An Analysis of Concentration Profiles for Fluxes, Diffusion
Depths, and Zero-Flux Planes in Multicomponent Diffusion

M. A. DAYANANDA

Concentration profiles developed during isothermal, multicomponent diffusion for a single-phase,
solid-solid diffusion couple are expressed on the basis of a relative concentration variable for each
component and analyzed for the determination of interdiffusion fluxes. The individual concentration
profiles intersect at a common cross-over composition where the relative concentrations of all compo-
nents are identical. New relations are developed for describing internal consistency among the concen-
tration profiles of the various components. A link is made between the cross-over composition and the
depths of the diffusion zone on either side of the Matano plane for a diffusion couple. The cross-over
composition is interpreted as the average relative concentration of each component over the diffusion
zone. The identification of a zero-flux plane from concentration profiles is also described. The analysis
offers several advantages in presenting as well as checking the self-consistency of results as illustrated
with a single phase Cu-Ni-Zn diffusion couple annealed at 775 °C.

I. INTRODUCTION

ONE of the main objectives of isothermal ternary diffusion
studies is the experimental determination of concentration
dependent diffusion data such as interdiffusion coefficients
and intrinsic diffusion coefficients on the basis of Onsager’s
formalism' of Fick’s law extended to multicomponent dif-
fusion. In literature exist several diffusion studies that report
data on ternary interdiffusion coefficients>® and intrinsic
diffusion coefficients®*®'"'¢'* for various ternary systems.
Most of these studies have employed independent diffusion
couples of the solid-solid or vapor-solid type with inter-
secting diffusion paths for the determination of ternary
diffusion coefficients at the common composition points
of couple pairs. For an n-component system, (n — 1) in-
dependent diffusion couples are needed, in general, for
the determination of (n — 1)? interdiffusion coefficients at
one composition.

Appreciable insight has also been developed into the de-
velopment of concentration profiles and diffusion paths for
single phase ternary diffusion couples. One-dimensional
solutions to ternary diffusion equations are available for
both solid-solid>*** and vapor-solid®?* couples; among
them are those that assume constant diagonal and cross
coefficients or constant diagonal but variable cross coeffi-
cients. Alternative approaches based on simple concepts of
penetration tendencies” for the individual components are
also available and provide a partial insight into the s-shape
of diffusion paths for solid-solid couples. Analytical repre-
sentation of diffusion paths based on two characteristic path
parameters has also been recently proposed.?

In an earlier paper’’ a unidimensional analysis was
presented for the direct calculation of interdiffusion fluxes
from concentration profiles of semi-infinite couples without
the need for a prior knowledge of interdiffusion coefficients.
Such flux calculations for diffusion couples in the Cu-Ni-
Zn system helped identify the development of zero-flux
planes and flux reversals for the individual components
within the diffusion zone. These observations implied that
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the interdiffusion flux of a component could be in opposite
directions in adjacent regions of a multicomponent assembly
and could go to zero at a zero-flux plane separating the
two regions.

In this paper, the analysis for the calculation of inter-
diffusion fluxes from concentration profiles of single phase,
solid-solid diffusion couples is further developed on the
basis of a laboratory-fixed frame by employing a relative
concentration variable for each component. Such analysis
circumvents the need for the location of the Matano plane
and provides additional relations for checking the internal
consistency among the concentration profiles of the various
components in a multicomponent diffusion assembly. The
flux calculations are complementary to and precede the de-
termination of interdiffusion coefficients. On the basis of the
relative concentration variable the concentration profiles of
all components intersect or cross at a Common cross-over
composition. A link is also made between the cross-
over composition and the depths of the diffusion zones on
either side of the Matano plane for the couple. The concen-
tration profiles of a Cu-Ni-Zn ternary diffusion couple de-
veloping a zero-flux plane for Ni are examined in the
context of the present analysis.

II. INTERDIFFUSION FLUXES
FROM CONCENTRATION PROFILES

On the basis of Onsager’s formalism' of Fick’s law, the
interdiffusion flux J; of component i referred to a laboratory-
fixed frame for unidimensional diffusion in an n-component
system can be expressed in terms of (n — 1) independent
concentration gradients, C;/dx, by:

_ n—1 . 9 Cj ]

7, ];D,, L =12, -1 (1]
where (n — 1)? interdiffusion coefficients D?} are defined. For
aternary system there exist four concentration dependent in-
terdiffusion coefficients. If data on these coefficients are
available, J;'s can be determined from Eq. [1].

An alternative approach bypassing the need for inter-
diffusion coefficients has been presented”” for the deter-
mination of interdiffusion flux J; of component i directly
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from the concentration profiles of a solid-solid diffusion
couple in an n-component system. If C/ and C; are the
terminal concentrations of component i of the two terminal
alloys employed in the couple assembly, ; at any section
x* based on the Matano coordinate is obtamed from
the relation:

1 C; (x*)

e =2 [ a-wae (=120 @
2t C'f"

or from the relation
1 Ci(x*)

e =+ [ wde =120 1)
2t Jor

where ¢ is the time of diffusion and x; is the location of the
Matano plane for the couple. In the derivation of Egs. [2]
and [3], C/’s are functions of the Boltzmann parameter
x/V1, and the variation of the molar volume within the
diffusion zone is considered negligible.

The concentration profiles of the individual components
for a single phase multicomponent diffusion couple with n
components may also be analyzed in terms of the relative
concentration variable Y; defined by

C,_C,+
c: - Cf

where C; is the concentration in g - moles/cc of component
i at any section of the diffusion zone. Figure 1 shows a
schematic concentration profile for component i as a plot of
Y; as a function of distance x over the diffusion zone between
L™ to L*. The Matano plane for the couple is located at x, on
the basis of the mass balance expressed in terms of the areas
in the figure by

Y, = (i=12,...,n [4]

E=A+B+C (5]
Hence, for a given section x* it follows from the figure
E+D=A+B+C+D

or
(E+D)y—A=(B+C+ D)
or
L+
(1-7Y)dx - J Yidx = (x* — xo)
L™ x*
Gi=12,...,n [6]
since
x* LY
E+D=J(1—Y,~)dx; A=JY,-dx
L x*
and

B+C+D)=

In terms of ¥; Eq. [2] can be written as:

(x* — xo)

ve
60y =29 - xga

L+
= _AG [(x* — x)Y¥* + f Y,dx]

2t
(i=1,2,...,n (7]
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Fig. 1— Schematic concentration profile of component i shown as a plot
of relative concentration Y; vs distance x. x, refers to the location of the
Matano plane.

where AC; = (C; — C}). Similarly, Eq. [3] can be written

in terms of (1 — Y;) by:

. ACT [T

1w =29[ ] - a0 - 1)
2t | Jo

_ 46 [(xo —x*)(1 - YF) + J (1 - Y)dx]

i=1,2,...,n (8]

On substitution of Eq. [6] in Eq. [7], one can write the
expression for J;(x*) in another equivalent form given by:

Ji(x*) = Azf [Y*L (1 = Y)dx

+ (1 - Y,*)J Y,—dx]

G=1,2,....,n) [9]

The use of Egs. [7] and [8] for the calculation of inter-
diffusion fluxes requires the location x, of the Matano
plane. On the other hand, Eq. [9] allows the calculation
of fluxes from the concentration profiles without the
need for the location of the Matano plane and is particu-
larly useful in the analysis of profiles with maxima and/or
minima in concentrations.

For the case where the variation of molar volume V,,
with composition cannot be ignored, Eq. [9] can be modi-
fied" to:

JH(xx) = %[Y;“f a-r ; b 4
L m

L+
+ (1 —Y¥ J: %dx]
(i=12,...,n [10]

where the flux J¥ is based on a mole-fixed reference frame.
The assumption of constant molar volume will, however, be
employed in the analysis to follow.
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For the determination of concentration dependent inter-
diffusion coefficients, Eq. [9] for J; can be combined with
Eq. [1] to yield:

[Y,* J’x_ (1=Y)dx+ (1 - Y,*)f Yidx]

n—1
)7
=-uxDi—  (i=1,2,...,n) [11]
j=1 ox

Equation [11] requires (n — 1) couples with diffusion paths
intersecting at a common composition for the determination
of (n — 1)? interdiffusion coefficients. The use of Eq. [11]
without needing the location of x, has been discussed®? in
the context of the determination of diffusion coefficients in
binary and ternary alloys. If Eq. [2] for J; is combined with
Eq. [1] one gets:

C; (x*) n—-1
' _ 3G,
J’ (x — x0)dC; = —2:[2 D".——] [12]
Cix*)

i
cr j=1 dx

Equation [12] has been the basis for the determination of
concentration dependent interdiffusion coefficients in
ternary systems®'® with pairs of diffusion couples having
intersecting diffusion paths. Equations [11] and [12] imply
that the calculation of interdiffusion coefficients needs the
determination of interdiffusion fluxes.

III. CONCENTRATION PROFILES AND FLUX
PROFILES FOR A Cu-Ni-Zn DIFFUSION COUPLE

The use of the Y; parameter for the concentration profiles
and the calculation of fluxes from the profiles are illustrated
with a single phase (fcc) ternary Cu-Ni-Zn diffusion couple.
The couple was assembled with disks of Alloy I (30.1Cu-
44 TNi-25.2Zn at.pct) and Alloy II (80.6Cu-19.4Ni) and
diffusion annealed at 775 °C for two days. The experimental
concentration profiles for the couple are presented as plots
of atom fraction vs x as well as plots of ¥; vs x in Figure 2.
C; and C; have been identified with the concentrations of
the components in Alloy I and Alloy II, respectively. The
interdiffusion fluxes J, based on the Matano coordinate
calculated from the profiles on the basis of Eq. [9] are
presented as flux profiles over the diffusion zone in Fig-
ure 3. The fluxes can be expressed in units of g - moles/
cm? - sec by dividing the values in Figure 3 by the molar
volume of 7.1 cc/g - mole® taken as constant over the
composition range of the couple. Figures 2 and 3 exhibit
several important features that will be discussed in the
following sections.

IV. COMMON RELATIVE CONCENTRATION Y,

One of the important advantages in using the Y; variable
as defined by Eq. [4] is that the concentration profiles of all
components can be displayed together over the diffusion
zone L  to L’ sothatY; is 1 at L™ and is zero at L* for all
components regardless of their flow directions within the
diffusion zone, as shown in Figure 2(b). Such a presentation
is helpful in the location of the Matano plane x, from the
individual profiles and in cross-checking to see if their
locations match as expected on the basis of negligible varia-
tion in molar volume.
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Fig. 2— Concentration profiles of a ternary diffusion couple assembled
with Alloy I (30.1Cu-44.7Ni-25.2Zn, at. pct) and Alloy II (80.6Cu-
19.4Ni) and diffusion annealed at 775 °C for 2 days; concentrations are
expressed (a) in atom fraction and (b) in relative concentration Y. xo and
x. refer to the locations of the Matano plane and the cross-over plane,
respectively. Y. is the common relative concentration for all components at
the cross-over plane.

n
(@
T

4]
T

o
(o4}
T

Ji(at.fr.- cm/sec) x10°
o

o

1

O

(o))
T

O 50 100 150 200 250 300 350

X (Microns)

Fig. 3— Calculated interdiffusion fluxes within the diffusion zone for the
couple Alloy I vs Alloy II. Components 1, 2, and 3 refer to Zn, Cu, and
Ni, respectively. The direction from Alloy 1 to Alloy H is taken as the
positive direction for fluxes. Note the plot of —J, for convenience.
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Another important feature of the Y; vs x plots is the mutual
crossing of the various profiles at a common relative con-
centration Y, at the cross-over plane x. as identified in
Figure 2(b). Atx,, Y, = Y, for all i. This composition can be
appreciated better with the aid of the diffusion path for the
couple shown as a plot of ¥z, as a function of Y, in Figure 4.
It can be seen that Y, corresponds to the cross-over com-
position of the diffusion path intersecting the straight line,
Y;n = Y, drawn between the terminal compositions repre-
sented by the points ¥; = 0 for Alloy Il and ¥, = 1 for
Alloy I of the diffusion couple. Y, and the slope of the path
at Y, are considered two characteristic parameters for the
couple. These parameters are found to be dependent on
AC,/AC,, the ratio of the concentration differences for any
two components in the terminal alloys of the couple. Based
on Y, and the path slope at ¥, an approach for the analytical
representation and prediction of the diffusion path has been
discussed in a recent paper.*® For the path in Figure 4, Y,
equals 0.68 and the path slope dYz,/dYc, at Y, is 0.417.

V. CONSISTENCY RELATIONS FOR PROFILES

Relations for checking the consistency or acceptability of
the experimental profiles as shown in Figure 2(b) can be
developed on the basis of Eq. [6], which is valid at any
section x for each of the components. On writing Eq. [6] at
section x for two components, one gets:

X Lt x
j (1 - Y])d.x - J' Y,dx = f (1 - Yz)d.x
L x L

L+
- f Y,dx [13]

where components 1 and 2 may be identified with Zn and
Cu, respectively. Alternatively, Eq. [13] becomes:

J; (Y, = Y)dx = J;U(Yl ~ Y,)dx [14]

O 0.5 1.0

Fig. 4— Diffusion path for the couple Alloy I vs Alloy II shown as a
composition plot of relative concentration of one component vs that of
another. Y. corresponds to the cross-over composition and equals 0.68.
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or

Lt
J' (Y, - Y)dx=0 [15]
L
At x. corresponding to the concentration Y, in Figure 2,
Eq. [14] yields:

J; (Y, — Y\)dx = f(yl — Y,)dx (16]

Equation [16] implies that the areas M and N in Figure 2(b)
should be equal. Relations similar to Eq. [15] or Eq. [16]
can be written for any two of the components i =nd j and
hence, in general

Lt
f(Yi—Y,-)dx=0 G,j=1,2,3;i#j) [17]
-

Equation [17] requires that the area between the profiles of
relative concentrations of any two components for a single
phase multicomponent diffusion couple must be identical on
either side of Y. This requirement is quite useful in ascer-
taining if the experimental profiles are satisfactory over the
entire diffusion zone in a multicomponent system. Relations
given by Eq. [17] may be designated as consistency re-
lations for the concentration profiles.

The magnitude of the area M or N in Figure 2(b) is given
by the integral

L+
J (Y 1 Yz) dx
from Eq. [16]. This integral can be expressed in terms of the
fluxes J, and J, at x.. On writing Eq. [7] for J, and J, at x,,
where Y, = Y, = Y, and subtracting one equation from the
other, one gets

I ("
[Acl ACZL 2 f (h = F)dx (18]
Equation [18] implies that the area between the concen-
tration profiles of any two components on either side of x,
in the Y; vs x plots relates directly to the difference in the
interdiffusion fluxes of the two components at x, weighted
by appropriate AC; factors.
A simple criterion for the location of x, can be found from
a consideration of the integral /(x) given by:

I(X)=f Y= Y)de (@ #))

The value of this integral is a maximum or a minimum
for x = x., since ¥, =Y, =Y, at x., I(L") and I(L") are
zero and

arf-
d—U (Y,»—Y,-)dx] =% -%=0
X x Xe

As is evident from the area M or N in Figure 2(b), the
magnitude of the integral 7(x.) corresponds to a maximum
for any choice of i and j components.

VI. LOCATION OF CROSS-OVER PLANE

An expression for the location of the cross-over plane
relative to the Matano plane given by (x, — x,) can be de-
rived in terms of areas represented by the integrals
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L X
j Y;dx and j (1 - Y)dx
X, L

3

Equation [9] can be written for any two components 1 and

The locations of L~ and L* can be conveniently chosen so
that area abhg equals area acfd and area bcih equals area
dfig. Then,

- L = f =L 25
2 at the section x., and the two equations can be solved X~ L YL L7 [25]
simuitaneously for Y, and (1 — Y,) to get:
- L+ - L+
Jy2t
Y, = L = [19]
Lt X¢ Lt X¢
J Yldx‘f (1 - Yz)dx - J’ deX'f (1 - Yl)dx
X¢ L~ EA L
and
12 [ L2 [
A 0 -ma - 22| (- Y
(1-Y)= e o [20]
Lt X, LY X
J Y]dX'J (l_Yz)dx“J dex'J’ (I—Yl)dx
X L Xe L
On substituting Eq. [19] in Eq. [20] and making use of
Eqgs. [6] and [13], one gets:
LY Xe LY X
j Y]d.x'J_(l—Yz)dx_J' Y2dx'J_(1_Y1)dx
(e —x) = X t _ - L [21]
6], - [5e]
AC, ], AC, |,
Substitution of Eq. [18] in Eq. [21] yields:
L+ X, LY X,
J' Yldx'J'A (1 —Yz)dx—f dex-J_ (1 = Y)dx
(e = xg) = = - — - [22]
f (Y1 = Vo) dx
Equation [22] clearly indicates that the location x, of the d
cross-over plane relative to that of the Matano plane is an X
related to the concentration profiles of any two components L' -—x)=0-Y)L -L) [26]
on either side of x.. Hence, it follows that
—_ L‘
L _% [27]

VII. RELATION OF Y, TO DIFFUSION DEPTHS

The cross-over composition Y, where the relative concen-
trations of all components are identical can be described in
terms of the relative depths of the diffusion zone on either
side of the Matano plane. In Figure 2(b) the locations of L~
and L* are selected to cover the effective diffusion zone of
the couple so that¥; = 1 atL™ and Y; = O atL" for all i. For
a given location of L™ and L* it can be seen from the figure
that for each component i, the mass balance requires:

L+
f Y. dx
-

= area abhg
=x — L (i=1,2,...,n [23]
Similarly,
L+
f (1 — Y,)dx = area bcih
-
=L" — x (i=1,2,...,n) [24]
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1—-Y L' —x
or, alternatively, area dehg equals area bcfe. In other words,
Y. and 1 — Y, can be considered to be proportional to the
effective depths of the diffusion zone, (x, — L7) and
(L' — xo), respectively, on either side of x, for the couple
for a given time of diffusion. These diffusion depths are
considered to be characteristic of the two alloys on either
side of x,, only when they are assembled together in the
form of a solid-solid diffusion couple and the ratio of the
depths is invariant with time.

On the basis of Eqs. [23] and [25] Y. is expressed by

1 o
YC=—#J' Y‘-dx i=1,2,...,n 28
= ( ) [28]
and from Eqs. {24] and [26], (1 — Y,) is given by
1 J”
1 =-Y)=—a—= 1 —Y)dx
(1-¥) =) a-n

(i=1,2,...,n [29]
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These equations imply that Y. can be interpreted as the
average relative concentration of any component over the
total diffusion zone (L* — L7) for the couple and is the same
for all components regardless of their diffusion directions
within the diffusion zone. Equations [28] and [29] hold for
all choices of L™ and L* satisfying Eq. [27]. Also, the dif-
fusion zone (L* — L7) is defined for the couple and is the
same for all components. Hence, Y., as a characteristic
parameter for the diffusion couple, reflects the average com-
position of the diffusion zone. In addition, Y, and (1 — Y,)
can be interpreted as the relative depths of the diffusion zone
on either side of the Matano plane. For the couple in
Figure 2, a Y, value of 0.68 reflects the fact that the depth
of the diffusion zone on the Alloy I side of the couple is
2.125 times larger than that on the Alloy II side.

VIII. IDENTIFICATION OF ZERO-FLUX PLANES

The flux profiles for the individual components shown in
Figure 3 clearly show that the interdiffusion flux of compo-
nent 1 (Zn) is positive, that is, in the direction from Alloy I
to Alloy II, while the flux of component 2 (Cu) is negative
in the direction from Alloy II to Alloy I at all sections over
the diffusion zone. On the other hand, the component 3 (Ni)
exhibits regions of both positive and negative directions for
its flux with the transition occurring through a plane where
the flux is zero; such a plane is referred to as a zero-flux
plane (ZFP) for the component.?”

The development of a ZFP for Ni on the Matano coordi-
nate for the couple Alloy I vs Alloy Il can be identified
from the relative concentration profile of component 3 (Ni)
as shown in Figure 5. The profile exhibits a maximum
where Y, has values greater than 1.0. Since J; is zero at a
ZFP for component i, Eq. [7] yields:

] AC, v
Ji(ZFP) = 7[()52@ = Xo) (Y;)zee + J' Yidx] =0
X ZFP

Or,

L+
(x0 — Xzrp) (Yi)zep = f Y,dx (30]
XZFP
Equation [30] implies that areas P and Q in Figure 5 are
equal in magnitude. Similarly, on the basis of Eq. [8], one
can write:
XZFP
(xzep = X0) (1 = Yi)zpp = f (1 -7Y)dx [31]
L
Equation [31] reflects the fact that areas § and R are also
equal in magnitude. Equation [31] is not independent of
Eq. [30] since the mass balance requirement over the dif-
fusion zone requires that the loss (R + Q) must be equal to
the gain (S + P). The main significance of ZFP lies in the
fact that the loss (R + Q) on the left-hand side of x; will not
show up as a gain on the right-hand side of x, but is split up
into partial gains P and S, one on either side of the Matano
plane. In other words, the loss R is equal to the gain S, since
the component diffuses from right to left (in the negative
direction) to the left of xzgp, and the loss Q is equal to the
gain P, as the component diffuses from left to right (in the
positive direction) to the right of xzr» . Hence, concentration
profiles that exhibit a maximum and/or a minimum and
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Fig. 5—The concentration profile of Ni (component 3) showing the
development of a zero-flux plane (ZFP) for the couple Alloy I vs Alloy II.
The ZFP is located by the requirement that area P = area 0 and area
§ = area R.

indicate equalization of areas as implied by Eqs. [30] and
[31] would indicate the presence of a ZFP and flux reversal
on the basis of the Matano coordinate.

The concentration of component i at the ZFP is related
directly to the concentration profile on either side of xzgp. On
dividing Eq. [30] by Eq. [31] one gets

. 4[L+
Y,' dx
() i)ZFP XZFp

(1= Yo &
J (1-Y)dx

XZFP

[32]

Equation [32] also follows directly from Eq. [9]sinceJ; = 0
at the ZFP.

If component 3 in a ternary diffusion couple develops a
ZFP at xzep, then one can show from Eq. [7] that the
fluxes of the other components 1 and 2 at the ZFP can be
expressed by

2], v Y; o
9 [ ([ v
ACi |z xzFp Y3/ zrp XzFp

(=12 [33]

For the couple presented in Figures 2 and 3, the location of
ZFP for Ni (component 3) happens to coincide with that
of Y., i.e., xzpp = x.. This is unusual but can happen in
multicomponent diffusion as has been observed®! in selected
diffusion couples in the Cu-Ni-Zn system. In such a case,
(¥;) = Y, for all components at the ZFP and Eq. [33] yields:

AC;

At the Ni ZFP, the interdiffusion fluxes of Zn and Cu are
both equal in magnitude but are of opposite signs, as can be
seen in Figure 3.

The development of a ZFP also provides direct informa-
tion on the diffusional interactions among components. For
example, if Cu is taken as the dependent concentration vari-
able, Eq. [1] yields for the Ni ZFP in Figure 3:

f ¥, -Ydx (=12 (34]

ZFp
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aC‘Nr A aCZn
- D, =0
ox NI ax

D NiNi

or

DNan _ 5CNi>
DN1N1 aC‘Zn ZFP for Ni

ACN, dYM)
ACZn dYZn ZFP for Ni

For the Alloy I vs Alloy II couple, ACyxi/ACz, = 1 and
the path slope dYyi/dYz, at the ZFP for Ni is found to
be 4.1. Hence, from Eq. [35] it follows that the cross-
coefficient DG, is about four times as large in magnitude
but opposite in sign as the main coefficient DS at the ZFP
composition. This observation is consistent with relatrvely
large negative values of D&, compared to the positive DR
values reported for Cu-Ni-Zn alloys.'®

The concept of ZFP for the interdiffusion flux J; based on
the Matano coordinate can be extended to fluxes referred to
other frames of reference. The flux (J)g referred to a frame
R moving with a velocity v is related to J; by™

Jdr = Ji — Cve i=12,...,n [36]

If vg = J;/C; for component i at a section within the dif-
fusion zone, (J,); = O at the section and, hence, one can
define a ZFP for component i on the frame R. If the frame
R is the lattice-fixed frame, i.e., the Kirkendall frame, then
a ZFP on this frame is defined for component i at a plane
where the Kirkendall velocity coincides with the local mean
velocity for the component. Similarly, a ZFP for component
i on the solvent-fixed frame implies that the local mean
velocity for component i is the same as that of the solvent
at the plane of the ZFP. Hence, the ZFP concept is useful in
developing insights into diffusional interactions among
components on various frames of reference in multi-
component diffusion.

(35]

IX. COMMENTS AND CONCLUSIONS

The present analysis clearly shows that isothermal multi-
component diffusion with solid-solid couples can be in-
vestigated for interdiffusion fluxes, zero-flux planes, and
flux reversals on the laboratory-fixed frame without the need
for a prior knowledge of interdiffusion coefficients. The
analysis is facilitated by the use of a relative concentration
variable Y;. The flux Eqs. [7-9] are developed for single
phase couples but are applicable to flux calculations in
multiphase couples with planar interfaces, provided the
molar volumes of all the phases can be considered constant,
identical, and independent of composition.

The determination of concentration dependent inter-
diffusion coefficients D} in an n-component system indeed
requires the calculation of fluxes as indicated by Eq. [11]
and needs (n — 1) diffusion couples with intersecting diffu-
sion paths at a common composition. The flux analysis is
complementary to the determination of interdiffusion co-
efficients. Interdiffusion fluxes, unlike D/, are directly
determinable quantities from the concentration profiles of
an individual couple in an rn-component system without the
need for invoking Fick’s law.
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Equations [11] and [12] are applicable to the calculation
of interdiffusion coefficients with single phase couples as
well as multiphase couples”” with planar interfaces, pro-
vided the molar volume varies little over the diffusion zone.

In the analysis of a single phase solid-solid couple, the
presentation of concentration profiles in terms of the relative
concentration variable Y; as a function of x offers several
advantages. These are:

1. The concentration profiles of all components are dis-
played over the diffusion zone L™ to L™ such that ¥; = 1
at L™ and ¥, = 0 at L*, regardless of the directions of
interdiffusion fluxes.

2. The experimental concentration profiles can be checked
for internal consistency over the diffusion zone on the
basis of Eq. {6] or [17].

3. The location of the Matano plane can be circumvented
for the calculation of interdiffusion fluxes on the basis
of Eq. [9].

4. The profiles of the individual components intersect at a
common cross-over composition Y, identified at the
cross-over plane x; Y, can be interpreted as the average
relative concentration of each component over the dif-
fusion zone of the couple. In other words, all components
have the same average relative concentration Y, over the
diffusion zone, regardless of the directions of their indi-
vidual interdiffusion fluxes.

5.Y.and 1 — Y, can be interpreted as the relative depths
of diffusion in the two alloys employed in the couple
assembly.

6. The location x, of the cross-over plane relative to the
location x, of the Matano plane can be described in
terms of the concentration profiles of any two of the
components.

7. Y. and the slope of the diffusion path at Y, are considered
to be two characteristic parameters for a ternary, single
phase couple and can be employed to represent termary
diffusion paths.?

The calculation of the flux profiles from the concentration
profiles as presented in Figure 3 provides a direct appre-
ciation of the magnitudes and directions of the interdiffusion
flows of all the diffusing species relative to the Matano
coordinate over the entire diffusion zone. The fluxes show
a relative maximum or a minimum for each component at
the Matano plane. The consistency of the flux calculations
can be checked by the requirement that 2, J; = 0 for the
case of constant molar volume.

Another important advantage of the flux profiles lies in
the identification of the development of zero-flux planes for
the individual components. On the basis of Eqs. [30] and
[31], a profile exhibiting a maximum or minimum and indi-
cating equalization of areas as shown in Figure 5 shows the
development of a ZFP and flux reversal. The phenomenon
of zero-flux planes and flux reversals is quite common in
ternary and multicomponent diffusion and has been identi-
fied on the laboratory-fixed frame in several Cu-based and
Fe-based ternary systems.”* Not only more than one ZFP
can develop for a component but more than one compo-
nent can show ZFP’s within the diffusion zone of a ternary
couple depending on the terminal alloys of the couple.
For both single phase and multiphase ternary couples, the
ZFP compositions have been found to correspond to
composition points of intersections of diffusion paths and
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isoactivity lines drawn through the terminal alloys on a

ternary isotherm.

27,31,33

The concept of ZFP and flux reversals can be extended to

fluxes based on other frames of reference including lattice-
fixed and solvent-fixed frames. The experimental identi-
fication of such ZFP’s is still to be explored.
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