighboring vacant sites, w, and wy, as
w, =0, exp(-%%) and wg =84 exp(—-:-%), where 0, and 8; represent the attempt
frequencies, u, and ug represent the activation energy characteristic of A and B atoms,
respectively. The effect of surroundings due to the interaction with nearest neighboring atoms
(which we call the bond breaking factor) is to be accounted for in addition to u, and ug (see
below). These are called the kinetic parameters. In kinetics, a jump of an atom into a nearest
neighboring vacancy corresponds to an interaction with its nearest neighboring atom in statics.
No more assumptions than these are required. The flow is calculated as the difference in the
number of particles jumping across the reference plane between those in the plus direction and
the minus direction towards the driving force. In the derivation, no further ad hoc assumptions
are introduced other than the pair approximation of the PPM. Interactions introduce a certain
equilibrium distribution among A and B atoms at a specified temperature. In the CVM-PPM
formalism in deriving flow, this distribution is calculated by the (pair approximation of) CVM.
Jumps of atoms under the driving force which do not change the equilibrium distribution of
atoms are calculated by the PPM. The Onsager equation thus derived corresponds to the
parallel displacement of an equilibrium distribution (the motion of a certain cross section of
the specimen) under the driving force. Details of the treatment are given elsewhere [1,2].

Fig. 1. Effect of bond breaking as an Fig. 2. Definition of Z in terms of
atom of the ith species jumps P, and P, [7].
into a vacancy. Thick lines
indicate the bonds [ 7].

The change in the distribution causes the change in the local activation energy because an
atom should break interactions (bonds) with the nearest neighboring atoms when it jumps into
a vacancy (Fig. 1). This term is introduced as the bond breaking factor. The average of the
activation energy thus depends on the distribution and composition, and this is calculated by
the CVM. In addition, the introduction of the bond breaking factor creates the fluctuation of
the activation energy from place to place because of the fluctuation in the distribution and
makes the motion of a particle deviate from that of random walk. This creates the correlated
motion of particles and the associated correlation factor, f, (physical correlation factor or the
percolation efficiency) becomes small compared to one even in the disordered state, This term,
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however, has not been taken into account by the PPM. A sharp drop in the percolation
efficiency in the well ordered region where atomic sites are divided into two makes the
diffusion coefficient in the ordered system extremely small, although the increase in the
average activation energy in the ordered region also contributes to the decrease in the diffusion
coefficient.

The distribution of vacancies affects the diffusion process [1,2]. Although
€,y =Epy = Eyy =0 is assumed, due to the difference in €,, and £, vacancies prefer to stay

next to A or B depending on

€ar ~Epp <
v=Sp—faso @

A finite, non-zero value of U thus makes the behavior asymmetric? with respect to the
equiatomic composition [1,2]. We, however, often assume U to be zero in order to make the
calculations simpler [10,11]. Under this assumption, the distribution of vacancies becomes
homogeneous.

By means of the pair approximation of the PPM, the tracer diffusion coefficient of B, Dy,
and the two components, Dg; and Dy, defined in Eq.(1) are expressed as

Dy = 4w,V W, f 3
Dgy =4wyVy Wy, f,
Dgg =4wgVy Wy nfn @
with
1 1 1 1
= ——+ )
W 2( Wi Wan )
llf=-;—(llf,+1/fn) ©)
Vy =(Xps Va1 +x50Va1)/ (2%s) )

where, V. Wy and f are the vacancy availability factor, effective jump frequency factor, and
the (physical) correlation factor [2). Here, Wy, and W, represent the bond breaking factor
for a B® on the I and 1I sublattices on the average, respectively. f, and f, are (physical)
correlation factors for diffusion in the I and the II sublattices, respectively. Vy;, for example,

corresponds to the probability of finding vacancies at the nearest neighbor of a B® atom on the
I sublattice. The composition of B on the I (II) sublattice is specified by Xx5; (Xpy), and x, is

the average concentration of the species B

Xy =(xp; +X55)/2 ®

#1fU=0and §, =0,, and u, = u, can be assumed, D, and D, become symmetric with respect to each other
at the equiatomic composition.
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If the sublattice I corresponds to the B sublattice, W, is small (the bond breaking factor
becomes significant) and, based on Eq. (1), Dy, is practically represented by Dy, . At the same
time, under the same condition in the well ordered state, f,<<f;, so that f is practically
represented by f,. Therefore, the diffusion coefficient in the ordered system can be estimated
from the dependence of W, on composition with the scaling factor f, which depends only on
the long range order even without a complicated calculation by means of the PPM.

It is to be noted that the pair approximation works only for crystal lattices which can be
divided into two equivalent sublattices such as the two dimensional honeycomb 1attice (2Dhc)
(2w=3, where 2 corresponds to the coordination number), the two dimensional square
lattice (2Dsq, 2@=4) and the body centered cubic lattice (bcc, 2w=8), etc. The face centered
cubic lattice (fcc, 2m=12), for example, is divided into four equivalent sublattices and
conclusions obtained by the pair approximation are not readily applicable, Indeed, the
tetrahedron approximation is required for treatments with approximation higher than the point
approximation here. Treatments for diffusion using approximations higher than the pair
approximation are very complicated to handle in the PPM (The triangle approximation of the
PPM which is applicable to problem of flow has been completed [12)) while the point
approximation tends to give physically incorrect results as is well known in the calculation of
phase diagrams. Because of this situation, systematic calculations of diffusion coefficients in
binary systems by means of the PPM have been limited to the treatment by the pair
approximation.

The fact that the diffusion process can be considered as two parallel circuits as shown in
Eq. (1) is essentially based on the concept of microscopic reversibility under the equilibrium
condition. In the CVM-PPM formalism, diffusion is treated to take place always under the
equilibrium condition, and this concept of the transposed lattice can be readily proved [2).

Expressions of Eq. (4) indicate that the diffusion coefficients, Dy, etc., are determined by
two factors of different nature, Wy, etc. and f}, etc. The factors W, etc., representing the
average bond breaking factors, indicate the increase in the (intrinsic) activation energy in the
ordered state and are calculated essentially by the pair approximation of the CVM. These
factors are determined by the distribution of atoms and the space correlation of the distribution
is represented by that of the pair approximation. On the other hand, the correlation factors, f;,
etc., represent the character of flow and are determined by the PPM part of the theory. In
Eq. (6), f,, etc., depend only on the long range order and are insensitive to the short range
order. In other words, the degree of approximation in calculating the time correlation by the
PPM is reduced to that of the point approximation. It is to be reminded here that the
temperature dependence of the correlation factor affects the Arrhenius plot In other words, the
temperature dependence of the correlation factor, dinf/d(1/ T), also contributes to the
apparent activation energy.

The fundamentai equation of flow in the PPM, which depends linearly on the driving force,
has the form
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Here, ¥, is a normalized flow (the flow under the driving force divided by the flow in one
direction under the equilibrium condition) of an assembly of the ith species, Q, indicates the
distribution of atoms which surround a tagged species of i atoms, y; indicates the deviation
from equilibrium with respect to the j-i pairs in the direction of the driving force, a, is the
generalized chemical potential divided by kT, ¢, indicates the driving force for the ith species
and f, defines the correlation factor. Therefore, the term )j.'.ijﬁ / &, represents a strain in the

distribution created by an external force &, and this strain makes the correlation factor f;
smaller than one. Equation (9) indicates that the flow corresponds to the parallel displacemes?
of a plane with particles in the equilibrium distribution under the driving force. In such a case,
the time correlation of the motion of particles corresponds to that of the average, and hence to
that of the point approximation. This is the reason that the time correlation treated by the PPM
is reduced to that of the point approximation irrespective of the degree of approximation used
to treat the problem of fiow. It is noted that this difficulty is not limited to the PPM, but is
found to be common to treatments of flow for an assembly of particles and is due to the
procedure in which the averaged flow (by means of the ensemble averaging) of an assembly is
handled {6].

Equation (9) further leads to
(w-1Z,
= 1
' 24 20-3)Z, (1)
where
2=y an
W, +W;

i

and w;, eic. means the jump frequency of the ith species with the bond breaking factor
(W, =w, W), etc. In terms of Z, the physical situation of deriving the correlation factor
becomes especially clear. In Fig. 2, a situation which represents Z, is shown when a tagged
atom B’ at the central site has just replaced the position with a vacancy and is ready to jump
back into the vacancy it has left behind. Then the probability for a jump back is denoted by P,,
and a jump of an atom at a surrounding into the vacancy represents the escape probability, P
of the vacancy as noted in Fig. 2. Based on Eq. (11),

P, =1-2,
P, =Qw-~1)Z, (12)

and f, is connected to Z, as Eq. (10). The larger is the normalized jump back probability, €,
which is defined as
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the smaller is the correlation factor, which is represented based on Eq. (10) in terms of t as
f =(1-1)/(1+1). In ordered systems, because of the microscopic reversibility, Eq. (9) can be
represented by flows in two parallel circuits as

¥, (D) =-6+Y QD) y,;d)
j

¥, (D) = —&, + Y, QD v, (I (14)
j

Here, ¥,(I) and ¥, (II) represent the flow through the I sublattice and that through the II
sublattice respectively, and Q,(II) and Q;(I) represent the probability of finding the jth species
of atoms on the II and I sublattices, respectively. Each equation in Eq. (14) is equivalent to that
in Eq. (9) in the disordered state, and similar arguments as Eqgs. (10)-(13) follow. If the central
site in Fig. 2 represents the I site and the surrounding sites the II sites, the B* atom which
jumped out tends to go back to the I site immediately. This makes the value of fg; and hence
f, small. In this way, it is understood that the composition dependence of f, is enhanced in
the region where the long range order exists.

L Conversion Process

In Section 2, the reason that the degree of approximation in the time correlation is reduced
to the point approximation is stated to be due to the fact that the averaged motion of an
assembly of particles is treated. In order to remove the trouble, therefore, it is necessary to
convert the treatment of flow from that of dealing with the averaged motion of an assembly of
particles to that of following the motion of a single particle in the assembly.

In the pair approximation of the PPM, the conversion process mentioned in Section I can
be performed by replacing some of the results of the ensemble averaging process in the PPM
by those of the time averaging process. This procedure consists of two processes, the
instantaneous distribution conversion process {8,9] and the time conversion process [7]. The
former deals with the effect of the local fluctuation of the distribution of particles around the
tagged particle, and the latter deals with the approach to the equilibrium after the tagged atom
replaces its position with a vacancy. In this form, it is clear that, when a particle replaces its
position with a vacancy, the particle is not in equilibrium with the rest of the system, and the
local equilibrium concept does not strictly apply. In the CVM-PPM formalism, however, it is
considered that the equilibrium is maintained (as a result of the ensemble averaging process
and thus the local equilibrium concept holds) and this leads the time correlation to the point
approximation [12]. After the application of the instantaneous distribution conversion process,
the equation of flow corresponding to Eqg. (14) is obtained as [9]
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¥, (@) =—6, + 3, Q,(B) v, ()
J

¥, (B) =~ +3 Q) v;(® (15)
§

Here, i represents a single, tagged tracer atom i, Q(B) and Q(a) represents species of atoms of
the surrounding of an A atom (preferred by B atoms) and that of a B atom (preferred by A
atoms) respectively in distribution with the short range order, and the relation is represented by
the Bethe short range order in lieu of the sublattices I and II. However, the two sites are not
equivalent [9]. The separation in two paralle! circuits similar to Eq. (14) is in accordance with
the microscopic reversibility. The correspondence of ¥ (a}, v;(c) and Q,(B) to ¥,(I),
v;(I) and Q;(II), and of ¥;(B), v¥;;(B) and Q;(®) to ¥, (II), w;(II) and Q(I) is clear.
The time conversion process indicates how the information from distant atoms can be
accumulated with time for a jumped atom to reestablish the equilibrium with the surroundings
(t increases with time and then saturates [13]). This process improves the degree of
approximation of the time correlation from that of the point approximation (the jump back
probability 7 is independent of time t) to that of the pair approximation [13] (The conversion
process in the approximation higher than the pair has not been carried out). After the
conversion process, the expression for f in terms of the long range order in the original PPM is
now expressed in terms of the short range order with a proper degree of approximation for the
time correlation. Diffusion coefficients are no longer separated into two components in terms
of I and II sublattices, but into two components in terms of two virtual sublattices with their
sites surrounded by two kinds of surroundings of the short range order, as pointed out above.
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Fig. 3 The composition dependence of f,. for an ideally disordered alloy of bcc
lattice as a function of w,/w, (a) Calculation based on original PPM, (b)
after the time conversion (7].

Deuails of the conversion process are given in References [5-9] (also see Appendix). Here,
only some results of the conversion process are shown. Since the conversion process deals
with the motion of a single particle, the calculation is directly related to that of the tracer
correlation factor or the diffusion coefficient of a tracer particle. In Fig. 3, we show how the

percolation limit appears by applying the time conversion process [7]. Here, results of the
calculation of the tracer correlation factor of B, or f,., as a function of composition for
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different values of w, / w, by the original PPM with and without the time conversion process
are compared, assuming that the binary system A-B is an ideal solution (no interactions among
constituents exists, and, hence, no instantaneous distribution conversion process is required).
The (time) conversion process converts the value of the tracer correlation factor for self
diffusion from (2m-1)/(20+1) to (20-2)/2m. The most remarkable difference is the
appearance of the percolation limit of the motion of B (f. becomes zero) at the composition
xp =1/ (2w ~1) in the system where only B can move (in the limit wy / w, — o). The value
of the percolation limit coincides with the calculation by the pair approximation of the
CVM [14] and this indicates that, by the conversion process, the degree of approximation for
the calculation of the time correlation improves to that of the pair approximation [7].
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Fig. 4 The composition dependence of f,. in the ordered binary alloy of bec lattice at
T/ T, =0.5 calculated by the pair approximation of (a) original PPM and (b)
PPM after the conversion process [ 9).
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Fig. 5 The composition dependence of f,. in an ordered binary alloy of 2Dhc lattice at
T/ T, =0.5 calculated by the pair approximation of (a) original PPM and (b)
PPM after the conversion process [9].

On the other hand, for systems with fluctuations in the distribution such as the existence of
short range order, the instantaneous distribution conversion process plays an important role
[9). In Figs. 4 and 5, calculated results of the composition dependence of £, for bec and 2Dhe
with and without the conversion process are shown. Here, U=0 is assumed and the temperature

29




e ST RON NN, SN M Y Wty o

R e S ] Sl T A P BT

T is normalized with respect to T, of the order-disorder transition at the equiatomic
composition, which is given by

2e/kT, = log [@/(w-1)] (16)

Interaction parameters are normalized with respect to T, and 6, =8, u, =u, are also
assumed for simplicity. The curves O and D refer to two different cases based on the different
values of the short range order calculated. O indicates the normal case where the development
of the short range order with T accompanies that of the long range order. The curve D refers to
the case for the development of short range order only, calculated by keeping the degree of the
long range order at zero. For bec, the results of the original PPM and those after the conversion
processes are not very different. On the other hand, for 2Dhc, a remarkable change is observed.
This difference is due to the fact that, in a low dimensional case like 2Dhc, the development of
the short range order outside the range of the long range order is significant. This shows how
resuits after the conversion process are sensitive to the short range order. In Fig. 6, we show
the results of the Monte Carlo simulations made by Murch for corresponding cases [9]. The
results agree reasonably well with those of the PPM with conversion and justify the
correctness of the interpretation given above. The systematic deviation of the results of the
original PPM from those by the Monte Carlo simulation [3,4] is almost completely removed.
As in the case of the CVM, the pair approximation gives good qualitative results also in the
PPM.

Correlation Factor

Fig. 6. The composition dependence of f,. in the ordered alloys of (a) bec and (b)
2Dhc at T/ T, =0.5 calculated by the Monte Carlo simulation method [9].
Arrows in (a) indicate the phase boundaries.

The expression obtained by the conversion process indicates that the behavior of diffusion
can be estimated roughly by means of the calculation of the short range order (distribution of
atoms which surround a B) by the CVM in such cases where the application of the pair
approximation of the PPM is not feasible as the face centered cubic lattice.
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It should be pointed out that this type of trouble in dealing with the time correlation in the
PPM does not explicitly appear in applications in which the system is considered to be
homogeneous so that all the particles can be considered to behave in the same fashion
{10,11,15,16] (or the indistinguishability among particles can be applied {3]). However, the
trouble appears explicitly in the treatment of flow, where a flow is defined in terms of the time
correlation of the motion of a single particle.

IV. Onsager Matrix

The conversion process is related to the motion of a single particle in the assembly.
However, the Onsager matrix is for an assembly of particles. In order to calculate the Onsager
matrix elements, therefore, it is necessary to convert the results of conversion again into those
of an assembly without losing the effect of conversion.

The Onsager equation derived by the original PPM for assemblies of particles represents a
parallel displacement of a plane of particles with the equilibrium distribution by the driving
force. Under such a situation, the flow represents an assembly of several independent paralie]
stationary flows. Therefore, for particles inside these individual flows, the instantaneous
distribution and the time conversion processes are applied individually. These independent
flows include a number of the same species of particles. The indistinguishability among
particles of the same species in these independent flows makes the time conversion process
among these particles ineffective[17]. Therefore, the time conversion process is eliminated for
these particles. By following these processes, the Onsager matrix for an assembly of atoms can
be calculated without reducing the degree of approximation to the point approximation, and
the Haven ratio can be calculated with the pair approximation. The ionic conductivity of the
binary system for the assembly of ions has thus been calculated successfully [11].
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Appendix

For ordered systems, Ref. 9 should be referred to. There are some mistakes there. For the
present purpose, Eqgs. (47) and (52b) in Ref. 9 should be replaced by

1 _x X @n

¥, ¥

Y€
Xa

~Bega . 20-1
Wy (0) = Bpe™™ { Yan® }
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Short Range Ordering Kinetics under
Special Consideration of Correlation Effects

G. Yuand K. Licke
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W-5100 Aachen, Germany

Abstract

Based on the simple pair model analytical expressions for the kinetics of first and second
shell short range order formation in binary alloys have been derived for three cubic lattices
(sc, bee and fec). Comparison to Monte-Carlo simulations demonstrated that the ordering
kinetics is strongly influenced by the correlation of the successive vacancy jumps and allo-
wed the determination of the corresponding correlation factors [1]. It was further shown that
in all three lattices the establishment of the first pair variable P,, during isothermal annea-
ling after a small temperature change obeys an exponential time law, independent of the
second shell interaction. The evaluated relaxation time given by r=»,/m, yiclds a simple
relationship too: the efficiency constant m, depends only on the mobility ratio »,/», of the
two components. The development of the second pair variable P,,,, however, follows a
more complex kinetics which depends on the relevant parameters.

DMMWAHI
Edited by B. Fultz, R.W. Cahn, and D. Gupta
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1. Introduction

Order and disorder occur wherever there are materials. The kinetics of ordering and
disordering processes becomes ever more interesting for studying and controlling the proper-
ties of systems far from the equilibrium produced by the modern material processing me-
thods [1-4].

In the recent paper of the present authors [1] (hereafter denoted as Ref.I), the kinetics
of the short range order (SRO) formation by the motion of vacancies in binary fec alloys had
been studied by using the nearest neighbour (NN) interaction pair model. Two methods were
used: (i) By modifying and extending the analytical treatment described mainly by Radelaar
{5, the rate equations for the atom ordering and the vacancy re-distribution and the solutions
of these equations could be derived explicitely, and (ii) by applying Monte-Carlo simulations
(MCSs) the correlation effects of vacancy migration with respect to the ordering could be
introduced into the analytical treatment. These investigation revealed that the SRO formation
during isothermal annealing after a small temperature change follows first order kinetics and
that, due to the correlation effect, the relaxation times happen to be a simple function of the
mobility ratio of the two components. It was further shown that the treatment for the high
temperature range which is known to yield a good approximation for the pair model may be
extended to the low temperature range and that this linear behavior exists nearly over the
whole temperature range where SRO occurs.

In this paper again the kinetics of SRO formation is discussed. Compared to Ref.I, two
important extensions are made:

-~ Analytical treatments similar to those in Ref.I as well as the corresponding MCSs are
carried out for the other kinds of cubic lattices; this appears to be helpful especially for
understanding the general existence of the correlation effect in all diffusional phenomena.

- The next nearest neighbour (NNN) interaction is considered both in the analysis and in
the MCSs for the binary fcc alloys, so that the limitation of the pair model and the validity
of its results can more thoroughly be discussed. But here only some main results are given.
Further details of the analytical derivations and the MCSs results are published elsewhere in
Ref.[6].
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2. Analytical treatment of SRO formation
nt ion in

In the following the derivation of the kinetics of the SRO formation in fcc lattices as
given in detail in Ref.I is extended to general lattices. The pair variable Pyy (X, Y=A, B or
V for vacancy), i.e. the concentration of A-B bonds, is defined as P,y =N,,/zN with z being
the coordination number of the first shell (z=12 for fcc lattices). N and Ny denote the total
number of the lattice sites and that of the X-Y bonds, respectively. Considering C, <1 we
have Py, + Pyg+Pyy=Cym Py, +Pyy with Cy being the concentration of the component X.

The successive jumps of vacancies are considered to be the elementary process of orde-

ring. The jump frequency of an X atom is written as
vx=vgexp(~¥“7’_) m
B

where »,! is the attack frequency of the X atom and Vj,, denotes the energy barrier in the
special configuration identified by {g}. In Ref.I V,,, is set equal to the difference Vj,*-V,,’
of the configurational energy in the saddle point position and in the initial lattice site posi-
tion. For calculating V)’ by using the NN interaction pair model, the lattice sites which
surround the site exchange pair, the jumping atom and the vacancy, must be divided into 3
groups: « sites being adjacent to only
the jumping atom, 8 sites adjacent to
only the vacancy and 1y sites adjacent OOOO
to both, Calling the number of « or 8 O%@@®®O
sites g, the number of y sites is O@@@ O
given by r=z-¢-1. For the 2-dimen- O
sional hexagonal lattice (see Fig.1)
one has z=6, g=3 and r=2. If the

) initial state saddle point position
jumping atom is an X atom and the

@, § and vy sites are occupied by 7, j @ jumping atom

and &k X atoms, respectively, we

obtain for the difference of the D - S » &

configurational energy between saddle
point position and ground state Fig. 1 Three groups of different NN sites around
the exchange pair
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Type Coordi- Number Number Correlation Efficiency  Correlation
of nation- ofe,f ofy factor for  constant factor for
lattice numberz sitesq  site 7 diffusion f, m,(¢=1) ordering f,(6=1I)

2D square 4 3 0 0.47 - -
2D hexagonal 6 3 2 0.56 - -
sc 6 5 0 0.65 1.54 0.39
bee 8 7 0 0.73 1.33 0.43
fec 12 7 4 0.78 1.26 0.68

Table 1 Characteristic parameters for different kinds of lattices. The correlation

Jactors for self-diffusion f,, are taken from [15] and the correlation factors
Jor ordering f, are evaluated from the present simulation by using f,=2/(2qm).

Vi =Viun-Viza "RExy+ (- Ey~(+B) Exy~(z~1-1-HE )

Eyy is the interaction energy of the bond X-¥ and Ey,* is that between an X atom in saddle
point position and a ¥ atom in the v sites. In the case r=0, the configurational energy at the
saddle point position V,* is independent of the environment, and we have the alternative
expression

Vi =Yixa =Yz -iExy-z-1-DE,, (2a)

As in Ref.I the interaction between vacancies and atoms is neglected.
The averaging of »,)=» 4, over all {, j and k gives the mean jump frequency

Nyve=Y o PV um ®

with Py ., being the probability of the occurence of the configuration {X, {/k}. As shown
in Ref.1 this will lead to

P P s
vyoz—1E5 {1+ VAR (AT ) pR s @
CX P, x
where
Ex-E . En-Ep N0 Pu
W—— » ’ » Ry=1+-22 ‘l'l
ny LT x 5T Rl y +cx(¢ )
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are abbreviations and ¢ , represents the jump frequency of the X atom in the pure metal X
independent of the individual configuration. We have generally § v jexp([(z-1)Eq-rEgl/k, T}
and for the case of r=0 ¢ x-v:expu(z-l)zn—yx’],k.n . The quantity Py, is defined in
Table 2 as the probability of having a ¥ atom at a v site near an A-V pair, It represents a
three-body probability which, as in Ref.1, is approximated by pair probabilities. It is to be
noted that we may write »;=C\x, With gy being the jump frequency of a vacancy to an X
atom. The exact value of gy depends on the state of order and is given for high temperatures
in Ref.L.

For the configuration {X,{/k} each successful jump of an X atom will change the number
of the A-B bonds N, by the value ij. This gives the average rate of change due to jump of
X atoms

x
Nip=-Np=Np=tNi Y C-DP iy sy ©)

Here instead of »z 5, the product fy»y 4, is introduced. f; denotes thus the correlation factor
which describes the different efficiencies of the various atom jumps for ordering. Further
evaluation and considering relationships like

Mol NN ®

By=

» Pm'

finally yields a set of completed non-linear rate equations

B y=0[C,Cy-P p+(1-e M"D)PLssP,, )
and PVA--QCAVA+OIP“-0°—P—'4 ®
z Cy
with the abbreviations
29,11 JfaVavs
@ 2 k‘ h. CIA'A+C,‘V. (93)
- CA‘CVA -c/‘l"l 9b)
* P ARLF AN
u,-%(C/‘v o X (9c)
O, 1[ C’.V. c/AvA ] (9d)

V2P fe™-1) CytPyle™-1)

37




e e

S R

As discussed in Ref.I the term Pm in Eq.(7) is negligably small because of C, <1 and
can be omitted. Furthermore, for high temperatures one has »,+0 and Ay~I, so that as an
approximation for high temperature an uncoupled linear rate equation is obtained

™ 2q fAflvAvl AP‘.' APA‘ (10)
z Cfiv, +Cofyvy T

AP =P () -P,, denotes the deviation of P,, from its equilibrium value
4C,Cyf1-¢ ")
[14/14C,Cy(1-e P

Pi=C " Call+ }=C,C[1+C,Cy(n, +np)] an

which follows from Eq.(7) by setting 15“.0 . The values for z and ¢ for various lattices
are given in Tab.1. The re-distribution rate of vacancies ﬁu will be considered in [6].

2.2 NN and NNN interaction in fcc lattices

In the following treatment the fec lattice is considered as an example. But, as in the case
of only NN interaction treated in Sec.2, the method can easily be extended to the other kinds
of lattices.

In the case of taking into account only NN interactions, 3 groups of lattice sites (a, § and
) are to be distingushed. If also the NNN interaction is taken into account, one has to
consider seven different kinds (i to vii) of positions among all NN and NNN sites of the ex-
change pair, the jumping X atom and the vacancy, for the foc lattice (which increases to
eight for generat lattices). This ig illustrated in Fig.2 and explained in Table 2. In Fig.2 the
jumping atom (1) and the vacancy (2) are each positioned in the centre of a cube in such a
way that their NNs are situated on the middle of the edge of the cube. Then NNNs are on
the lines through the centre parallel to the edge. In Table 2 the probabilities of finding a ¥
atom for all 7 groups are listed. Obviously Pyyy, Oyxy and Ry, present three-body-probabili-
ties (XYV).

The jump frequency of an X atom in the special configuration having x, X atoms at the
i-th position is obtained by using Eq.(1). Compared to Eq.(2) we have here

V(" "x.El.x’“ ~X 1)34.3‘(11 A2 * X By ~[11-(x; +X,+X JIE(p
~Uts* % Epey~16-(Xs* 1)) E

(12)
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Fig. 2 Different positions around a site exchange pair in
an fec lanrice as listed in Tab. 2: Each site situated at the
edge of a cube is a NN and situated at the end of the
dashed line is a NNN of the site 1 or 2, respectively. Cube
and NN positions around site 1 are emphazised.

Type Number of Relation  Relation Probability
of the site to the to the of having
position in Fig.2 X atom  vacancy a Y atom
X atom 1
vacancy 2
iy 3,4,6,7 NN NN Po/Pyx
ii (a) 8,9,11,12,13 NN >NNN Pr/Cy
iii (6) 14,15,16,18,19 >NNN NN Py/Cy
iv (a) 5,10 NN NNN Ovxy/'Pyx
v(®) 17,20 NNN NN Ryxy/Pyx
vi 21,22,23,24 NNN >NNN Pyy/Cy
vii 25,26,27,28 >NNN NNN Pyy/Cy

Table 2 Seven groups of the NN and NNN sites around the exchange pair X-V
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The additional subscript 2 indicates the corresponding quantity with respect to the second
shell, e.g., Eyy, denotes the interaction energy of an X atom with ¥ atom on a NNN site.
Also here the interaction between vacancies and atoms is assumed to be so small that it is
negligible even compared to the second shell atomic interaction. Instead of Eq.(4) we have
for the mean jump frequency of the X atom

* R
Vx""’%“x":":z[l+%x‘-'-(¢"‘""-l)]‘[l*—Q}—,'f(e"-l)]’[l+7'::'(¢""-1)1’ a3

with the probability variables being listed in Table 2 and the abbreviations

E,.,-E P
N EE et A

Each jump of an X atom in the configuration {,} causes the change of N,, by the value
(Xt X XyXs) as well as the change of N, by the value (xs+xx,x,). This gives us the
rate of change of A-B NN as well as A-B NNN bonds due to the jump of an X atom

Nu=12N,Y . 1 02 X3~ X XIPx ¥ 2z 14
and
Nag=6Np Y x 0 Os* X6 XPregy ¥ ez as

where fy; denotes the correlation factor for jumps of X atoms with respect to the second
shell ordering. Then, in analogy to the treatments in Sec.2.1, rate equations are obtained.
These as well as solutions of them will be analytically derived in [6).

: 3. Monte Carlo Simulation

The principal method and the algorithm of the preseat MC simulation of the SRO kinetics
is described in detail in [7-9]. In the present paper three cubic lattices are considered. The
rigid computer crystal for the simulation is composed of 60% 6060 elementary cells, i.e. :
N=216000 for sc, N=432000 for bec and N=864000 for fcc respectively. These sites are ;
| occupied by N, A and N, B atoms according to the given composition Cy. Only a single site ;

remains vacant (V=1 and Cy~ 10, and the movement of atoms occurs by the migration
! of this vacancy, The periodical boundary condition is used.

-~
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For each attempted jump two random numbers are required; i.e., the first serves for the
determination of the jump direction among all z possibilities and the second for checking the
success of the jump. The attempted jump actually takes place if the normalized frequency
P4/ Ve in the direction selected by the first random number is larger than the second num-
ber between 0 and 1 (v, is the largest of the values ».,)). For calculating »,, we have from
Eq.(2) for cases without consideration cf the NN interaction

V=¥ expl~(11-1-Byn g +{4-Binzl @16

In this case we have to only count the number # and k. For the case with NNN interaction
in fcc lattices we obtain from Eq.(11)

Vi =¥ 2eXP{-(1x, =X, ~2 My~ Xs 2N gy 41 3] an
Here three numbers x,, (x;+xJ and (xs+xJ must be determined.

Each simulation run is designed as an isothermal annealing at a selected temperature
T=(E,,+E32E,;)/(29k,) after quenching from T'=os. The dependence of the ordering
kinetics on the energy parameters gy and 3,* has been discussed in Ref.I and [10]. In this
paper they are set constant 3, =y,=9=0.15 and 9,*=9*=0.3. By varing C, and the ratio
¥ J9 5, as well as », (using 4 =n,,=1n,,), the different sets of simulations hve been carried
out, so that the dependence of the ordering kinetics on the concentration C, and the mobility
ratio ¢=»,/r, as well as the influence of the NNN interaction can be dealt with. To
demonstrate the ordering kinetics more illustratively the jump number a, per A atom or n,
per B atom is used for the time scale and the normalized quantities

r=(Pyy~PsI(P, -2 s 1~(Pagy-Pis N (Piss-Pix)
for the relative change of the SRO parameters.

3.2 NN SRO kinetics in three cubic lattices

The simulations lead for P,, to final plateau values independent of ¢, which show they
are equilibrium values P,,". Fig.3 gives an example. As can be seen from Fig.4 where
Py’ vs y for fcc lattices is plotted, the pair model is a good approximation for fcc lattice
only at high temperatures, but the tetrahedron models, either that by using cluster variation
(CV) method [11] or that based on quasi-chemical theory [12], yield a satisfactory agreement
with the preseat simulations. The application of the pair model to low temperature range will
be discussed in detail in [10].
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Fig. 3 SRO parometer P, vs the annealing time for varying ¢ in fec lattices
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Fig. 4 Dependence of the equilibrium values for P,, on the
energy parameter § in fcc lattices

Considering the kinetics, for all cases of only NN interaction investigated in this work, a
first order reaction

rmp(-%)-exp(—-:f-)-exp(-s-'-) 19
A !

is observed as a very good approximation. Here we obviously have my=7»; from my=ty,.
This simple exponential rule is demonstrated by the examples of Figs.5a to 5S¢ where for sc,
bec and fec lattices the plots log(r) vs », for C,=0.25 and varying ¢ yield the straight lines.
The deviations from the straight lines at large m, are not of principal nature but only due
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to insufficient averaging. m, here gives the number of jumps per A atom required for redu-
cing the deviation of P, from the equilibrium value P,;’ by a factor 1/e and the straight
lines indicate that it is constant. m,” and the corresponding m,”’, which will thus be denoted
as efficiency constants, are then determined by fitting the r(s,) curves by an exponential.

The relationship between the resulting m, values and the relevant parameters is illustrated
in Figs.6 for sc, bec and fec alloys. The solid curves m,=/(¢) are given by the equation

A== 1 +bexp(-c(x+L)) (19)
1+x x

with a=2.33, b=-0.41 and ¢=0.12 which is obtained by fitting the results from MCSs in
fec lattices in Ref.1. Figs.6 show the rather astonshingly simple result that for all three cubic
Iattices and all applied values of the parameters v, 4y and Cy determining the SRO kinetics.
The efficiency constant m, approximately follows an universal function f{é) in quite good
approximation,

A a
% %
Y 1Y
Y ~
a 3
I:- Be
o s
14 H
3
1y
~
-E Flig. 5 SRO Formation as shown by
2 the plots log(c) v3 s,
¥ a) for sc alloys

b) for bee alloys

¢} for fec alloys
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Fig. 6 The relationship between the efficiency constant m,* and the mobility
ratio é, the concentration C, and the energy parameter 4. The solid curves are
calculated from Eq.(19).
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Some results of the simulations for the fcc lattice considering also NNN interaction are
demonstrated in Figs.7a to 7d by plotting P,, and P,,, against a, for varying Cy, ¢ and w,.
It can be seen that the final values P°,, as well as P’,,, are independent of ¢. However,
P'\p; considerably decreases with the decreasing w, whereas the final values P°,, only
slightly increase. It is to be mentioned that P,,, changes also in the case of 3,=0 and
reaches the plateau after about the same time with varying #,.

The change of P,, follows a first order kinetics also in the presence of NNN interaction,
as illustrated in Fig.8 by plotting log(r) vs », for C,=0.25 and »,=-0.25y. Moreover, the
resulting efficiency constant m, is hardly changed by the NNN interaction: As to be seen
from Fig.9, the values 3,20, -0.25y and -0.5y lead to the same m,=f{4). The development
of P,,, shows a more complex course and in general is non-exponential a3 will be discussed
in {6).
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5. Discussion

The main results of the present MC simulations of three cubic lattices are (i) that the
development of P, follows the first order kinetics for small temperature changes, and (ii)
that the efficiency constant m, is a function only of ¢ and not of C, or 4. The first of these
results follows already from the analytical treatment leading to Eq.(10), but the second resuit
is only obtained if in Eq.(10) the relationship

AN AT (1))

is also fulfilled. As discussed in Ref.I it is this Eq.(31) that reveals the severe effects of the
correlation of the successive vacancy jumps for the ordering and yields the essential insight
into the mechanism of the ordering.

The concept of a correlation factor for processes due to the successive vacancy jumps
originates from the consideration of the self-diffusion via vacancy migration {13]. There the
correlation leads to 2 more than random probability for back jumping of the vacancies by
which part of the prior displacement of the atom will be canceled. This can be expressed by
a ‘correlation factor’ f;, for diffusion by which, compared to the random frequency, the
actual jump frequency of the atoms is reduced. Since such a cancellation of prior atom
jumps takes place generally in the case of vacancy controlled atom motion, correlation
effects occur and strongly influence the kinetics of all such diffusional processes; e.g., for
the self-diffusion in ideal superlattices, a relationship f*», =f,"», very similar to Eq.(31)
must be obeyed [14].

But there is an essential difference between diffusion and ordering: In the ordering the
A (or B) atoms are not distinguishable, so that as can directly be seen, vacancy motion by
a chain of jumps of A (or B) atoms does not bring a change in the degree of order. This
shows that the correlation effect must play a much more severe role in ordering than in
(tracer) diffusion. In Table 1 both the correlation factors for self-diffusion in pure metal f;
[15] and the correlation factors for ordering f,(¢=1) evaluated from the present simulation
are listed. We recognize f, considerably smaller in all three cubic lattices.

Since ordering ultimately consists only in the site exchange of an A and a B atom, both
participants of ordering have to make the same contribution to the rate of ordering, no mat-
ter how much their mobilities differ. Thus, it is not », or », but the quantity »,, which
determines the rate of ordering and which thus will be denoted as ordering frequency. This
makes it clear, that in the case of a large mobility difference of the two components, the
SRO kinetics is governed mainly by the diffusion of the slower component.

Introducing the expression Eq.(31) into Eq.(10) yields for the relaxation time

a7
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This equation has the form which would also obtained for the direct site exchange
mechanism and illustrates the similarity of the two mechanisms. Both mechanisras consist of
an interchange of A and B atoms, In the case of direct interchange the exchange of sites
occurs simultaneously by two neighbouring atoms, whereas in the vacancy mechanism the
site exchange may be realized afier a number of jumps of vacancies.

The applicability of the NN interaction pair model is discussed in two other articles of
the present authors in two aspects: In [10] the treatment has been extended to include the
low temperature range and in [6] to include the NNN interaction. In both cases, the analy-
tical treatments as well as the simulations, were found to yield a first order kinetics of SRO
formation after small temperature changes with a relaxation time obeying Eq.(32). This
means that for small temperature change, Eqs.(10) and (30) and thus m, ! =2gf,/z are gene-
rally valid, for different kinds of lattices, for different concentrations, for cases including or
excluding NNN interaction, and for the whole temperature range in which SRO exists. The
reason why a non-zero NNN interaction does not influence the relaxation time (Fig.7)
although it slightly changes the first shell equilibrivm order, will be discussed in [6] in
comparison to the detailed analytical derivations.

Finally it shall be estimated which temperature changes are permitted without destroying
the first order kinetics. In the present simulation (as in [10] for the low temperature range),
2 temperature change of | Ay} =0.15 is found to still yield first order kinetics. From the
defintion of y we can immediately write

'An|.;_“l’_~_
n, INT+AD

Setting the transition temperature T, <T and 1,=(2E,y-E,,-E;p)/(2kT,) =1.1 [16}, we
easily find that e.g., for T, 2300 K the condition | Ag | <0.15 is fulfilled for the whole
existence range of SRO whenever | A T| < 60K is satisfied. Most experiments on the
SRO kinetics by means of the measurement of the SRO induced resistivity during the iso~
thermal annealing after quenching [2,3], have been carried out within this temperature
interval, typically one has | A T| < 30K {2,3]. The present results thus deliver the
fundamentals for the interpretation for these kinds of measurements.

The quantitative evaluation of m,=f¢) clearly shows that m, varies strongly with ¢
and only for $=1 m, has the order of 1. This indicates thus that the traditional statement
that generally m, is nearly constant and about ! is severely misleading and totally ignored
the essential difference between an alloy and pure metals. It is just this ignorance which has
led to false interpretations of experiments and has made the method of studying diffusion
behaviors by measuring SRO kinetics disputed and hardly practicable. Nevertheless, the me-
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thod of the measurement of the change of the SRO induced resistivity is especially valuable
because, by different heat treatments, we may gain the infomation about the annealing-out
of the quenched-in vacancies which occurs simultaneously during the SRO formation and di-
rectly influences the rate of ordering. If the mechanisms of both SRO formation and vacancy
annihilation are cleared, the complete diffusion data can be obtained from such
measurements [4).
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Diffusion in the Intermetallic Compounds TiAl and CozNb

Helmut Mehrer, Wolfgang Sprengel, and Martin Denkinger

institut fir Metallforschung
Universitat Minster, Wilheim-Klemm-Strasse 10
D-4400 Manster, Germany

Abstract

Self-diffusion of titanium in the intermetallic compound «-TiAl was investigated using
the radiotracer method. The temperature dependence of the diffusivity is described by
a pre-exponential factor of 1.53 - 10~* m?~? and an activation enthalpy of 291 kJmol™!.
These values indicate that self-diffusion in v-TiAl occurs via thermal vacancies. The
radiotracer data are discussed together with available positron annihilation data, density
measurements, and multiphase diffusion data for the Ti-Al system.

Solid state diffusion reaction in diffusion couples of Co and Nb has been studied using
optical metallography and electron microprobe analysis. Parabolic growth constants for
two of the three intermetallic compounds of the Co-Nb system have been determined.
Interdiffusion coefficients for the cubic Laves phase Co,Nb have been evaluated using the
Boltzmann-Matano method. They are discussed together with density measurements in
the Co-Nb system and with the scarce information on diffusion in other Laves phases
available in the literature.

Diffusion in Ordered Al
Edited by B. Fultz, RW. Cahn, and D. Gupta
The Minerals, Metals & Materials Society, 1993
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1 Introduction

Diffusion in intermetallic compounds — despite of the progress achieved in recent years (for
recent reviews and data collections see, e.g., [1-6]) - is an area which urgently needs fur-
ther experimental efforts especially in view of the increasing importance of intermetallics
as materials of advanced technology [7-11). The present paper consists of two main parts:

In Section 2 we review available information on diffusion and defect structure on 7-TiA}
including a recent radiotracer diffusion study from our laboratory. Titanium-aluminides
are considered as highly promising light-weight alloys for structural applications at high
temperatures. Their high-temperature strength is controlled by creep processes for which
diffusion is a key property [12]. We report results of a study of self-diffusion of titanium
in the single-phase intermetallic compound 4-TiAl, which has been published in more
details elsewhere [14]. According to our knowledge this is the first radiotracer diffusion
study performed on an intermetallic compound of the Ti-Al system. Furthermore, we
discuss our tracer results in connection with a multiphase diffusion study available in the
literature (15) and with information on the defect structure from positron annihilation
and density measurements for this material.

In Section 3 we review results of a multiphase diffusion study in diffusion couples of
Co and Nb from our laboratory, which have been partly published recently {17]. When
diffusion couples of Co/Nb are annealed at high temperatures the formation and growth
of three intermetallic phases can be observed. The growth kinetics of two of these phases,
CozNb and CorNby, has been studied. Growth of the CoNb-phase also occurs. It is,
however, so slow that its growth kinetics could not be determined by optical means. One
of these phases is the cubic Laves phase with the approximate composition Co,Nb. Laves
phases are by far the largest class of intermetallic compounds. Some properties of Laves
phases, and of alloys containing Laves phases have been recently reviewed by Livingston
with an eye to their potential as high-temperature structural materials [13]. We will
also report results about interdiffusion in the cubic Laves phase Co;Nb and discuss these
results in combination with the very scarce information available about diffusion and

defect structure in Laves phase compounds.

2 Titanium self-diffusion, interdiffusion, and defect structure
in the intermetallic compound 7-TiAl

2.1 The Ti-Al system

A recent version of the Ti-Al phase diagram (18] is shown in figure 1. Three intermetal-
lic compounds are well-established in the Ti-Al system: a hexagonal compound TisAl
with DOsg-structure (also denoted as a;) which can accomodate several atom percent
off-stoichiometry, a tetragonal compound (7-TiAl) with Lig-structure (also denoted as
CuAu(I)-structure) which can slso accommodate several atom percent off-stoichiometry
especially on the Al-rich side, and a stoichiometric compound TiAl; with tetragonal DOg,-
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Figure 1: Phase diagram of the system Ti-Al according to [18]

structure. With respect to their potential for structural applications, intermetallic alloys
with two-phase microstructure based on v-TiAl and TizAl have advantages over single-
phase ~-TiAl alloys because they exhibit some macroscopic ductility. On the other hand,
for a better understanding of the diffusional properties of the system diffusion data for

the single-phase intermetallics are needed.

In our laboratory we have started diffusion work on the Ti-Al system. Here we report
results for 4v-TiAl. 4-TiAl can be considered as a slightly distorted face-centered (fcc)
lattice with CuAu type order. The ratio between lattice parameters in the direction of

the tetragonal axis and perpendicular to it has a value of about 1.02 [19).

2.2 Experimental procedure

Details of the experimental procedure have been already published elsewhere (14]. There-
fore, we only highlight the main steps: Polycrystalline material of the compound v-TiAl
was prepared by a skuil melting technique from Ti sponge and an Al electrode at the
Maz- Planck-Institut fir Eisenforschung in Disseldorf. According to chemical and elec-
tron microprobe analyses the composition was 46 at.% Ti and 54 at.% Al (see arrow in
figure 1). In agreement with the phase diagram of figure 1, optical metallography and

X-ray diffractometry indicated that the material was indeed single phase. The average

grain size of the polycrystals was about 150 pm.

The diffusion experiments were performed with the tracer method utilizing the ra-
dioisotope “Ti, which was produced by irradiating a Sc-foil with protons in the compact
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cyclotron of the Kernforschungszenirum Karisruhe. The aqueous solution of 4Ti fluoride
obtained after some radiochemistry was dropped onto the polished surface of the disk-
shaped specimens and then dried by an infrared lamp. The diffusion anneals were carried
out in ultra high vacuum at specified temperatures measured either by a thermocouple
or by a pyrometer. Serial sectioning was accomplished with the help of a grinding device,
which had been developed in our laboratory for the sectioning of brittle samples. The
section thicknesses were determined from the sample diameters, the section weights, and
the macroscopic density (3.70 g/em3) which was determined by the Archimedean method.
The *Ti activities were measured using a well-type intrinsic Ge detector.

2.3 Results of “Ti diffusion

The diffusion condition is equivalent to a thin layer source, diffusing into a semi-infinite
cylinder. The near-surface ranges of the penetration profiles shown in figure 2 can be
described by the thin film solution of the diffusion equation,

2
oz,t) = :ll)'t exp (41;t) , (1)

where ¢(z, t) is the tracer concentration at a depth z after a diffusion anneal of duration ¢.
D* is the tracer diffusion coefficient and M the initial amount of the tracer at the surface.
For deeper penetrations, not shown in figure 2, deviations are observed which can be
attributed to diffusion along grain boundaries. For further details the reader is referred
to {14).

The temperature dependence of the diffusion coefficient is shown in figure 3. The solid
line represents the following Arrhenius fit to the “4Ti-data (triangles):

2

- -1
Dy; = 1.53-107* exp (M) mis~!.

RT

The dashed lines represent interdiffusion coeflicients [15] and will be discussed later.

2.4 Discussion of diffusion and defect structure in ¥-TiAl

According to our knowledge the present study is the first radiotracer self-diffusion ex-
periment for a titanium aluminide. In addition there is only very scarce information on
diffusion in other compounds of L1y type (CuAu type) structure (see, e.g., [3, 4]). In
the binary Fe-Pt alloy system at about equiatomic composition an ordered L1o-structure
exists below 1573 K. The diffusion of 7Pt in this alloy was studied by Kucera et al. [16].
Figure 4 shows in a homologous temperature scale a comparison of the present data with
Pt self-diffusion in the isotypic FesoPtso-alloy. (Melting temperatures, T,,, have been used
to normalize the temperature scale. For 4-TiAl instead of T, the well-defined tempera-
ture of the peritectic decomposition (1708 K) has been used, which according to figure 1
is very close to the liquidus temperature anyway.) Also shown in figure 4 are self-diffusion
data for several fcc metals and for indium parallel and perpendicular to its tetragonal
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Figure 2: Concentration-depth profiles of Figure 3: Arrhenius diagram of diffusion in
44Tj in polycrystals of 7-TiAl ¥-TiAl

axis. References of the self-diffusion data can be found, e.g., in [4].

Figure 4 shows the following:

o Titanium self-diffusion in 4-TiAl is similar to platinum self-diffusion in the isotypic
FesoPtso structure.

o Titanium self-diffusion in 4-TiAl lies within the ‘diffusion spectrum’ of fcc metals.

o Titanium self-diffusion in -TiAl is also similar to self-diffusion in both principal
directions of indium.

These findings provide evidence that diffusion in 7-TiAl occurs via thermal vacancies. If
the off-stoichiometry of the investigated material TisAlsy were accomodated by struc-
tural (also denoted as constitutional) vacancies as many as 4 percent of these defects
would be necessary and then should be available as diffusion vehicles. The values of the
pre-exponential factor and the activation enthalpy for Ti diffusion in equation (2) as well
as the similarity of the diffusion behaviour to materials where thermal vacancies are well-
established vehicles of diffusion (see figure 4) plead for a thermal vacancy mechanism and
against significant contributions from structural vacancies.

Very recently Schaefer and coworkers [20] have studied the formation of thermal vacan-
cies in TiqgAls; using positron lifetime spectroscopy. An effective value for the formation
enthalpy of vacancies of 1.38 eV (133 kJmol~!) was deduced. Together with a normal
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value for the formation entropy the positron measurements suggest a vacancy concen-
tration of about 1.6 - 10~ at. fraction near the peritectic decomposition temperature of
7-TiAl. This value is similar to typical vacancy concentrations near the melting temper-
atures in fcc metals (see, e.g., [24]).

Shirai and Yamaguchi [21] have reported a positron lifetime spectroscopy study on
Tis1Als, TisgAls; and TigAlsg compounds after electron irradiation, proton irradiation,
and after deformation in compression. It is well-known that electron irradiation essentially
generates vacancies and interstitials. In contrast to interstitials, vacancies can act as
traps for positrons. After electron irradiation new positron lifetime components with
lifetimes around 200 ps for Ti«Alse and around 195 ps for Tis; Alye were observed, which
are distinctly different from the value of 152 ps observed in fully annealed compounds.
The authors ascribe the higher lifetimes to positrons annihilating in radiation induced
vacancies. The authors also conclude that there are no constitutional vacancies on either
side of the stoichiometric composition in 7-TiAl because otherwise all positrons would
be trapped in constitutional vacancies. The small fraction of vacancies introduced by
electron irradiation (about 10~*) could then cause no further change in positron lifetime.
This conclusion is strongly supported by the above mentioned positron study of vacancies
in thermal equilibrium and by practically the same value of about 200 ps deduced for the
lifetime of positrons trapped in thermal vacancies {20].
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Already in 1954 Elliot and Rostocker [22] had published a quantitative study of in-
tensities of (220) and (110) X-ray diffraction lines from Al-rich off-stoichiometric 4-TiAl.
They concluded that excess Al atoms replace Ti atoms but otherwise preserve long range
L1, order. Recently, Vujic et al. [23] have determined lattice parameters a and c in 4-TiAl
between 50 and 58 at.% Al from X-ray measurements. From the lattice parameter data
they calculated X-ray densities assuming either constitutional vacancies on Ti sites or Al
antisite atoms on Ti sites. From a comparison of gravimetric densities measured by the
Archimedean method and the calculated X-ray densities they confirmed that no structural
vacancies are present and that Al antisite atoms are the predominant structural defects.

Multiphase interdiffusion in the Ti-Al system especially on the Ti-rich side, has been
studied by Hirano and lijima [15] on diffusion couples of pure Ti and 7-TisAls, using
electron probe microanalysis and the Boltzmann-Matano method. Figure 5 shows inter-
diffusion coefficients from the work of Hirano and Iijima [15]. In the 7-TiAl phase, the
interdiffusion coefficient increases with increasing Al content. In figure 3 the interdiffusion
coeflicients from figure 5 pertaining to the lowest and highest Al content of y-TiAl investi-
gated in [15] have been plotted as dashed lines. The upper line corresponds to practically
the same composition investigated in our laboratory by the radiotracer technique.

The interdiffusion coefficient, D, is related to the tracer self-diffusion coefficients, D3
and Dy of the components of a homogenous A-B alloy, through Manning’s generalization
of Darken’s equation [25]

D = (X4Dy+ XgDy) ®r. 3

Here X, and Xp denote molar fractions of the components, ® is the thermodynamic
factor, and r is the so-called vacancy wind factor which usually is of the order of unity.
Using a classical result from thermodynamics of binary alloys the thermodynamic factor
can be written as

_ XaXp d°G @)

T RT dXx3’
where G denotes Gibbs free energy. The thermodynamic factor is larger than unity for
phases with negative deviations from ideality (AG < 1), and smaller than unity in the
opposite case.

Unfortunately the thermodynamic factor for v-TiAl is not known to us. However,
thermodynamic factors in intermetallic compounds are often larger, sometimes even con-
siderably larger than unity due to the attractive interaction between the constituents.
As a consequence interdiffusion coefficients are often larger than tracer diffusivities and
activation enthalpies of interdiffusion are often smaller than for tracer diffusion.
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Figure 6: Phase diagram of the system Co-Nb according to [26]

In diffusion couples of pure Ti and 4-TiAl Kirkendall marker shifts towards the Ti-rich
side of the couple have also been observed [15). In a single-phase diffusion couple such an
observation would indicate that Ti atoms diffuse faster than Al atoms. However, for mul-
tiphase diffusion couples such a conclusion is not justified. The behaviour of Kirkendall
markers in multiphase diffusion couples is more complicated than in single-phase couples
especially due to the influence of interfaces, which, e.g., can act as sources and sinks for
vacancies.

3 Solid state diffusion reaction in the Co-Nb system

3.1 The Co-Nb system

A recent version of the phase diagram of the Co-Nb system according to [26] is shown
in figure 6. Three intermetallic compounds exist in the Co-Nb system down to room
temperature: an almost equiatomic phase CoNb with WeFes-structure (also denoted as
p-phase), a cubic phase denoted as Co,Nb with CuyMg-structure (cubic Laves phase),
which, however, can accommodate several percent off-stoichiometry on the Co rich side,
and an almost stoichiometric compound Co;Nb;.
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3.2 Experimental procedure

Solid state diffusion reaction (multiphasc diffusion) has been studied in diffusion couples
of pure cobalt and pure niobium in the temperature range 1173 K to 1473 K. After each
diffusion anneal the samples were polished perpendicular to the diffusion zone. The sur-
face was etched and the layer thicknesses of the intermetallic phases were measured with
an optical microscope. The growth kinetics of those phases that grew fast enough, to be
studied by optical means, were investigated for various temperatures. Concentration-
depth profiles across the diffusion zones were determined using an electron microprobe
analyzer operated in the point counting mode. Interdiffusion coefficients for the cubic
Laves phase CozNb have been evaluated using the Boltzmann-Matano- and Sauer-Freise
methods. For further details about the experimental procedure and about results con-
cerning the phase equilibria the reader is referred to a forthcoming paper [17].

3.3 Growth kinetics of intermetallic compounds in the Co-Nb
system

In the diffusion zone of Co/Nb diffusion couples annealed below 1350 K in addidtion the
two primary solid solutions three intermetallic phase layers CoNb, Co;Nb, and Co;Nb,
separated by four interfaces are observed. In diffusion couples annealed above 1323 K
only layers of CoNb and Co;Nb and three interfaces are present. This observation is in
agreement with the Co-Nb phase diagram shown in figure 6, but at variance with the
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phase diagram which can be found in [18]. Additionally the homogeneity range of the
CozNb phase broadens from 68.5-73 at% Co at 1173 K towards 67-77 at% Co (the

maximum range) at 1413 K.

Figure 7 shows plots of the layer thickness Az of the Co;Nb phase versus the square
root of diffusion time ¢ according to

Az? = 2k;t. (5)

k; denotes the growth constant of the phase i. Parabolic growth of the Co;Nb phase
without significant incubation time is indeed observed. Similar behaviour is found f{u.
Co;Nb,. Parabolic growth implies that the growth kinetics is diffusion controlled. Slow
growth of the CoNb compound also occurs, however, the growth kinetics could not be
investigated since the layer thickness never exceeded a few pm.

Figure 8 shows the temperature dependences for the growth constants of the Co;Nb
and CorNb, layers. The growth constant of CosNb increases with temperature, T, ac-
cording to an Arrhenius law

(6)

_ -1
k=174-10"7 exp (—Ml—) mls™?,

RT

where R denotes the gas constant. The growth constant of CoyNb; has a maximum near
1300 K. It is always smaller than the growth constant of Co;Nb. As already mentioned
at diffusion temperatures above 1323 K the Co;Nb; phase diappears.

Kidson [27] has shown that growth constants for completely diffusion controlled growth
have the following meaning

(DK)i — (DK)ix| _ [(DK)ji — (D K);;
cy—cq cy-cxF

™

ki =

C;i denotes the equilibrium composition on the i-side of an i/j interface, D;; the inter-
diffusion coefficient in the i-phase near the i/j -interface, and K;; is determined by the
concentration gradient in the i-phase near the i/j-interface. In the derivation of equa-
tion (7) any influence of interface processes like phase nucleation, atomic transfer across
the interface, and the creation and/or annihilation of point defects at the interfaces has
been already disregarded, which is only justified for long enough diffusion times when
the growth process is completely diffusion controlied [28, 29]. Even for this simple case
growth constants have a complex meaning because they depend on diffusivities in all the
layers present in the diffusion zone, on the concentration gradients on both sides of the
interfaces, and on the (sometimes temperature dependent) solubility limits of the phases.
If one deduces an activation enthalpy for the growth process, which in our case is possible
for CozNb, it still may have a complex meaning. Its value is usually not identical with
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Figure 8: Concentration penetration plot for a Co/Nb couple annealed for 330 h at 1373 K

the activation enthalpy of interdiffusion in the pertaining layer. In the case of CorNb, the
temperature dependence of the growth constant cannot even be described by an Arrhenius
relation.

3.4 Interdiffusion in the cubic Laves phase Co;Nb

A typical concentration penetration plot obtained by electron probe microanalysis for a
couple annealed at 1373 K for 330 h is shown in figure 9. The Co;Nb layer with some stoi-
chiometry range on the Co rich side between about 69 and 76 at.% Co is clearly observed.
The CoNb phase is visible in optical micrographs (see [17)). However, its thickness is so
small that it can be easily overlooked in electron microprobe analysis.

Boltzmann-Matano analysis has been used to evaluate interdiffusion coefficients for
CosNb as a function of composition from experimental concentration-depth profiles. If
the variation of the molar volume with concentration reported in [30] is taken into account
by applying the modification of the Boltzmann-Matano analysis introduced by Sauer and
Freise and den Broeder [31, 32} very similar results are obtained [34).

Figure 10 shows the results using the molar fractions of Co as the concentration units
for Matano’s analysis. The interdiffusion coefficients have a significant compositional
dependence with a maximum between 73 and 74 at.% Co. Arrhenius plots of the inter-
diffusion coefficients in the CoaNb-phase for various compositions are shown in figure 11.
The activation enthalpy of interdiffusion decreases slightly with increasing Co concentra-
tion from 173 kJmol-! for 70 at% Co to 157 kJmol~! for 73 at% Co. The pre-exponential
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Figure 10: Concentration dependence of the Figure 11: Interdiffusion coeflicients in
interdiffusion coefficients in Co;Nb Co;Nb-phase for various compositions

factor 4 - 10~% m%™? is almost independent of composition. The activation enthalpy of
interdiffusion is not much different from the activation enthalpy observed for the growth
constant of the Co;Nb phase indicating that the growth kinetics of this phase in Co/Nb
diffusion couples is largely controlled by bulk diffusion through this phase.

3.5 Some remarks on diffusion and defect structure in Laves
phases

Laves phase compounds crystallize with the cubic MgCu; (also denoted as C-15), the
hexagonal MgNi; (C-36), and the hexagonal MgZn; (C-14) structures. The three struc-
tures are all densely packed with averaged coordination numbers larger than 12. Only
atoms from one species are in contact to each other. At present there are only very few
difusion studies and even less defect studies, although -~ as already mentioned — Laves
phases represent the largest group of intermetallic compounds.

According to our knowledge the data of figure 10 and 11 represent the first set of
diffusion data for the cubic Laves phase Co,Nb. As already mentioned in the previous
section interdiffusion coefficients pertain to diffusion in a compound with a composition
gradient. According to equation (3), apart from the component diffusivities of Co and Nb,
the interdiffusion coefficient contains the thermodynamic factor of Co;Nb. Presumably
the maximum in the interdiffusion coeficient is due to a maxinum in the thermodynamic
factor.
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Figure 12: Diffusion processes in Co,Nb and Figure 13: Diffusion processes in 7o;Nb and
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perature scale scale

Saito and Beck [33] have performed a comparison of the X-ray density with gravi-
metrically measured densities for the Co-rich compounds of the Co-Nb system. Their
measurements show that the variable stoichiometry of the Co;Nb Laves phase is the re- .
sult of the progressive occupation of Nb sites by Co atoms, and not the result of structural '
vacancies in the Nb sublattice. It is well-known that in intermetallic compounds with B2 ;
order (CsCl stucture) of varying stoichiometry the diffusion coefficient shows a minimum
near the stoichiometric composition because for off-stoichiometric compositions structural
vacancies can act as additional diffusion vehicles {3]. In contrast to structural vacancies
antisite atoms will not act as additional diffusion vehicles.

Figure 12 shows in a homologous temperature scale an Arrhenius diagram of all dif-
fusion data for Laves phase compounds known to us. Giinzel et al. [40] reported tracer
diffusion of ®Zn in Zn;Mg, which is a hexagonal (C-14) Laves compound. Tracer diffu-
sion of **Fe in Fe,Ti ~ another hexagonal C-14 compound ~ was studied by Shinjaev [42).
Finally, interdiffusion coefficients in the Laves phase Co;Ti from the work of van der
Straten et al. {41] are displayed in figure 12. Obviously for homologeous temperatures the

' diffusion properties of the cubic Laves phase Co;Nb and of the hexagonal Laves phase
Zn,Mg are similar.

Figure 13 shows a comparison of interdiffusion in Co;Nb (composition 70 at.% Co)
with self-diffusion processes in pure Co [4, 35} and pure Nb [4, 36). Also shown in fig-
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ure 13 as full circles are interdiffusion coefficients which originate from our concentration-
depth profiles in the range of the very Co rich solid solution (see figure 9). These data
essentially represent Nb diffusion in Co. Impurity diffusion of Co in Nb [37, 4] is a diffu-
sion process which is clearly faster than diffusion in Co;Nb. Very likely it occurs by an
interstitial-substitutional exchange mechanism [38] where the exchange is mediated by va-
cancies similar to well-established cases of fast diffusing foreign atoms in germanium (see,
e.g-, [39])). Processes like self-diffusion in Nb and in fcc Co and Nb diffusion in Co, which
occur by thermal vacancies, are somewhat slower than interdiffusion in Co,Nb. However,
one should keep in mind that interdiffusion coefficients in intermetallic compounds due to
the influence of the thermodynamic factor (see equation (2)) are often larger than tracer
diffusivities and activation enthalpies often smaller than in tracer diffusion experiments

on the same material.

The already mentioned findings of Saito and Beck [33], the values of the pre-exponential
factor and the activation enthalpy for interdiffusion as well as the similarity of the diffusion
behaviour to materials where thermal vacancies are well-established vehicles of diffusion
(see figure 13) plead for a thermal vacancy mechanism in Co;Nb as well.

4 Summary and conclusions

Tracer diffusion studies in the Ti-Al system in our laboratory have been started with
experiments of titanium diffusion in single-phase ¥-TiAl. In the Co-Nb system phase
equilibria, growth of intermetallic compounds, and interdiffusion in the cubic Laves phase
Co;Nb have been investigated. Our diffusion results are discussed together with infor-
mation on diffusion and defect structure in 4-TiAl, on the Co-Nb system, and on other
Laves phase compounds.

The salient points obtained for 4-TiAl are the following:

1. Titanium self-diffusion occurs via thermal vacancies.

2. The difference between our tracer diffusion data and interdiffusion data from liter-
ature [15] is largely attributed to the thermodynamic factor.

3. Deviations from stoichiometry are compensated by antisite atoms.

4. A significant contribution of structural vacancies to diffusion in off-stoichiometric
material is unlikely.

5. Conclusions 1), 3), and 4) are strongly supported by positron annihilation stud-
ies [20, 21] and by density measurements [23].

The salient points obtained for Co-Nb are the following:

1. All intermetallic compounds (CoNb, CosNb, and CosNb;) which could be expected
on the basis of the ‘Smithells’ version [26] of the Co-Nb phase diagram are present
in the diffusion zones of Co/Nb diffusion couples.
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2. Parabolic growth was observed for CoaNb and Co;Nb,;, whereas growth of CoNb
was too slow to be determined by optical means.

3. The temperature dependence of the growth constant of Co;Nb can be described
by an activation enthalpy of 211 kJmol~!. The growth constant of Co;Nb, passes
through a maximum near 1360 K.

4. Interdiffusion coefficients in the cubic Laves phase Co,Nb show a maximum as a
function of composition, which is tentatively attributed to the thermodynamic fac-
tor.

5. The interdiffusion coeflicients obey Arrhenius laws for fixed compositions of Co;Nb.
The activation enthalpies vary from 173 kJmol™! to 157 kJmol™! for 70 at% Co
to 73 at% Co. The pre-exponential factor is 4 - 10~® m?s~! almost independent of
composition.

| 6. Deviations from stoichiometry according to density measurements are compensated
i by Co antisite atoms on the Nb sublattice [33].

7. Conclusion 6) together with similarities of the diffusion behaviour of Co;Nb with
¢ well-established cases of thermal vacancy diffusion plead for thermal vacancies as
dominating diffusion vehicles in Co,Nb.
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