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DIFFUSION IN Fe-Cr-Al SYSTEM AT 900°C 

Hilary Chikezie Akuezue 

(Ph.D. Thesis) 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Mineral Engineering, 

University of California, Berkeley, California 94720 

ABSTRACT 

Interdiffusion coefficient matrices, Dij'S have been experiment­

ally measured at 31 points in the aoFe phase field of the Fe-Cr-Al 

ternary equilibrium phase diagram at 900°C. Analysis of the computed 

matrices were carried out by subjecting each measured D .. to two 
lJ 

consistency tests comprising of Onsager's and Kirkaldy's relations. 

The elements of the interdiffusion coefficients matrices are 

strong functions of compositions: The direct coefficient for Al, 

D~~AL' varies with Al composition in the same way the binary Al 

interdiffusion coefficient, nAL in the Fe-Al system varies .with Al 

(0 - 50 a/o) and n~~AL~ DAL • Along the aoFe/(aoFe + a2) boundary line, 

it appears In~~AL I « ID~:cRI and consequently Cr is the only mobile 

(diffusing) specie. The direct coefficient for Cr, n~~CR' varies 

logarithmically with Cr composition. Within the sub-region (Al[11 - 19J, 

Cr[9 - 25J), the direct coefficient for Cr, I n~~CR I «I D~~AL I· 
More importantly: Practical applications in high temperature cor-

rosion and Fe-Cr-Al-type coatings ,are highlighted. 
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INTRODUCTION 

Diffusion is the motion of atoms or molecules under the influence 

of a driving force. When two dissimilar metals are clamped together 

andannea11ed, diffusion occurs as a result of the imposed chemical 

composition gradient. In metallic systems, the overall redistribu­

tions of the atomic species give rise to phase and/or structural 

changes. In high temperature corrosion, the formation of an oxide 

on exposure involves the redistribution of atomic species in the 

metal or alloy matrix and also within the oxide. Consequently, dif­

fusion data are invaluable in modelling and analysing high tempera­

ture corrosion phenomena (1-3). 

Surface coatings and the underlying substrate constitute a 

diffusion couple and thus the degradation of coatings is a diffu­

sion problem. Surface A1-coating is one of the means of providing 

high temperature corrosion protection to iron-based alloys because 

the subsequently formed A1 203 is exceptional as a protective oxide. 

However, interdiffusion between the surface A1-coating and substrate 

takes place and causes two deleterious effects. Firstly, the ability 

of the A1-coating to maintain the protective A1 203 scale is d~min­

ished, and secondly, the mechanical properties of the substrate may 

well be impaired by the influx of A1 from the coating, or from the 

loss of strengthening components from the substrate. Attempts to 

suppress same effects by the interdeposition of a physical diffu­

sion barrier have up to now proved largely unsuccessful. However, 

it must be remembered that the development of a protective A1 203 

surface scale requires a sufficiently high surface concentration of 
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Al, whilst interdiffusion with substrate is dependent on the Al activ­

ity gradient. Thus, if the activity gradient could be reduced, but 

the composition gradient retained, then the conflicting requirement 

could perhaps be satisfied, and the rate of degradation of coating 

minimized. 

From an experimental point of view, diffusion studies involve the 

measurement of the diffusion coefficients. According to Fick's law, 
~ 

the flux, Ji , of a diff~sion specie, i, is proportional to its own 

concentration gradient, aCi/ax, and the proportionality constant is 

- D, where D is the pertinent diffusion coefficient; it characterizes 

the diffusion and can be correlated to the basic atomic motions. Con-

sequently, there have been attempts to correlate the diffusion coeffi­

cient and other diffusion parameters, like the frequency factor and the 

activation energy for diffusion in the binary system, with the physical 

properties (4-6). Also, according to Arrehenius empirical relation: 

D(T) = Ao exp(-Q/RT) where Ao is the frequency factor and contains 

the vibrational frequency term and Q is the activation energy for dif-

fusion. Thus, diffusion becomes very important at high temperatures. 

Diffusion studies in binary systems involve the measurement of a single 

diffusion coefficient whereas four independent coefficients are needed 

to describe ternary diffusion, each of which can show a different vari-

ation with composition, in the case of a composition-dependent diffu-

sion coefficient matrix. The increase in number of coefficients is 

due to the interactions between the two independent components in the 

ternary system: The extra degree of thermodynamic variable in ternary 

systems ensures the interaction; for a single phase, P , consisting x 
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of three components, C, and at isothermal isobaric conditions, the 

phase Rule allows only four degrees of freedom, Fx' according to: 

Fx = C - Px + 2, whereas in a binary single phase, Fx· = 3. Interac­

tions between the solute elements take different forms depending on the 

chemistry of the particular alloy system. For instance, one of the ef-

fects of solute interactions is the phenomenon of 'uphill diffusion ' in 

which the atoms of a given component diffuse up their own concentration 

gradient which is opposite in s~~n to the gradient of the activity. Up­

hill diffusion demonstrates that the activity rather than concentration 

gradient is the driving force for diffusion. Thus, diffusion in a ter­

nary alloy system is different from diffusion in a binary alloy system. 

A Darken's (7) diffusion couple can be used to demonstrate upbill dif-

fusion: The diffusion couple used in the original Darken's diffusion 

experiment consisted of a welded pair of steels having the same carbon 

content but different silicon concentrations; after annealing at l050°C 

for 13 days, it was observed that carbon had diffused from the high 

silicon to the low silicon side of the diffusion couple despite the 

fact that the carbon concentration of each steel coupon was initially 

the same. These observations reflect the fact that silicon raises the 

activity and the chemical potential of carbon in austenite. The dif-

fusion rate of carbon as an interstitial is much, much higher than 

that of the substitutionally dissolved silicon so that the latter 

is essentially immobile in the course of the experiment. The second 

multicomponent effect which cannot be simulated in a binary system is 
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the possibility of having a composition gradient through a two-phase 

region. This arises because the Phase Rule allows only two degrees of 

freedom if two phases are to exist together in equilibrium in a two 

component system. Thus, if pressure and temperature are fixed, then 

the compositions of the two phases-in equilibrium are fixed and so it 

is not possible to have a composition gradient through such a region. 

Consequently internal precipitates and unstable planar interfaces are 

not expected in binary systems since phase boundaries in the latter 

must be planar and perpendicular to the composition gradient. In ad-

dition to the above, ternary diffusion studies are of great value as a 

means of investigating the thermodynamic interactions between the com-

ponents of a system. In particular, the effect which one comoonent has 

on the Gibb's Free Energy of another is reflected directly in the sign 

and magnitude of each cross diffusion coefficient. 

Based on Onsager's (8) phenomenological treatment of diffusion in 

an n-component system, the flux, Ji , of component, i, can be written 

as a linear combination of all the driving forces, XK: 

n 

Ji = L L 'K XK K=l ' 
(i=1, •••• ,n-1,n) ( 1 ) 

where the coefficients LiK are called phenomenological coefficients. 

The set of equations relating the fluxes, J i , to the various forces, 

XK, according to equation (1) is called the set of phenomenological 

relations. The forces, XK, and flows, J i , are related by a function, 

W, which describes the rate of irreversible entropy production and is 

also positive definite: 
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w = ~ J. X. > O. . 1 1 1-
1= 

5 

According to Onsagerls Reciprocity Relations (ORR): 

L .. = L .. 
lJ Jl 

(2 ) 

(3) 

Equation (3) holds provided the flows,J i , and the forces, Xi' are so 

chosen such that: 

a. J. 
J J 

b. X. 
J J 

if either Ails or Bi Isor both are non-zero, tben equation (3) 

holds, i.e. the phenomenological coefficients, Lij , satisfy the 

Onsagerls Reciprocity Relations {ORR). In isothermal diffusion, the 

thermodynamic force is the chemical potential gradient, and from the 

Gibbs-Duhem equation, is subject to a linear relation so that Bi = 0 

in equation (5). Also in a volume fixed frame in which fluxes are 

measured with respect to the local centre of volume, Ai = 0 in equa­

tion (4). Consequently, by eliminating the solvent terms, a new set 

of independent fluxes, J i , and independent forces, Zi' are defined 

such that according to equation (1): 

n 

J. = 2: t'KZK 1 K=l 1 

(4) 

(5) 

(6) 

The ORRis ·reduce considerably the number of experimental quantities 

needed to describe the irreversible flows, and hence the experimental 

verification of equation (3) is of considerable interest. 
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An alternative definition of flows, j;, and forces, according to 

equation (6) except the driving force is the concentration gradient, 

~C, can be made. In this case the coefficients, 0iK' are directly 

measurable from experimental concentration profiles, unlike the LiK 

coefficients which involve a not-tao-easily accessible ternary 

thermodynamic factor: 

On ~C 
iK K ( i =1 , ••••• , n-1 ) 

n 0iK is the ;nterdiffusion coefficient matrix and the superscript n 

(7) 

implies component n is the solvent. The fluxes appearing in equations 

(6) and (7) are identical; therefore, we can set up an equation of 

LiK matrix in terms' of O~K matrix. Thus, the necessary condition that 

LiK = LKi can be written in terms of practically measurable quantities 

like the O~K matrix and the thermodynamic activity: For a ternary system 

i.e. n = 3, this gives: (9) 

where a, b, c, and d are thermodynamic factors and are given in Appen-

dix 2. -3 0 .. is the interdiffusion coefficient in (1,2,3) ternary 
lJ 

alloy in which component 3 is the solvent. Thus Onsager's reciprocal 

relation can be tested using equation (8) provided the thermodynamic 

factors are available. 

Using equation (8), the ORR's have been successfully tested in 

ternary isothermal diffusion (9,10). Thus, provided the appropriate 

(8) 
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thermodynamic a~tivities are known accurately enough, the ORR's rep-

resent a means of testing the consistency of the experimentally meas-
-n ured 0iK. Another means of testing the consistency of the measu~ed 

-n 0iK is provided in the form of Kirkaldy's relations which result from 

both the second law of thermodynamics and criteria for stability of 

solutions: For constant coefficients and ternary systems, these are: 

011 + 022 > 0 

011022 - 012°21 ~ 0 

(0Il + 012)2 ~ 4(°11022 ~ 012021 ). 

The above relations indicate there is no basic requirement that each 

direct coefficient be positive, only that their sum must be posi­

tive. However, the restrictions on experimentally measured O~K 

(9) 

when derived based on both kinetic and thermodynamic constraints have 

been controversial, especially regarding the sign of the direct or 

diagonal coefficients. One school of thought (11,12) suggests the 

direct coefficients cannot be negative while the other suggests they 

can (12,13). More importantly, negative direct coefficients have been 

measured experimentally (12,13). The physical significance of nega­

tive direct coefficients in relation to the probable diffusion process 

is not obvious. The "Uphill diffusion" of the Darken type 

described above corresponds to negative off-diagonal coefficients. 

The following are Kirkaldy's second set of relations which result from 

both the kinetic and thermodynamic restraints (ternary system): (11) 



D11 > 0 

D22 > 0 

D12 D21 ~ 0 

D11 D22 - D12 D21 ~ o. 

8 

(9a) 

Thus, the first three relations above are due to purely kinetic ef-

fects. Equations (9a) indicate the diagonal coefficients cannot be 

negative while putting additional restrictions on the conditions for 

"Uphill diffusion" according to the third relation in equation (9a) 

above. 

The practical diffusion coefficients are measured using the inte­

grated form of the multicomponent version of Fick's second law for 

component i, with concentrations, C.: -
1 

a n aC; n-1 ~ ) ~l ax Dij ax (i = 1,2, •••• n-1) 

(so that n = 3 corresponds to a ternary situation). 

(10) 

-n D .. are the di­
lJ 

rect or diagonal diffusion coefficients in the n-component system with 

the nth component as the solvent and represent the influences of the 

concentration gradients of ith's_components on the fluxes of ith species 

respectively. Kirkaldy (14) has provided an integral solution to equa­

tion (10) which is more convenient from an experimental point of view: 

J
C. 

\dC. = -2t 
C. (+00) 1 , 

(11) 
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The usual method of determining diffusion coefficients is by analysis 

of measured concentration versus distance curves obtained after two 

alloys of differing compositions are allowed to interdiffuse together 

at fixed temperature and for a given time. When the alloy samples are 

sufficiently thick, usually greater than 4 ~ where 0 is the appro­

priate diffusion coefficient and t is the time of the diffusion anneal, 

the diffusiori couple may be regarded as infinitely thick and its end 

composition invariant with time. This is the basis of the Boltzmann-

Matano analysis for binary system. The origin for measuring x in equa­

tion (11), the so-called Matano interface, is defined as: 

f
C. 

.. \dC. = 0 . 
C. (+oo) . 1 

1 

(i = 1,2, ••• ,n-l). (12) . 

The location of the Matano interface is a tedious and often inaccurate 

procedure. Also, in a system with concentration-dependent molar vol­

ume, the Matano interface defined for each specie i in an n-component 

system may not coincide. Whittle (15) et al have introduced a proce-

dure analogous to that used in the analysis of binary diffusion couples 

(16) which involves the use of the transformation: 
+ 

Ci/(Ci - Ci) in equation (II) to yield (for n = 3): 

Y. = {C. -
1 1 
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r 
+00 

V 
[ (1 -

VI f (1 .,.. VI) 
dX] + ..1!!... dx 

VI) dx + V Y1 = -2t dY l Vm 1 Vm 
- ex: X 

+ -C2 - C2 dY2 
= 011 + 012 + _ 0-

C1 - C1 
dY l 

(13) 

[ (1 - Y2) _oof 
+00 

dxl 
V Y2 xl (1 - Y2) 

_ + ~ dx dx + Y2 Y2 .,.. 2t dV
2 Vm Vm 

+ -C1 - C1 o dY 1 
= 022 + 021 + - dV2 C2 - C2 

where C,' is the concentration of component i and C: is theconcentra-
1 

tion of i at one end of the diffusion couple, x is distance, Vm is 

the molar volume and Did values are diffusion coefficients in the 

system in which the 3rd component has been assumed to be dependent. 

Equation (13) ha~ been successfully used in measuring the diffusion 

coefficients in other ternary systems (17,18). Another means of de­

termining diffusion coefficients involves the analysis of the decay of 

the satellite peak intensities measured while annealling artificially 

stratified layers of diffusing components (19,20). 

PREVIOUS RELATED INVESTIGATIONS 

The present research project is on the ternary Iron-Chromium-Alum­

inurn system at 900°C for which no previous experimental diffusion co-

efficients measurements seem to have been made. So far, diffusion 

studies have been carried out in the binary Fe-Al (21,22,23,24) and 

Fe-Cr (25,26) systems and in a limited number of other Fe-based 

'" .. 

~ 
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substitutional ternary alloys (27-29). Table 9 in page 67, lists the 

substitutional ternary alloys in which diffusion studies have been 

carried out experimentally. 

In comparing calculated ternary diffusion coefficients where no 

previous studies have been made, the binary diffusion data can be 

compared with the extrapolated ternary data. The pseudo-binary ap­

proach to ternary diffusion studi~s has been employed in the studies 

of the effects of aluminum additions to Cr-Fe coatings on the prop­

erties of diffusion coatings at 1100°C (30). In the latter study, 

a chromium diffusion coefficient is estimated from measured chromium 

concentration profiles of t~rnary Fe-Cr-Al coating using an equation 

for a binary situation. Using this binary approach however, the in­

terdiffusion coefficients of chromium were determin~d at 1100°C from 

Cr-Al-Fe diffusion coatings at 0, 1.5, 4, and 7 w/o surface aluminum 

compositions. Over the range 15 to 50 w/o Cr, there is a logarithmic 

dependence of DCR oQ concentration. 

The objective of this project is to measure diffusion coefficient 

matrices using designed solid/solid diffusion couples whose paths in~ 

tersect within the aoFe single-phase in the ternary Fe-Cr-Al system at 

900°C shown in Figure 1. The diffusion coefficient matrices are an­

alysed on the basis of existing ternary diffusion models. 

Fe-based alloys are formidable alternatives to the relatively 

high temperature Co or Ni-based super alloy with good corrosion pro­

tection. The economically cheaper Fe-based alloys operate at rela­

tively lower temperatures so that 900°C is suitable. Many corrosion 

processes are diffusion-controlled, and this work can provide the 

much-needed ternary diffusion data. 
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Cr 

adFe + y 

Fe~--~----~----~--~L---~~--~----~--~L---~----~AI 
10 20 30 40 50 60 70 80 90 

AI (ala) 
XBL 839-3162 

Figure 1. Equilibrium phase diagram (Fe-Cr-Al) 900°C. 
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Much of this work consists in measuring the concentration pro­

files of annealed diffusion couples using Electron Probe Micro Analy­

zer (EPMA) and determining the intersections of subsequent diffusion 

paths. Metallographic studies of the diffusion zone have been done 

using the light microscope on polished couple cross-sections. Activ­

ities in the ternary Fe-Cr-Al system have been computed from experi­

mental binary data. It is hoped that there may exist a quantitative 

relationship between the shape of the phase diagram and diffusion 

coefficient matrices via their common thermodynamic ancestry. 

EXPERIMENTAL PROCEDURE 

Diffusion couples were prepared by clamping together two coupons 

approximately 10 x 10 x 5 mm of different compositions. The alloys 

from which th~ coupons _were cut were prepared by inductinn melting 

under argon from high purity starting materials (Fe - 99.92%, 

Al - 99.999%, Cr - 99+%). Table 1 shows the nominal compositions. 

After casting, the alloys were furnace cooled to avoid cracking. The 

ingots were cut into smaller pieces, and homogenized by annealing in 

evacuated quartz capsules at 1000·C for two days. The coupons were 

then cut from the homogenized alloys and a large face was ground flat 

and polished metallographically to 1/4 ~m diamond finish; the polished 

surfaces were examined under an optical microscope to identify any de­

fects. The two coup?ns which made up a couple were clamped together 

in a specially-constructed jig. The jig consisted of two pieces: a box 

with a cavity which had the same major dimensions as the coupons, and with 

a depth such that when the couple was placed inside, the outer surface 

of the couple protruded very slightly above the lip of the cavity. 
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TABLE 1 

Nominal Composition (w/o) System Type Description 

1 Fe - 10Cr Fe-Cr Binary y-single phase at 900°C 
(fcc structure) 

2 Fe - 15Cr II a-single phase at 900°C 
(bee .structure) 

3 Fe :- 20Cr II II 

4 Fe - 25Cr II II 

5 Fe - 40Cr II II 

6 pure Cr Pure Element II 

7 Fe - 21Al Fe-Al Binary II 

8 Fe - 27Al II II 

9 Fe - 40Al II two-phase alloy (a2+~): 
~ structure uncertain 
a2 is ordered bee 

10 Fe - 20Cr - 23Al Fe-Cr-Al Ternary a-single phase at 900°C 
(bee structure) 

11 Fe - 5Cr - lOA 1 II .. 

12 Fe - 3Cr - 32Al .. .. 
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The second component was a lid, which was then placed on top of the 

couple. Pressure was applied with a clamp, and the lid was welded to 

the box around its periphery using an argon-arc welder. This assembly 

was then placed in a quartz capsule which was evacuated and then 

filled with high-purity argon; tantalum chips to act as an oxygen 

getter were also included. 

The diffusion anneals were all at gOOOe, and the duration was 

between 46 hours ~nd 7 days. Following the diffusion anneal, the 

specimen assemblies were air-cooled for 15 minutes, and then water­

quenched. This procedure avoided the fracture of the assembly which 

might have resulted from a direct quench from the annealing tempera­

ture. The box was then sectioned along a plane parallel to the dif­

fusion direction using a 1/4 ~m diamond cut-off wheel: The cutting­

machine operates at such low speed that it took two days to section a 

box; this helped to prevent fracture. Also, the novelty of the present 

design of the box, lid and diffusion couple is that cut-off sections 

are ground flat directly without having to mount the specimen. Grind­

ing was by means of a 21.2 cm bronze wheel with silicon carbide grit 

paper from 240, 320, 400, to 600 grit, and water was used as the lu­

bricant. After grinding, each specimen was rinsed in alcohol; next 

each ground face was polished to 1/4 ~m diamond finish taking care 

that the faces remain flat during the polishing. The final 1/4 ~m 

polish was followed by a quick but thorough rinse in slightly soapy 

water and then in alcohol. The cleaned specimen was dried with hot 

air. 
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The polished surfaces were examined under an optical microscope to 

examine whether there was any gap hitherto undetected by the eye along 

the original interface between the 2 coupons constituting the couple: 

such gaps would lead to error in estimating the total length of the 

diffusion zone. Also, the polished surfaces were examined for defects, 

especially within the diffusion zone. A suitable etchant* was used in 

revealing the phases, especially within the diffusion zone, under the 

microscope. Micrographs of the sections were taken. Etched cross­

sections were later repolished, cleaned and dried. 

The diffusion couples were analyzed for Al and Cr profiles with 

an Electron Microprobe Analyser (EPMA) equipped with three wavelength 

dispersive spectrometers. Each couple was analyzed for Al and Cr by 

monitoring and measuring the intensities of A1K and CrK x-radiations. 
a a . 

The concentration profiles were determined by a pOint-to-point counting 

technique. The effective beam size was 3 ~m in most cases. The oper­

ating condition of the EPMA corresponded to acceleration voltage of 

lSKV and sample current of 0.002 ~m. A ZAF computer program was used 

to convert the measured intensities to weight and atomic percentages 

using pure elements as standards. 

*Ferricyanide solution (47) or mixed acids in glycerol (47). 
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EXPERIMENTAL RESULTS 

CONCENTRATION PROFILES AND DIFFUSION PATHS 

In Table 2 are shown the nominal compositions of the coupons that 

make up each couple. Also displayed in Table 2 is the corresponding 

annealing time for each couple at 900°C. For each couple in Table 2 

there is an A1 and Cr concentration versus distance profile: Thus, a 

total of 26 concentration versus distance profiles have been generated 

from the EPMA point-to-point measurements. 

In Figures 2 and 3 are shown the concentration versus distance 

profiles for couples A, B, C, •••• , H, J, K, L, M. Figures 2 and 3 are 

smoothed raw concentration versus distance data from the EPMA measure­

ment. The smoothening of a measured A1 concentration versus distance 

data: (CAL (i), x(i), i = 1,2, ••• ,m), basically consists in deter­

mining the piece-wise least square polynomial of degree 0 - 3 which 

best approxima~es the true profile. The degree of the least square 

polynomial as well as the interval over which the function is fitted 

at a time can be varied until the best fit is observed when both the 

raw data and the smoothed values are plotted out together. A subrou­

tine which smoothens raw data was available in the computer library 

(31) and was adapted for the present system. 

Figure 4 shows the diffusion paths of all the couples. These 

paths have been generated from the concentration versus distance 

profiles of all the couples. For a given couple, the Al and Cr con­

centrations measured at each point are treated as a point in Figure 4; 

the collection of such points for each couple constitute its diffusion 

path: Thus, diffusion paths are distance and time-independent. From 



18 

TABLE 2 

Nominal Composition (w/o) 

Couple Nominal Compositions Anneal Time 
of Matching Coupons 

1 A Fe - 20Cr/Fe - 40Al 6.2 days 

2 B Fe - 25Cr/Fe - 40Al .. 
3 C Fe - 40Cr/Fe ~ 27Al .. 

4 0 Fe -40Cr/Fe - 20Al .. 
5 E Fe - 25Cr/Fe - 27Al .. 
6 F Fe - 20Cr - 23Al/Fe - 27Al .. 
7 G Fe - 20Cr - 23Al/Fe - 20Al .. 

8 H Pure Cr/Fe - 5Cr - 10Al 34 hours 

.9 J Fe - 40Cr/Fe - 40Al 6.7 days 

10 K Fe - 15Cr/Fe - 40Al 6.7 days 

11 L Fe - 10Cr/Fe - 40Al 46 hours 

12 M Fe - 20Cr/Fe - 27Al 7 days 

13 Z Fe - 10Cr/Fe - 32Al - 3Cr 6.7 days 
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Figure 4 it can be seen that there are a number of intersections be­

tween these diffusion paths and these intersections are the locations 

where the diffusion coefficient matrices can be determined. Table 3 

lists the compositions of the intersection points. 

DETERMINATION OF DIFFUSION COEFFICIENT MATRICES 

Determination of the composition-dependent diffusion coefficient 

matrices from composition profiles involved the use of Fick's equations 

for the fernary situation. For the ternary system comprising of three 

elements e.g. Fe, Cr, Al (henceforth designated as 3, 1, 2 respec­

tively and where 3 is the majority element), the diffusion behaviors 

of 1 and 2 with compositions C1 and C2 respectively are described 

by: 

aC1 a -3 ac~ + .2. . -3 ac2) 
it= ax 011 ax ax D12 ax 

{14 } 
aC2 a 3 ac1) +2- 3 ac2) 
it= ax [521 ax ax [522 ax' 

whereby x = distance, t = time and Ci = ith concentration at x. 

Thus, the pertinent diffusion coefficients to be measured on solving 

equation (14) in the case of the Fe-Cr-Al system and generally of ternary 

~ystems constitute a 2x2 matrix and, more importantly, the matrix 

array is usually described more distinctly in terms of its diagonal 
",3 3 - 3 - 3 and off-diagonal elements i.e. u1l' 022 and 012 , 021 respectively. 

To measure the D-matrix associated with equation (14), the equa-

tions of Whittle (IS) et al (see equation 13) are used. The procedure 

involves using the intersection of two diffusion paths, thus allowing 
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TABLE 3 

Intersection 
Concentrations 

Couple Al(%) Cr(%) 

1 KIF 46.33 1.89 

2 L/F 46.17 2~51 

3 B/F 45.66 4.09 

4 . A/F 45.87 3.47 

5 HIA 15.96 19.07 

6 HIB 14.72 23.58 

7 HIE 14.95 22.75 

8 H/C 11.34 40.16 

9 H/J 11.43 39.56 

10 HID 11.88 36.72 

11 HIL 18.67 9.21 

12 H/K 17.56 13.50 

13 HIM 16.17 18.32 

14 HII 18.75 8.90 

15 G/E 39.25 1.33 

16 K/G 39.84 4.37 

17 L/G 39.80 3.14 

18 G/C 39.79 3.10 

19 BIG 39.538 8.217 

20 A/G 39.684 6.017 

21 MIG 39.204 1.271 

22 K/E 27.34 10.83 

23 LID 28.398 6.559 

24 M/K 24.119 11.957 

25 AlE 22.067 17.38 

26 B/C 29.59 17.19 

27 A/C 33.55 10.703 

28 AID 24.83 16.70 

29 BID 22.77 21.15 

30 lIE 34.53 3.63 

31 K/C 38.03 5.02 
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the definition of a set of simultaneous equations whose solution gives 

the diffusion coefficients. The important quantities are the gradients 

of the intersecting diffusion paths at their point of intersection and 

a Quantity 'i' here defined as 6(i,K) (in terms of experimental 

Quantities; also, any two couples are designated as [1] and [2] at an 

intersection). These are related to the diffusion coefficients by the 

equations: 

where 61[1] equals '1 evaluated using data from couple 1; and 

x 

(l-V;) J 
_ex> 

y, , 
V dx + Y, 

m ' 

thus at concentration (C1, C2), common to any two intersecting 

- (15) 

couples, -the four sets of equations are solved for the four coefficents 
-3 -3 -3 -3 011 , 022 , 021 , 012 • 

COMPUTATIONAL PROCEDURE 

From equat i on (15), it can be seen that the measurement of 0,' ,I s ,J 
involves ratios of differences of the integral functions 6m[n] and 

the gradient of the diffusion path dCi/dC j • The first step in 
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the measurement of the D-matrix at a point of intersection of any two 

couples is to determine the corresponding A1 and Cr compositions as 

. well as the corresponding x distances: This is done by first examin­

ing Figure 4 and singling out a given intersection; then the corre-

sponding A1 and Crconcentrations are read-off from the axes: This is 

a rough estimate. Then for each couple involved, two analysis points 

on either side of the roughly estimated A1 and Cr concentrations of an 

intersection point in Figure 4 are plotted out on a larger scale as 

shown in Figure 5a. A curve is then drawn through the points by eye 

using a flexible rule. This enlarged version of the neighborhood of 

an intersection, e.g. Figure.5a,is used to a) estimate the position of 

the intersection i.e. the corresponding A1 and Cr concentrations; b) 

the gradient of the diffusion path, dC./dC., at the intersection point. 
, J ' 

Having estimated the A1 and Cr concentrations at the intersection 

point, these ar~ used to read-off the corresponding x-distances from 

the concentration versus distance plots of each couple. The A1 and Cr 

concentrations used in plotting Figure 5a for each couple are used to 

generate the corresponding concentrations versus distance profiles 

shown in Figures 5b, 5c and 5d, 5e respectively. Also, from these 

figures, the A1 and Cr concentration gradients, (dCAL/dx and dCCR/dx) 

from each couple at the point of intersection can be estimated by hand. 

Thus, dCi/dC j , dCK/dx and x*{where x* = distance corresponding to the 

intersection point and is different for each couple or can be) are 

estimated graphically. Also, it was observed that if the diffusion 

path of each couple in Figure 5a is approximated by a cubic spline 
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Figure 5. a) Diffusion paths for D- and L-couple· 
b,c) Al and Cr concentration versus distance 

plots for D-couple. 
d,e) Al and Cr concentration versus distance 

plots for L-couple. 
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function, P. _ 1 2' then the intersection of the two spline func-· 
1 - , 

tions so generated, matches with the one obtained above by hand-calcu-

lations (graphical procedure). Generally, nearly all the graphically-

estim~ted parameters above matched to within two places of decimals 

with those obtained using the numerical analysis technique. In cases 

where there was a significant difference, the hand-calculated esti-

mates were preferred for reasons that will be made obvious later. So 

a glance at equation (13) shows all the parameters on the right-hand 

side of the two simultaneous equations are now known. 

For the purpose of practical. computation, consider the parameter 

6m[n] as a function of distance x according to equations (13), (15): 

Only the values of ~ [ ] (x) at the points of intersections of two m n . 
couples determine the diffusion coefficients, in addition and firstly, 

6Al [I]' 6Cr[I]' ~Al[2] and ~Cr[2] at each corresponding x were evalu­

ated and plotted out. Figures 6 - 10 show graphs of ~m[n] versus x 

for various intersecting couples. In estimating Omen]' the corre­

sponding integrand functions Ym[n]/Vm[n] and (1 - Ym[n])/Vm[n] were 

represented by piece-wise linear functions. Then the corresponding 

integral functions _~x 
~oo 

Ym[n]/Vm[n] dx and xl (1 - Ym[n])/Vm[n]dX 

were estimated at each x using the trapezoidal rule. This numerical 

analysis technique yielded results comparable to results obtained when 

the integrano functions were plotted out by hand and the corresponding 

areas were approximated by counting squares. The integrand functions 

were observed to be very sensitive to the degree of the piece-wise 

polynomial used in approximating them. Finally, the definition of 
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piece-wise linear approximating function allows for the estimation of the 

parameter, dx/(dYm[n]/Vm[n]) from the table of values: (Ym[n]/Vm[n]) 

versus x; referred to earlier. 

The parameter Omen] is proportional to a) the sum of the integral 
+00 

functions: (I-Vm[n] f ((I-Vm[n])/Vm[n])dX, 
-·00 x 

b) the inverse gradient functions: dX/(dVm[n]/Vm[n]).· Figures 6 - 10 

also show the graphs of the integral and the inverse gradient func­

tions for each x, component (Al, Cr), and couple. Itis hoped that 

displaying ~m[n] components this way would enable better detection of 

the probable source of scatter in ~m[n] computation •. Figures 6 - 10 

suggest Omen] versus x-graphs can generally be approximated by an in­

verted parabo19 such that 6m[n] = 0 at the ends of the couple; attain­

ing maximum at a point in between. The basic shape of the graphs of 

the sums of the integral functions versus x is similar to tha~ of Omen] 

(x) graphs. However, the graph of the inverse gradient function ver-

sus ~. appears to have basically a parabolic shape with a minimum lying 

somewhere in between the end of the diffusion couples; at the end of 

the couples, the gradients are shallow, consequently the inverse gra-

dient is large. In Figures 6 - 10 the solid lines are hand-drawn and 

are supposed to represent the best approximation to the experimentally 

determined data. The degree of scatter of experimental data is thus 

relative to the approximating function. Hand-smoothed ~m[n] values were 

used in calculating the diffusion coefficients according to equation 

(15). Table 4 lists the 6 [ ] values used in calculating G .. matrix m n. lJ 

at each intersection. 



Concentrations 
(Atomic Percent) 

Couple AL(a/o) CR(a/o) 

1 KIF 
2 L/F 

3 BIF 

4 A/F 

5 H/A 
6 H/B 

7 HIE 
8 HIe 

9 H/J 

10 HID 

11 H/L 
12 H/K 

13 HIM 

14 Hll 
15 GIE 
16 K/G 
17 LlG 
18 G/C 

19 BIG 

20 A/G 
21 MIG 
22 K/E 

46.33 

46.17 
45.66 
45.87 
15.96 
14.72 
14.95 
11.34 
11.43 
11.88 
18.67 
17 .56 
16.17 

18.75 
39.25 
39.84 
39.80 

39.79 
39.538 
39.684 
39.204 
27.34 

1.89 

2.51 
4.09 
3.47 

19.07 
23.58 
22.75 
40.16 
39.56 
36.72 
9.21 

13.50 

18.32 
8.90 

1.33 
4.37 
3.14 
3.10 
8.217 
6.017 
1.271 

10.83 

1 = CR 
2 .; AL 
3 ~ FE x 1010 cm2/sec 

3 
°11 

1.2 

1.52 
1.35 
1.48 

-0.14 
-0.09 
-0.12 
-0.01 
-0.006 
-0.03 
-0.11 
-0.095 
-0.19 

-0.11 
3.28 
1.75 
2.38 
2.35 
1.41 
1.75 
2.94 

1.04 

3 
°22 

0.06 

-0.10 
-0.26 
-0.19 
1.70 
1.12 
1.80 
0.33 
0.15 
0.35 
3.26 
1.93 
3.26 

3.73 
2.33 
1.83 
2.02 

2.34 
0.83 
0.69 
3.80 

2.81 

. 3 
°21 

0.82 

-0.70 
-0.63 
-0.71 
0.48 
0.30 
0.49 
0.05 
0.02 
0.06 
0.83 
0.54 
0.94 

0.96 
-0.24 
0.23 
0.30 
0.26 
0.40 
0.39 
0.60 

-1.29 

TABLE 4 

3 
°12 

0.20 
0.65 
0.57 
0.51 

-0.52 
-0.35 
-0.46 
-0.096 
-0.05 
-0.22 
-0.43 
-0.35 

-0.66 
-0.42 
0.65 
0.47 
0.96 
0.977 
0.56 
0.67 
0.31 

-0.28 

1st couple 

YCR 

0.17 

0.37 
0.008 
0.047 
0.0027 
0.0026 
0.0026 
0.0022 
0.0022 
0.0023 

YAL 

0.22 

0.29 
0.01 
0.061 

CM 

.058 

.0314 

.00006 

.00034 
0.0029 .0009 
0.0028 .001 
0.0027 .00102 
0.0034 .0012 
0.0034 .0012 
0.0035 .0011 

0.0021 0.003 .0008i 

0.00234 0.0029 .00092 
0.0024 0.0025 .0009 
0.0023 
3.87 
0.78 

0.0033 .0009 
2.06 .0214 
1.72 .05 

0.65 1.85 .028 
2.48 4.38 .0311 
0.47 0.60 .0048 
0.32 0.51 .0039 
1.96 3.60 
1.61 3.45 .037 

Yj x 1010 

2nd couple 

YCR YAL 

1.16 3.63 

1.32 2.09 
1.17 1.79 
1.34 2.34 
1.34 1.53 
1.15 1.04 
0.79 1.56 
0.24 0.32 
0.18 0.15 

10.04 0.35 
2.18 3.11 
3.58 1.88 

0.669 2.54 
1.12 3.40 
1.39 2.42 
1.78 5.73 
2.50 4.35 
1.10 2.14 
1.37 4.03 
1.70 4.76 
3.10 4.80 

1.24 4.68 

CM 

.0165 

.0187 

.023 

.0217 

.025 

.024 

.023 

.011 

.011 

.018 

.0129 

.026 

.025 

.026 

.054 

.035 

.031 

.031 

.044 

.039 

.036 

aCAL/aCCR 

1st 
Couple 

-5.20 
-1.77 
-2.37 
-2.82 
-0.28 
-0.27 
-0.27 
-0.15 
-0.15 
-0.16 
-0.26 
-0.28 
-0.29 

-0.26 
0.91 

-2.06 
-1.81 
0.13 

-1.69 
-2.13 

-3.19 
-2.03 

2nd 
Couple 

-0.23 

-0.32 
-0.31 
-0.28 
-2.87 
-3.53 
-1.99 
-2.66 
-3.45 

-44.98 

-5.29 
-10.54 

-1.30 
-2.94 
-2.89 
·0.06 

0.13 

.,.1.29 

-0.08 
-0.07 
0.60 

-0.69 

-' 

w 
.j:::o. 



TABLE 4 (contd.) 

1 l! CR Y1 x 1010 aCAL/aCCR 
Concentrations 2 ~ AL 

(Atomic Pertent) 3 a FE x 1010 cm2/sec 1st couple 2nd couple 

3 3 3 3 1st 2nd 
Couple AL(a/o) CR(a/o) °11 °22 °21 °12 YCR YAL CM YCR YAL CM Couple Couple 

23 LID 28.398 6.559 1.38 5.50 0.64 -0.26 1.93 5.19 .021 1.50 4.14 .032 -2.11 -0.48 
24 M/K 24.119 11.957 0.60 2.92 -1.13 -0.52 0.95 4.60 .035 2.64 3.21 .032 -0.68 -3.90 
25 AlE 22.067 17.38 0.41 1.74 -1.07 -0.56 2.11 2.08 .0202 0.88 2.99 .0288 -3.07 -0.85 
26 B/C 29.59 17 .19 0.16 1.38 -0.01 -0.51 0.92 1.39 .0128 0.42 1.40 .0199 -1.48 -0.50 
27 A/C 33.55 10.703 0.56 0.83 -0.35 -0.03 0.60 1.07 .0081 0.58 1.26 .0229 -1.47 -0.82 
28 AID 24.83 16.49 0.06 2.82 0.65 -0.78 1.94 2.55 .01811 0.36 1.15 .026 -2.42 -0.39 
29 BID 22.77 21.15 0.19 1.41 -0.02 -0.43 1.17 1.42 .0183 0.37 1.45 .023 -2.27 -0.41 w 

U1 
30 Z/E 34.53 3.63 1.27 4.56 2.03 -0.31 138.77 4.55 .0765 1.75 3.27 .0464 -447.00 -1.57 

31 K/C 38.03 5.02 0.39 1.31 -0.40 -0.21 -2.88 -0.49 
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MEASURED COEFFICIENTS: Sensitivity analysis was performed on each 

calculated diffusion coefficient by varying 6m[n] by =20% to obtain 

two separate coefficients whose arithmetic mean is the quoted diffu­

sion coefficient for that point. Table 4 lists the calculated D~j 

at points corresponding to the intersection points of the diffusion 

paths. In Figures 11- 14 are shown the corresponding ternary maps for 
-3 -3 -3 -3 011' 022 , 021 , 012 respectively. 
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Figure 11. The direct diffusion coefficient for Cr (011). 



'

112 
18 
.17 .141 

326- ' ,:~ 
•• 282.' J9 

292. 
.2 81 .0 83 0 83 

326. • 

38 

Cr 

55. 13~.069_026 
456. II 83 .~O 19 

\ I ... ' 2 33"-' 2 02 ~ - 0 1 '. I 

Fe~--~1~O--~2~O~--~30~~~40~--~50~--~6LO--~7~O----8~O----9~O~--~AI 

AI (ala) 
XBL 839-3163 

Figure 12. The direct diffusion coefficient for Al (D~2)· 



Fe 10 

,030 
049 

,0 48 .-002 

o 94 - 1.07. .0 65 ._ 0 13 

39 

Cr 

0.54. -1.13. -1.29 -035 

• • 

20 

o ~94. 
0.64. -04. -063 

. •• 0 23 ,~ 2.03. 0.3. _07,--0.71 
-024 -0.82 

30 40 50 

AI (ala) 

60 70 80 

Figure 13. The off-diagonal diffusion coefficient for Al. 

90 AI 

X8L 839-3191 



_005.- 0096 

.-022 

_046.- 035 

, _ 0 52 • - 0 43 . 

-066 •• • -062 
-0.56 ,..078 

-035. 
_ 0 52. .-0 28 • - 0 03 

-043. .056 

40 

Cr 

-026. -02~"067 0.57 
031. • 0 47 ~O 51 

-065· 096 ~065 
FeL----1~O----2~O----~3LO~~4LO~~5LO----6~O----7~O----~80~--~9LO--~AI 

AI (ala) 
XBL 839-3180 

Figure 14. The off-diagonal diffusion coefficient for Cr. 



41 

DISCUSSION 

In this section, the reliabilities of the computed D .. IS are 
1J 

presented as analytical forms of quantitative and qualitative dis-

cussions on the consistencies of the computed coefficient matrices 

with existing relations of Kirkaldy (equations 9 and 9a) and Onsager 

(equation 8). The estimated ternary thermodynamic factors (see 

Appendices 1. and 2) are exploited to quantify a relation between D .. 
1J 

and the phase equilibrium diagram, thus confirming their common ther-

modynamic ancestry. The above is achieved in part by comparing the 

qualitative as well as the quantitative behaviors of the "ratio" 

function, [D .. /D .. J versus C
1
., when estimated thermodynamically using 

1J 11 

Kirkaldyls equation (32) and when computed experimentally: Qualita-

tive as well as quantitative agreements are judged to be ~xcellent 

within limits of experimental scatter. Consequently, thermodynamic 

arguments can be presented to account for corresponding Dij peculiar­

ities. Using the above approach, a sub-region: Fe(80-100), Al(O-30), 

Cr(O-25), in the Fe-Cr-Al phase equilibrium diagram at 900°C is char-

acterized in terms of the measured ternary interdiffusion coefficients 

which are observed to vary systematically within the subregibri (see 

Table 4). This means Dij elements are not continuous and may even 

not be single-valued functions of either Cr or Al throughout the 

entire sub-region. The above is supported by thermodynamic esti­

mations. A phenomenological (descriptive) approach to diffusion in 

ternary Fe-Cr-Al system is maintained in the main, using estimated 



42 

thermodynamic factors as support and avoiding an atomistics-based me­

chanistic approach to multicomponent diffusion; even when existing 

theories which were formulated on the basis of some atomic models are 

observed to predict the observed behaviors of measured Dij matrices, 

no attempts are made to draw any conclusion on the probable atomistic 

processes from the perceived peculiarities in the phenomenological data 

interrelationships. 

CONSISTENCY TEST BASED ON KIRKALDY'S RELATIONS: 

The Kirkaldy's relations for measured Dij matrix as given by equa­

tion (9) involve only Dij's unlike the ORR (equation 8) which invol~es 

measured or estimated thermodynamic factorsin addition. - In Table 5 the 

Kirkaldy's relations are listed for, each computed Dij 'matrix. Table 5 

'shows that all the computed D;j matrices satisfy Kirkaldy's conditions 

which result from both the second law of thermodynamics and criteria 

for. stability of solutions. From the point of view of the results of 

Table 5, the present computed Dij'S appear reliable. Tables 4 and 5 
nFE nFE nFE nFE show DCRCR and DALAL are both negative at low Al; DALAL and DALCR are 

both negative along the phase boundary between the aoFe and the aoFe + 

62 phases; in Figure 15, the diffusion paths of all the couples are 

superimposed on the corresponding ternary phase equilibrium diagram at 

900°C. Figure 15 shows locations where Dij matrices have been com­

puted in relation to phase boundaries. Negative direct coefficients 

have been measured experimentally (12) before. The feasibilities of 

measuring a Dij matrix with Dii negative have received much attention 

of late (11,12,13) but the physical interpretation given to the dif-

fusion process is lacking. In Kirkaldy's second set of relations or 

, . 



TABLE 5 

1 :: CR 
Concentrations 2 :: AL . 

(Atomic Percent) 3 :: FE x 1010 cm2/sec 

Couple AL(a/o) CR(a/o) 3 011 
3 022 

3 021 
3 012 

3 3 
011 + °22 

3 3 3 3 
011 022 - 012 021 

332 3333 
(011 + 022) - 4(011 022 - 012 021) 

1 KIF 46.33 1.89 1.20 0.06 -0.82 0.20 0.13 x 10-9 0.24 x 10-20 0.65 x 10-20 

2 L/F 46.17 2.51 1.52 -0.10 -0.70 0.65 0.14 x 10-9 0.30 x 10-20 0.82 x 10-20 

3 BIF 45.66 4.09 1.35 -0.26 -0.63 0.57 0.11 x 10-9 0.11 x 10-21 0.12 x 10-19 

4 AIF 45.87 3.47 1.48 -0.19 -0.71 0.51 0.13 x 10-9 0.79 x 10-21 0.14 x 10-19 

5 H/A 15.96 19.07 -0.14 1.70 0.48 -0.52 0.16 x 10-9 0.41 x 10-22 0.24 x 10-19 

6 HIB 14.72 23.58 -0.09 1.12 0.30 -0.35 0.10 x 10-9 0.27 x 10-22 0.11 x 10-19 

7 HIE 14.95 22.75 -0.12 1.80 0.49 -0.46 0.17 x 10-9 0.43 x 10-22 0.28 x 10-19 

8 H/C 11.34 40.16 -0.01 0.33 0.05 -0.096 0.32 x 10-10 0.68 x 10-23 0.10 x 10-20 

9 H/J 11.43 39.56 -0.006 0.15 0.02 -0.05 0.15 x 10-10 0.31 x 10-23 0.21 x 10-21 
.j::::. 

0.32 x 10-10 0.67 x 10-23 0.98 x 10-21 w 
10 HID 11.88 36.72 -0.03 0.35 0.06 -0.22 

11 H/l 18.67 9.21 -0.11 3.26 0.83 -0.43 0.32 x 10-9 0.64 x 10-22 ·0.99 x 10-19 

12 H/K 17.56 13.50 -0.095 1.93 0.54 -0.35 0.18 x 10-9 0.42 x 10-22 0.33 x 10-19 

13 HIM 16.17 18.32 -0.19 3.26 0.94 -0.66 0.31 ~ 10-9 0.74 x 10-22 0.94 x 10-19 

14 H/Z 18.75 8.90 -0.11 3.73 0.96 -0.42 0.36 x 10-9 0.82 x 10-22 0.13 x 10-:18 

15 G/E 39.25 1.33 3.28 2.33 -0.24 0.65 0.56 x 10-9 0.78 x 10-19 0.25 x 10-20 

16 K/(; 39.84 4.37 1.75 1.83 0.23 0.47 0.36 x 10-9 0.31 x 10-19 0.44 x 10-20 

17 L/G 39.80 3.14 2.38 2.02 0.30 0.96 0.44 x 10-9 0.45 x 10-19 0.13 x 10-19 

18 G/C 39.79 3.10 2.35 2.34 0.26 0.977 0.47 x 10-9 0.53 x 10-19 0.10 x 10-19 

19 BIG 39.538 8.217 1.41 0.83 0.40 0.56 0.25 x 10-9 0.95 x 10-20 0.12 x 10-19 

20 A/G 39.684 6.017 1.75 0.69 0.39 0.67 0.24 x 10-9 0.95 x 10-20 0.22 x 10-19 

21 MIG 39.204 1.271 2.94 3.80 0.60 0.31 0.67 x 10-9 0.11 x 10-18 0.15 x 10-19 

22 K/E 27.34 10.83 1.04 2.81 -1.29 -0.28 0.39 x 10-9 0.26 ~ 10-19 0.45 x 10-19 

23 LID 28.398 6.559 1.38 5.50 0.64 -0.26 0.69 x 10-9 0.78 x 10-19 0.16 x 10--18 

24 M/K 24.119 11.957 0.60 2.92 -1.13 -0.52 0.35 x 10-9 0.12 x 10-19 0.78 x 10-19 

25 AlE 22.067 17.38 0.41 1.74 -1.07 -0.56 0.21 x 10-9 0.11 x 10-20 0.41 x 10-19 



Concentrations 
(Atomic Percent) 

Couple AL(a/o) CR(a/o) 

26 BIC 29.59 17.19 

27 AIC 33.55 10.703 

28 AID 24.83 16.49 

29 BID 22.77 21.15 
30 liE 34.53 3.63 

31 K/C 38.03 5.02 

1 :: CR 
2 :: AL 
3 :: FE x 1010 ('nil/sec 

3 °u 3 

°22 
3 

02l 

0.16 1.38 -0.01 
0.56 0.38 -0.35 
0.06 2.82 0.65 

0.19 1.41 -0.02 
1.27 4.56 2.03 
0.39 1.31 -0.40 

TABLE 5 (contd.), 

3 
°12 

3 J 
°ll + °22 

-0.51 0.15 x 10-9 

-0.03 0.14 x 10-9 

-0.78 0.29 x 10-9 

-0.43 0.16 x 10-9 

-0.31 0.58 x 10-9 

-0.21 0.17 x 10-9 

3 3 3 3 
011 °22 - 012 021 

0.22 x 10-20 

0.45 x 10-20 

0.67 x 10-20 

0.27 x 10-20 

0.64 x 10-19 

0.43 x 10-20 

3323333 
(0Il + 022J - 4(011 022 - 012 021) 

0.15 x 10-19 

0.12 x 10-20 

0.56 x 10-19 

0.15 x 10-19 

0.83 x 10-19 

0.18 x 10-19 

+::0 
+::0 
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restrictions (equation 9a) on measured D matrix, negative direct co­

efficients are forbidden, but it must be remembered that it is the 

elementary nearest-neighbor statistical calculations of the four dif­

fusion parameters for dilute solutions which yielded the results that 

D11 and 022 are each positive and that 012 and 021 have the same sign 

(11). For instance, the ternary Fe-Cr-Al system consists of Fe-Al, 

Fe-Cr, Cr-Al binaries. In Figures 16a - 16c are shown the phase equi­

librium diagrams of Fe-Al, Cr-Al and Fe-Cr binary systems. Comparison 

of Figures 16a, b, c with Fe-Cr-Al 900·C isothermal section in Figure 

1 shows that the aoFe phase fields of the binary Fe-Al system are similar 

to those of the ternary Fe-Cr-Al system (especially within and around 

the region the Dij matrices have been determined). 

Consider the ternary region defined in Figure 1 by: Fe (80-100), 

Al (0-30), Cr (0-25) which for reasons which will be obvious later, we 

shall hence forth designate as "The Pseudo-binary Region". The dis­

tributions of the ordered Fe-rich phase (e1) with compositions in 

the binary Fe-Al alloy and in the ternary Fe-Cr-Al alloys are shown in 

Figures 17a and 17b respectively; agreement between them was first 

observed by R;vlin and Raynor (33) for the composition ranges of aoFe, 

e1 and e2• Furthermore, Bulycheva et al (34) have also shown that 

polytherms taken parallel to the Al-Fe edge (up to 25 ala Cr) are 

analogous to the binary Al-Fe system. 

In the Fe-Al system, the effect of interactions between the 3rd 

neighboring or further atoms in addition to the 1st and 2nd neighbor­

ing ones has been used to propose a phase equilibrium diagram which 

agrees well with previous experimental results (35). Also in Fe-Al 
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Phase relations for Fe-rich Fe-A! alloys, 
according to Ref. ~2 
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system, the activity function at 900
G
C shows negative deviation from 

ide~ity (36). Thus, the kinetic assumptions contained in Kirkaldy's 

second set of relations may not be applicable to the present system. 

Measured Dij matrices in Co-Cr-Al system (17) at 1100GC did not com­

ply with Kirkaldy's second set of relations which ;s based on linear 

kinetic model and some thermodynamic conditions. 

TEST OF THE ONSAGER RELATIONS 

Ternary thermodynamic data were estimated from corresponding pub­

lished experimental binary data because there are no published ternary 

activity measurements or estimations in the Fe-Al-Cr system. The 

methods used in estimating the pertinent thermodynamic factors are 

outlined in Appendix 1. 

In Table 6 the Onsager Relations are tested according to equation 

(8). Table 6 shows that the agreement between the two sides of equation (8) 

is reasonable for points corresponding to Al concentration of 28% or 

higher: these points are marked with asterisks to aid identification 

and they correspond to the mid-region of the a6Fe phase field {see 

Figure 15 for instance), extending in the direction of increasing Al, 

up to and including the a6Fe/(a6Fe + 62) boundary line. Along the 

boundary, the two sides of equation (8) are approximately equal in mag­

nitude but the signs are different. (See rows 1 - 4 in Table 6.) At 

low Al concentration (11 - 19 a/o) and corresponding to rows 5 - 14 in 

Table 6, the Onsager Relations are not obeyed and the computed sides 

of equation (8) do not agree in both magnitude and sign with the except­

ions of rows 9 and 10. Points corresponding to rows 5 - 14 in Table 6 

are relatively near the Fe-Cr binary line of the isothermal section of 
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TABLE 6 

ONSAGER'S TEST: cOlI + d021 = b022 + a012 

AL ale CR ale L • H • S R • H • S 

1 .4633 .0189 - 8.2594 11.8489 * 
2 .4617 .0251 - 6.5561 25.1839 

3 .4566 .0409 - 5.3705 10.6960 * 
4 .4587 .0347 - 6.1878 12.3677 * 
5 .1596 .1907- 7.4214 - .2775 

6 .1472 .2358 5.0037 - .1580 

7 .1495 .2275 8.1205 - .2194 

8 .1134 .4016 1.2045 .4860 * 
9 .1143 .3956 .4566 .2045 * 

10 .1188 .3672 1.1935 - ·.1220 

11 .1867 .0921 11.1725 - .0245 

12 .1756 .1350 7.7333 - .0230 

13 .1617 .1832 14.5428 .4422 

14 .1875 .0890 12.8951 .4404 

15 .3925 .0133 14.7505 78.7706 

16 .3984 .0437 22.9653 20.6122 * 
17 .3980 .0314 29.7668 41.6966 * 
18 .3979 .0310 28.1568 44.6654 * 
19 .3954 .0822 25.2703 9.7576 

20 .3968 .0602 27.9892 13.0735 * 
21 .3920 .0127 35.4429 59.3292 * 
22 .2734 .1083 -15.042 4.2949 

23 .2840 .0656 12.6336 10.3620 * 
24 .2412 .1196 -13.437 2.1367 

25 .2207 .1738 -14.427 .7574 

26 .2959 .1719 - 1.5625 2.1098 * 
27 .3355 .1070 - 3.6708 2.7583 * 
28 .2483 .1649 9.1860 2.4240 

29 .2277 .2115 .2168 1.0346 

30 .3453 .0363 28.8138 11.6782 

31 .3803 .0502 - 6.4700 3.8235 * 
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the Fe-Cr-Al phase diagram at 900°C (see Figures 1, 15). However, in 

the mid-region of a6Fe phase fields, the measured D .. frequently 
lJ 

obeys Onsager's Relations and the computed sides of equation (8) agree 

(within limits of experimental errors) in both magnitude and signs 

with few exceptions (see rows 15 - 31 in Table 6). 

Further analysis of Table 6 with the aid of Figure 15 reveals that 

along the a6Fe/(a6Fe + 62) boundary, the definition of the points at 

which the Dij matrices have been computed involve the intersections 

of the diffusion paths of other couples (K, L, B, A) with those of 

F-couple. Similar analysis also shows that the D .. matrices in rows 
lJ . 

5 - 14 of Table 6 are associated with intersections whose definition 

involves the H-couple. Also, rows 15 - 21 involve the G-couple. 

Consequently, although the design of the diffusion couples generate 

intersection points whose locations provide for easy comparison with 

the corresponding phase equilibruim diagram, there is the risk that a 

'major' couple like H could be defective and thus affect more than one 

computed Dij matrices. The Onsager's Relations as given by equation 

(8) not only involve the measured Dij matrices, in addition, they 

contain thermodynamic activity functions so that errors in activity 

estimations would be important. However, in Appendix 2 it can be 

shown (9) that b = c: This in turn provides a means of checking the 

consistency of the thermodynamic assumptions and calculations. Table 7 

lists the results of the consistency test: b = c, against the corre-

sponding Al and Cr concentrations of each intersection. In Table 7, 

rows 15 - 31 correspond to the mid-section of the a6Fe phase field in 
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TABLE 7 

Intersection Concentrations 

AL CR b c 

1 .4633 .0189 7.6786 .1417 

2 .4617 .0251 7.4542 - .1310 

3 .4566 .0409 7.0110 - .3650 

4 .4587 .0347 7.1760 - .4179 

5 .1596 .1907 .7009 2.3400 

6 .• 1472 .2358 - .1562 2.2499 

7 .1495 .2275 - .0197 2.2755 

8 .1134 .4016 2.7517 9.7968 

9 .1143 .3956 2.9661 8.5117 

10 .1188 .3672 3.6925 8.0553 

11 .1867 .0921 1.0375 2.0993 

12 .1756 .1350 .5713 2.2845 

13 .1617 .1832 .7957 2.3411 
\ 

14 .1875 .0890 1.0575 2.0792 

15 .3925 .0133 6.9040 6.5483 

16 .3984 .0437 6.0632 8.8984 

17 .3980 .0314 6.1727 8.5122 

18 .3979 .0310 6.1767 8.4818 

19 .3954 .0822 5.8546 9.0017 

20 .3968 .0602 5.9394 8.9282 

21 .3920 .0127 7.0371 6.3991 

22 .2734 .1083 2.0512 2.7625 

23 .2840 .0656 2.4459 2.6491 

24 .2412 .1196 1.4555 2.4496 

25 .2207 .1738 1.3654 2.6245 

26 .2959 .1719 2.3441 4.2622 

27 .3355 .1070 3.5152 4.0470 

28 .2483 .1649 1.5846 2.6602 

29 .2277 .2115 .7987 2.7215 

30 .3453 .0363 4.2894 2.1530 

31 .3803 .0502 5.6546 5.1433 
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Figure 15 while rows 1 - 4 and rows 5 - 14 correspond to intersec-

tions where negative direct coefficients have been measured. It must 

be emphasized at this juncture ~hat the results in Table 7 are from 

purely thermodynamic calculations and, thus, do not involve the meas-

ured Dij matrices; however, they are subject to some thermodynamic 

assumptions (see Appendix 1). 
a 1 n ai In Table 8 are shown the estimated thermodynamic factors, a C. ' 

1 a 1 n ai a C. at each intersection where the corresponding Dij matrix has 
J • a~i _ a ln ai Note. ~ - RT a C. and for solid solutions 

1 1 

where f = Helmholtz free energy. More importantly, if 

been measured. 

"i =(1fi) 
T,P,C j 

'various intersections at which Dij matrices have been measured are 
a In a. 

characterized in terms of the- associated· a C. 1 thermodynamic factors,· 
J 

then a relation between a major thermodynamic variable and 
a 1 n aCr may have been quantified. Table 8 shows > 0 and 
a CCr 

D .. matrices 
lJ 
a 1 n aA 1 
a CAl > O. 

a 1 n aA 1 
Also is always positive except at intersections involving the 

a CCR 

a 1 n aA 1 
H-couple (rows 5 - 14): More importantly, at these intersections ~~C~--­

a Cr 
a 1 n aCr and a CAl have the same sign provided CCR S 25 ala. This appears to 

suggest that the apparent thermodynamic peculiarities associated with 

intersection points involving the H-couple may be fortuitous; thus, the 

region where the H-couple is involved i~ the definition of the inter-

sections may be peculiar thermodynamically. However, Prigogine and 

Defay (37) have stated that for systems in states which are 'stable· 



54 

TABLE 8 

AL ala CR ala 
a 1 n aCR a 1 n aAL a 1 n aAL a 1 n aCT 

a CCR a CAL a CCR a CAL 

1 .4633 .0189 52.9749 4.6437 2.1982 -3.9372 
2 .4617 .0251 36.0866 4.1240 2.1971 -3.7188 
3 .4566 .0409 18.4469 . 3.5707 2.1528 -3.3842 
4 .4587 .0347 23.3017 3.6000 2.1712 -3.4895 
5 .1596 .1907 2.2054 12.1665 - .1551 - .5384 
6 .1472 .2358 .2183 13 .2786 - .1299 - .6996 
7 .1495 .2275 .3158 . 13.0658 - .1359 - .6656 
8 .1134 .4016 2.3897 16.8552 - .0215 . 3.1429 

9 .1143 .3956 2.6436 16.7465 - .0242 3.0427 
10 .1188 .3672 3.7290 16.2157 - .0382 2.4583 
11 .1867 .0921 7.0509 10.1410 - .1670 - .5047 
12 .1756 .1350 2.7098 10.9351 - .1284 - .4568 
13 .1617 .1832 2.5694 11.9903· - .1588 - .5204 
14 .1875 .0890 7.4555 10.0867 - .1694 - .5146 
15 .3925 .0133 92.9351 14.5909 2.0648 -3.1800 
16 .3984 .0437 17.3601 16.1906 2.0728 -2.6477 
17 .3980 .0314 27.4585 16.1136 2.0452 ·-2.7623 
18 .3979 .0310 27.9327 16.0912 2.0447 -2.7659 
19 .3954 .0822 6.0911 15.5108 2.1851 -2.5300 
20 .3968 .0602 10.6274 15.8383 2.1140 -2.5546 
21 .3920 .0127 101.530 14.4448 2.0729 -3.2054 
22 .2734 .1083 4.2146 8.7145 .6254 - .9812 
23 .2840 .0656 10.5439 8.7943 .5900 -1.1385 
24 .2412 .1196 3.2902 8.7522 .3861 - .7632 
25 .2207 .1738 2.1419 9.7894 .3318 - .7766 
26 .2959 .1719 1.2550 10.5741 .9963 -1.2922 
27 .3355 .1070 3.7502 9.3993 1.3564 -1.4272 
28 .2483 .1649 1.8603 8.9377 .5332 - .9215 
29 .2277 .2ll5 .0023 9.8924 .5078 - .9855 
30 .3453 .0363 23.2803 7.2855 1.3277 -1.8719 
31 .3803 .0502 14.4192 11.0727 1.9963 -2.1787 
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with respect to diffusion' i.e. they show no tendency towards spon­

taneous concentration discontinuities such as in the precipitation 

of new phases: 

• Using ~i = ~i + RT ln ai' Table 8 shows the following equivalent rela-

tion holds in Fe-Cr-Al system: 

a ln aCr a ln aAl a ln aCr 
a C Cr !.. a CAl ~ a CAl • 

Apparently, the effect which one component has on the Gibb's Free 

Energy of another is reflected directly in the sign and magnitude of 

the respective cross diffusion coefficient. Comparing the signs of 

the respective cross diffusion coefficients in Table 4 with those of 
a 1 n a· 
a C. 1 in Table 8 shows there are discrepancies which are probabaly 

J 
due to errors; but the two tables provide a good means of checking 

signs of cross coefficients. 

ELEMENTS OF 0ij MATRICES VERSUS COMPOSITIONS 

Table 4 shows that the elements of D .. matrices are strong functions 
lJ 

of compositions. In Figures 18-19 the composition dependencies among 

the various elements of 0ij matrices a~e displayed as plots of: 
Fe -Fe. "Fe DAlAl versus Al (Figure 18a), DAlAl versus Cr (Flgure 18b), uCrCr 

versus Cr (Figure 19a), D~~cr versus Al (Figure 19b). Also, the ratios 

-3 -3 -3-3 012 /011 and 021 /022 are plotted against Cr and Al concentrations 

as shown in Figures 20a and 20b respectively. Figures 18 - 20 were 

inspired by the Wagner's dilute solution model-based theories of 

Bolze, Coates and Kirkaldy (38) on the variation of 0ij matrix 
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with compositions. According to the dilute solution model, the di­

rect coefficients should be approximately composition-independent 

while the cross-coefficients should be linear in concentrations. The 

compositions at which the Dij matrices have been computed are not 

dilute. For instance, Figure 19a shows that DCRCR varies logarith­

mically with Cr compositions while in Figure 18a, the DALAL versus 

Al graph appears rather noisy relative to a fitted linear least 

square function. However, the relationship becomes clearer if the 

results are replotted in semi-logarithmic form. Figure 21a presents 

the data shown in Figure 18a, while Figure 21b shows the measured Al 

interdiffusion coefficients versus Al composition in the binary Fe-Al 

system. Comparison of Figures 21a and 21b suggests that the qualita­

tive behaviors of U~~AL (Fe-Cr-Al) and UAL(Fe-Al) are the same within 

liThe Pseudo-binary Region." Figure 22a presents the data shown in 

Figure 19a thus confirming the logarithmic dependen~e of U~RCR on Cr 

composition. As mentioned in the section dealing with "Previously 

Related Investigations," about the only related diffusion work in the 

Fe-Cr-Al system involves the use of binary-diffusion equations in a 

ternary situation at 1100°C. In this case, a chromium interdiffusion 

coefficient OCR is computed from measured chromium concentration 

profile from Cr-Al-Fe diffusion coatings having 0, 1.5, 4, and 7 w/o 

surface Al compositions. The computed OCR versus Cr at 1100°C was 

observed to be linear on a semi-logarithmic plot. 

In Figures 20a and 20b, oi2/ 0i1 versus C1 and 5~1/5~2 
"versus C2 graphs can be analysed by first considering Figure 20a: 

Between 0 - 22 a/o Cr, "oi2/0i1 is no longer a single function of Cr 
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composition. 

close study of Figure 20a with the aid of Table 10 and Figure 15 re-

veals that at low Cr compositions, 0 - 8.3 a/o Cr, the positive con­

tributions in the of2/0fl versus Cr plots are associated with the F 

and G couples and represent contributions at high Al concentrations. 

Table 6 shows that the Dij matrix elements computed at intersections 

associated with either the F or the G couples approximately satisfied 

Onsager's relations to within reasonable limits of experimental scat­

ter. Table 10 also shows that the negative contributions in Of2/0fl 

versus Cr plot in the range 0 - 8.3 a/o Cr come mainly from D .. ma-
lJ 

trices that were computed at intersections numbered 22 - 31 under col-

umn 1, and Figure 15 shows these intersections are associated with the 

mid-region of aoFe phase field. Table 6 shows that Onsager's relations 

are moderately well obeyed by Dij matrices computed at intersections ly~ 

ing in the central portion of aoFe phase field. In fact, all the nega­

tive portions of the DI2/Dfl versus Cr plot are from number 22 - 31 in­

tersecting couples according to Table 10 and cover a Cr composition 

range of 0 - 21.2 a/o Cr. However, Dij matrices computed at intersec­

tions involving the H-couple are responsible for the positive portion of 

the 012/011 versus Cr graph which lies between 8.0 - 40 a/o Cr. Dij 

matrices computed at intersections involving the H-couple are not com-

monly in compliance with the Onsager's relatio~s, however, their cor­

responding (Or2/0Il) ratios are insensitive to Cr composition vari-

ations in the range 8.9 - 24 a/o Cr such that: 

Table 10). In conclusion, Figure 20a suggests 
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Cr function may not be single-valued within the pseudo-binary region 

of the a6Fe phase field • 

According to Kirkaldy 

thermodynamic ra-given Pl = P; + RT 1n ai • 
. (a 1n al /aC2) 

tlO, (a 1n a
1
/ac

1
) is compared with the corresponding experimentally 

measured ratio, (Oi2/0i1) at each inter~ection point where Dij has been 
3 012 (a ln al /aC2) 

:r- = 
011 (a ln a1/aCl ) 

computed. Quantitative agreements in the forms of 

between thermodynamic predictions (estimations) and experimental meas­

urements are excellent at very dilute Cr compositions of <2.0 a/o, for 

any A1 composition within thea6Fe phase field. Differences between 

03 

the signs of the estimated thermodynamic ratio and ~2 obtained from 

°11 
experimental measurements may be due to: a) errors in computations, 

b) peculiar kinetic effects during actual diffusion which cannot 

be determined apriori, c) experimental errors. In Figure 23a, the 

qualitative behavior of the estimated thermodynamic ratio is displayed 

. (a ln al /aC2) 
in the form of graph of (a ln al/aCl) versus Cl. Consequently, 

Figures 20a and 23a can be compared but it must be realized that in 

the thermodynamic estimations, the kinetic effects were not considered 

so that in Figure 23a, the thermodynamic effects are implied dominant 

while in Figure 20a, we are probably observing a combination of ef­

fects due in part to thermodynamic constraints and in part to 

either the kinetic restraints or systematic experimental errors or a 
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combination of both. The idea to analyse Figure 20a on the basis of 

the qualitative behavior of Figure 23a, i.e. to use thermodynamic con­

siderations as the basis for interpreting Figure 20a is tempting, 

but the author suggests caution at the present level of this research. 
. (a 1n a2/aC1) 

Figure 23b shows the graph of (3 1n a laC) versus C2- Consider 
2 2 

the relation between the ratio of the Off-diagonal to diagonal coeffi-

cients and the thermodynamic factor: 

3 O. . (a 1 n a·1 aC .) 
'J , J 

-3- = 
D .. (a 1n a./aC,.) 11 , 

(16) 

The 1eft- and right-hand side of equation (16) can be obtained inde­

pendently: The left-hand side can be measured via a diffu~ion experi­

ment and the right-hand side can be estimated either thermodynamically 

or obtained by any standard method of measuring activities with con­

centration or by combination of both as in the use of experimentally 

determined binary data in the estimation of corresponding ternary 

thermodynamic functions e.g. activity_ In any case, the question of 

analysing for the 1eft- and right-hand side of equation (16) is trans­

formed into the problem of comparing Figures 20b and 23b qualitatively 

and quantitatively. In Figure 20b, points lying along the sing1e­

phase/two-phase boundary are excluded because of their relative magni­

tudes (see Table 10). In Figure 23b, the points lying near 46 alo Al 

composition mark, coincide with the two-phase boundary. Thus, compar-

ison of Figure 20b with 23b will be meaningful up to the 40 alo Al 

composition mark. 
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In Figure 20b, the faint solid continuous line has been traced by 

hand. Figure 24a shows Figure 20b after 180· rotation about the x-axis 

(i.e. Figure 24a = Figure 20b turned upside down). The qualitative· 

relationship between the left- and right-hand side of equation (16) 

can be realized by comparing Figure 23b with Figure 24a. It is worth 

pointing out that in Figure 24a, the Al composition range, (22 - 28), 

is associated with apparent scatter which, judging from Figure 23b, 

may be just scatter about a constant number or about a slowly vary-

ing average value. In any case, the overall qualitative agreement is 

significant. Table 10 shows the quantitative agreement between the 

left- and right-hand side of equation (16) (i = Cr, j = Al) is gener­

ally good in the mid-section of the 'pseudo-binary region' of the 

phase equilibrium diagram for points that are also judged excellent 

according to Onsager's test shown in Table 6. In Table 10, the mid­

section of the 'pseudo-binary region' corresponds to rows 15 - 31, 

i.e. excluding the two-phase boundary (rows 1 - 4) and intersection 

points involving the H~couple (rows 5-14). More importantly, supposing 

the value of the left-hand side of Onsager's relation (equation 8) is 

denoted by L(C1,C2) and the value of the right-hand side of the equa­

tion by R(C1,C2), then the equality test presented in Table 6 is con­

ducted such that: 

L(Cl'C2) = K. R(Cl'C2). (17) 

In the present case, K~ 2.0 was judged good. However, K ~ 2.5 was 

also considered acceptable sometimes. In fact, K is related to the 

accuracy of each measured Dij and the estimated thermodynamic fac-

tor. Still, given anyone or more intersection points which are 

, .. 
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System 

Fe-Ni-Co 

Fe-Ni-Co 

Fe-Cr-Ni 

Composition Range 

Entire Isotherm 

Entire Isotherm 

Fe-rich 

TABLE 9 

Temperature °c 

1136 

1315 

1000 

Reference 

27 

29 

28 
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located in the mid-section of the 'pseudo-binary region ' 'and one or 

more intersection points associated with either the two-phase bound­

ary (rows 1 - 4) or the H-couple (rows 5 - 14) with the same value of 

K, then the "Reliability Level" of the corresponding Dij measured at 

these intersections is the same, i.e. K = "Reliability Level." Com­

paring Tables 6 and 10 shows that given any two points, one from the 

mid-section of the 'pseudo-binary region' and the other from either 

the two-phase boundary region or the same regional locations as the 

intersections associated with the H-couple, with approximately equal 

K, then only the Dij c?mputed at mid-region satisfied equation (16) 

with an equivalent "Reliability Level" as was demonstrated in Onsager's 

test. The Dij measured at either the phase boundary or at intersec­

tions involving the H-couple, although they satisfied Onsager's test, 

systematically failed to satisfy equation (16). This confirms very 

strongly in part that the a6Fe/(a6Fe + 62) phase boundary and inter­

section regions associated with the H-couple may be similar in that 

they may be peculiar thermodynamically. Thus, the negative diagonal 

coefficients associated with these thermodynamically peculiar subre-

gions of the 'pseudo binary region" may be significant in terms of 

their apparent diffusional characteristics. As a consequence, the 

'pseudo-binary region' is now characterized in terms of the measured 

Dij'S and also thermodynamically. 

In Table 4, the gradients of the diffusion paths of both couples 

involved at every intersection point are presented in the last two 

columns. Table 10 lists the ratios, (D . . /D .. ) at every intersec­
lJ 11 

tion point. For all intersection points associated with the H-couple 
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TABLE 10 

AL ale CR ale 
G12 012 G21 021 
G11 011 G22 022 .. 

1 .4633 .0189 - .0743 .1667 .4734 -13.667 

2 .4617 .0251 - .1031 .4276 .5328 7.0000 

3 .4566 .0409 - .1835 .4222 .6029 2.4231 

4 .4587 .0347 - .1498 .3446 .6031 3.7368 

5 .1596 .1907 - .2441 3.7143 - .0127 .2824 

6 .1472 .2358 -3.2052 3.8889 - .0098 .2679 

7 .1495 .2275 -2.1080 3.8333 - .0104 .2722 

8 .1134 .4016 1.3152 9.6000 - .0013 .1515 

9 .1143 .3956 1.1510 8.3333 - .0014 .1333 

10 .1188 '.3672 .6592 7.3333 - .0024 .1714 

11 .1867 .0921 - .0716 3.9091 - .0165 .2546 

12 .1756 .1350 - .1686 3.6842 - .0117 .2798 

13 .1617 .1832 - .2026 3.4737 - .0132 .2883 

14 .1875 .0890 - .0690 3.8182 - .0168 .2574 

15 .3925 .0133 - .0342 .1982 .1415 - .1030 

16 .3984 .0437 - .1525 .2686 .1280 .1257 

17 .3980 .0314 - .1006 .4034 .1269 .1485 

18 .3979 .0310 - .0990 .4157 .1271 .1111 

19 .3954 .0822' - .4154 .3972 .1409 .4819 

20 .3968 .• 0602 - .2404 .3829 .1335 .5652 

21 .3920 .0127 - .0316 .1054 .1435 .1579 

22 .2734 .1083 - .2328 - .2692 .0718 - .4591 

23 .2840 .0656 - .1080 - .1884 .0671 .1164 

24 .2412 .1196 - .2320 - .8667 .0441 - .3870 

25 .2207 .1738 - .3626 - 1.3650 .0339 - .6149 

26 .2959 .1719 - 1.0296 - 3.2632 .0942 - .0872 

27 .3355 .1070 - .3806 - .0536 .1443 - .4217 

28 .2483 .1649 - .4954 -13.000 .0597 .2305 

*29 .2277 .2115 -433.05 - 2.2632 .0513 - .0142 

30 .3453 .0363 - .0804 - .2441 .1822 .4452 

31 .3803 .0502 - .1511 - .5385 .1803 - .3053 

* GiK = aln ai/aCK 
where a. = activity ef ith component. , 
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(see rows 5 - 14 in Tables 4 and 10) .. IT21, = dCAL[H] dCAL[H] 
dC where -:d~C~~ 

022 CR[H] x CR[H] 
is the gradient of the diffusion path in the case of the H-couple at 

point x*. As a consequence, it was considered necessary to conduct 

further sensitivity analysis on 0ij'S measured at intersections 

associated with the H-couple partly to investigate the perturbation 

characteristics of the subregion: if on slight perturbation, the 

0ij'S fail to satisfy either the Kirkaldy's or Onsager's relation, 

then the experimental errors may be significant in this subregion; 

however, if the newly computed 0ij'S satisfy both Onsager's and 

Kirkaldy's relations, then the experimental errors may be relatively 

insignificant. In Figures 25 and 26 the elements of 0ij matrix are 

plotted against Cr composition for points involving the H-couple. 

Then a function based on the least square approximation method is 

fitted over the data points and shown in Figures 25 and 26 as solid 

continuous curves. Using each least square smoothed function, the 

values of various elements of the 0ij matrix are recomputed. The re­

calculated 0ij matrices are first tested for Kirkaldy's conditions and 

all satisfy the conditions with the exception of one point. Finally, 

the recalculated 0 .. matrices are tested for Onsager's relation and 
lJ 

Table 11 shows the results and can thus be compared with those in 

Table 6. It can then be seen that, except for affecting the rela-

tive signs of the right and left sides of the Onsager's relations, 

the relative magnitudes appear insensitive. 
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which involves H-couple are considered. 
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Figure 26. Graphs of: a) On-diagonal diffusion coefficient 
for Cr versus Cr aloe 

b) Off-diagonal diffusion coefficient 
for Cr versus Cr aloe 

NS: Only the subregion (11-20 a/o A1; 9-40 a/o Cr) are 
considered and which involves H-couple. 
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TABLE 11 

ONSAGER'S TEST: c011 + d021 = b022 + a012 , .. 

AL a/a CR a/a L • H • S R • H • S 
1 .1596 . • 1907 8.8408 .0482 
2 .1472 .2358 7.3050 - .2118 
3 .1495 .2275 7.6012 - .2199 
4 .1134 .4016 .3117 .2477 

5 .1143 .3956 .5991 .2530 

6 .1188 .3672 1.9347 .2816 
7 .1867 .0921 11.7307 .1766 

8 .1756 .1350 10.5364 .0601 • 
9 .1617 .1832 9.0772 .0984 

10 .1875 .0890 11.8151 .1593 
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SUMMARY AND CONCLUSIONS 

Interdiffusion coefficient matrices, Dij's have been experimen­

tally measured at 31 points in the alSFe phase field of the Fe-Cr-Al 

ternary equilibrium phase diagram at 900·C. Analysis of the computed 

matrices were carried out by subjecting each measured diffusion ma­

trix, Dij , to two consistency tests, Kirkaldy's relation (equation 9, 

9a) and Onsager's relations (equation 8). Thermodynamically estimated 

Dij matrices were compared with experimentally computed Dij's in the 

form of the ratio function: D .. /0 .. versus C
1
• where C. = ith independ-

1J 11 1 

ent composition. 

The elements of the interdiffusion coefficient matrices are strong 

functions of compositions (see Figures 18-19 and Table 12). The di­

rect coefficient for Al, ~~AL' varies with Al composition likeDAL , the 

. binary Al interdiffusion coefficient in the Fe-Al system at a - 50 a/a 

Al (see figures 21); and 1~~All ~ IDA~I. Along the alSFe/(alSFe + a2) 

boundary line and corresponding to an approximately constant Al compo­

sition of about 46 a/o and Cr(2.5 -4 a/o), a negative ~CAl is measured; 

also, within the sub-region (Al[11 - 19], Cr[9 - 25]), the direct 

coefficient for Cr, ~~CR' is measured negative. It is claimed that 

the physical meaning of negative diagonal diffusion coefficient is 

equivalent to zero diagonal diffusion coefficient in which Dii = a 

and ith specie is relatively diffusionally immobile. Computation-

ally, negative Dii could be due to some systematic errors; thus the 

revised form of Table 4 is shown in Table 12 (in which TIi; ~ 0). 

The direct coefficient for Cr, ~~CR' varies logarithmically with 

Cr composition (see Figure 22a) and compares qualitatively with 



Concentrations 
(Atomic Percent) 

Couple AL(a/o) CR(a/o) 

1 KIF 

2 L/F 

3 B/F 

4 A/F 

5 H/A 
6 H/B 

7 HIE 
8 H/C 

9 H/J 

10 HID 
11 H/L 

12 H/K 
13 HIM 
14 H/l 

15 G/E 
16 K/G 
17 L/G 
1B G/C 

19 BIG 
20 A/G 
21 MIG 
22 K/E 

46.33 1.89 
46.17 2.51 
45.66 4.09 
45.87 
15.96 
14.72 
14.95 
11.34 
11.43 
11.88 
18.67 
17 .56 
16.17 
18.75 
39.25 
39.84 
39.80 
39.79 
39.538 
39.684 
39.204 

3.47 
19.07 
23.58 
22.75 
40.16 
39.56 
36.72 
9.21 

13.50 
18.32 
8.90 
1.33 
4.37 
3.14 
3.10 
8.217 
6.017 
1.271 

27.34 ·10.83 

1 =: CR 
2 =: AL 
3 =: FE x 1010 cm2/sec 

3 
°11 

1.2 
1.52 
1.35 
1.48 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
3.28 
1.75 
2.38 
2.35 
1.41 
1.75 
2.94 
1.04 

3 
°22 
0.06 
0.00 
0.00 
0.00 
1.70 
1.12 
1.80 
0.33 
0.15 
0.35 
3.26 
1.93 
3.26 
3.73 
2.33 
1.83 
2.02 
2.34 
0.83 
0.69 
3.80 
2.81 

3 
°21 

-0.82 
-0.70 

-0.63 
-0.71 
0.48 
0.30 
0.49 
0.05 
0.02 
0.06 
0.83 
0.54 
0.94 
0.96 

-0.24 
0.23 
0.30 
0.26 
0.40 
0.39 
0.60 

-1.29 

TABLE 12 

3 
°12 

0.20 
0.65 
0.57 
0.51 

-0.52 
-0.35 
-0.46 
-0.096 
-0.05 
-0.22 
-0.43 
-0.35 
-0.66 
-0.42 
0.65 
0.47 
0.96 
0.977 
0.56 
0.67 
0.31 

-0.28 

1st couple 

VCR 

0.17 

0.37 
0.008 
0.047 
0.0027 
0.0026 
0.0026 
0.0022 

YAL 

0.22 
0.29 
0.01 

CM 

.058 

.0314 

.00006 
0.061 .00034 
0.0029 .0009 
0.0028 .001 
0.0027 .00102 
0.0034 .0012 

0.0022 0.0034 .0012 
0.0023 0.0035 .0011 
0.0021 0.003 .00087 
0.00234 0.0029 .00092 
0.0024 0.0025 .0009 
0.0023 0.0033 .0009 
3.87 
0.78 
0.65 
2.48 
0.47 
0.32 

2.06 
1.72 
1.85 
4.38 
0.60 
0.51 

1.96 3.60 
1.61 3.45 

.0214 

.05 

.028 

.0311 

.0048 

.0039 

.037 

Yi x 1010 

2nd couple 

VCR YAL 

1.16 3.63 
1.32 2.09 

1.17 1.79 
1.34 2.34 
1.34 1.53 
1.15 1.04 
0.79 1.56 
0.24 0.32 
0.18 0.15 

10.04 0.35 
2.18 3.11 
3.58 1.88 
0.669 2.54 
1.12 3.40 
1.39 2.42 
1.78 5.73 

. 2.50 4.35 

1.10 2.14 
1.37 4.03 
1.70 4.76 
3.10 4.80 
1.24 4.68 

aCAL/aCCR 

1st 2nd 
CM Couple Couple 

.0165 -5.20 -0.23 

.0187 -1.77 ·~0.32 

.023 -2.37 -0.31 

.0217 

.025 

.024 

.023 

.Oll 

.Oll 

.018 

.0129 

.026 

.025 

.026 

.054 

.035 

.031 

.031 

.044 

.039 

.036 

-2.82 -0.28 
-0.28 -2.87 

-0.27 -3.53 
-0.27 -1.99 
-0.15 -2.66 
-0.15 -3.45 
-0.16 -44.98 
-0.26 -5.29 
-0.28 -10.54 
-0.29 -1.30 
-0.26 -2.94 
0.91 ':'2.89 

-2.06 0.06 
-1.81 0.13 
0.13 -1.29 

-1.69 -0.08 
-2.13 -0.07 
-3.19 0.60 
-2.03 ,-0.69 

"--.I 
C'\ 
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TABLE 12 (contd.) 

1 ;: CR Vi x 1010 aCAL/aCCR 
Concentrations 2 == AL 

(Atomic Percent) 3 B FE x 1010 cm2/sec 1st couple 2nd couple 
1st 2nd 

Couple AL(a/o) CR(a/o) 3 -3 -3 -3 CM CM 011 022 021 012 vCR vAL vCR vAL Couple Couple 

23 LID 28.398 6.559 1.38 5.50 0.64 -0.26 1.93 5.19 .021 1.50 4.14 .032 -2.11 -0.48 
24 M/K 24.119 11.957 0.60 2.92 -1.13 -0.52 0.95 4.60 .035 2.64 3.21 .032 -0.68 -3.90 
25 AlE 22.067 17.38 0.41 1.74 -1.07 -0.56 2.11 2.08 .0202 0.88 2.99 .0288 -3.07 -0.85 
26 B/C 29.59 17.19 0.16 1.38 -0.01 -0.51 0.92 1.39 .0128 0.42 1.40 .0199 -1.48 -0.50 
27 AlC 33.55 10.703 0.56 0.B3 -0.35 -0.03 0.60 . 1.07 .0081 0.58 1.26 .0229 -1.47 -0.82 
28 AID 24.83 16.49 0.06 2.82 0.65 -0.78 1.94 2.55 .• 01811 0.36 1.15 .026 -2.42 -0.39 
29 BID 22.77 21.15 0.19 1.41 -0.02 -0.43 1.17 1.42 .0183 0.37 1.45 .023 -2.27 -0.41 
30 lIE 34.53 3.63 1.27 4.56 2.03 -0.31 138.77 4.55 .0765 1.75 3.27 .0464 447.00 -1.57 ......., 
31 K/C 38.03 5.02 0.39 1.31 -0.40 -0.21 -2.88 -0.49 

......., 
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the previous measurements in Fe-Cr-Al diffusion-coating experiment (30) 

at 1l00°C. 

The cross-coefficient for Al, ~~CR' is approximately one-tenth 

the direct coefficient for Al, ~~AL: Consequently, the ratio, 

(~~CR 1~~AL) < 1.0, except at the CloFe/(CloFe + 62) boundary line 

and corresponding to a high Al composition - 46 aloe Along the two­

phase boundary, the ratio, (~~CR /~~AL) is big, theoretically 

approaching infinity as ~~AL approaches zero. However, at low 

Al[11 - 19 a/o], the cross-coefficients for Cr, ~~AL are negative. 

Also, I~~ALI > I~~CRI and given ~~CR~O, therefore, I~~ALI/I~~CRI 
approaches infinity. At higher Al compositions [23 - 45], .the ratio, 

I~~ALI / I~~CRI is generally less than unity. 

PRACTICAL DEDUCTIONS 

Towards the CloFe;1aoFe + 62) boundary line, it appears Cr ;s the 

only diffusing species while at low Al compositions (Al < 24 a/o), 

Al is the only diffusing (mobile) species. The first experimental 

evidence that Al is the only diffusion (mobile) species at low Al 

compositions comes from High Temperature Oxidation tests in which 

Kornilov (44) oxidized Fe-Cr-Al alloys containing 10 - 13 wlo Cr 

and 10 wlo Al at 1200°C for various time intervals up to 1000 hours 

and showed that while the chromium content remained comparatively 

constant, the aluminum content of the bulk alloy gradually qecreased. 

The Kanthal alloys (based on the Fe-Cr-Al ternary with relatively low 

Al compositions) appear to owe their extremely good oxidation resis­

tance to the fact that Al is oxidized preferentially, resulting in 

the formation of an alumina film. Also, Wagner (45,46) proposed 

. , 

., .~ 
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that Cr acted as ~ "getter" in the bulk Kantha1 alloy in order to 

explain why the only oxide formed is A1 203• Thus, the low alum­

inum Fe-Cr-A1 type coatings not only would provide for excellent 

oxidation protection due to their A1 203 forming ability, but also 

would constitute Cr-diffusion barriers - a property derived from 

the basic alloy-chemistry. 

From the above it appears that any Fe-Cr-A1 coating with a two­

phase structure would essentially constitute an A1-diffusion barrier 

with Cr as the only diffusing specie. Consequently, such a coating 

could lose Cr through diffusion. 

FUTURE WORK 

Using the approach outlined in the thesis, it is recommended that 

0ij's be measured at low A1 compositions, tOwards the iron-rich corner 

of the Fe-Cr-A1 at 900°C. In this way, the sub-region A1 [0 - 46 a/oJ, 

Cr [0 - 25] may be characterized diffusionally and thermodynamically 

using the corresponding equilibrium phase diagram. It may also be 

necessary to measure 0Al' DCR in the binary A1-Cr alloys while in­

dependently measured OCR from Fe-Cr binary is expected. 
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APPENDIX 1 

Al and Cr activities in Fe-Cr-Al system at 900°C were estimated 

using binary activity data. According to Toop (39): 

Log a2(ternary) = 

[1-~: Log a2[1] + 1~~2 L09 

where a = activity 

log a2(ternary) = log ~ in ternary system 

log a2[l] = log a2 in 2-1 binary 

log a2[3] = log a2 in 2-3 binary 

6FxS = integral excess free energy 

6F xS = ~FxS in 1 .... 3 binary. 
1 - 3 

In the present system being studied (Fe-Cr-Al): 1 = Cr, 2 = Al, 3 = Fe. 

Equation A-I gives activity in the ternary system in terms of activi­

ties in the binary systems and it is rigorous in the case of regular 

solutions, otherwise (non-regular solution), the calculated values of 

the ternary excess molar free energy will depend on the choice of com­

ponent 2 (39). Generally, the estimated ternary activities using equa­

tions A-I appear fairly reliable where measured values are unavailable. 

In the present system (Fe-Cr-Al), the corresponding activity data 

exist in Fe-Al (36), Al-Cr (40), and Fe-Cr (41) binary systems at 

900°C, 1000°C and 1350°C respectively. The activities in the Al-Cr 

and Fe-Cr binaries at 1000°C and 1350°C respectively were used to 
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calculate the corresponding activities at 900·C using forms of the 

relation: 

where 6RAl = relative partial molar enthalpy of A1 

T1t T2 = temperature ·K. 

In calculating log (aCR)T t the corresponding 6F:~ was calculated 
2 

using the relation: 
"'xs . 6rAl = 4.S7ST log (aAl/CAl) 

on the assumptions Fe-Cr (41) and Fe-A1 binaries are regular. 

In equation A-3, CAL is the concentration of A1. The 

(A-2) 

(A-3) 

DUhem-Margu1es' equation can then be used to calculate 6F~~_Al given 

equation A-3: 

xs fCAl .. xs 2 
6F FE_AL = (1 - CAL) 6r FE_Al 1(1 - CAL) dCAl (A-4) 

o 

In Figures 27a and 27b are displayed the plots of 6F~~_CR versus 

(CCR/CFE) and 6F~~_Al versus (CAl/C FE ). These excess molar free energy 

functions are contained in the second expression of equation A-1 for 

the log aAl(ternary) and t~e log aCR(ternary) functions respectively. 

For non-regular solutions the calculated value of the ternary excess 

molar free energy using equation A-1 will depend on the choice of com­

ponent 2. In Figures 28a and 28b are shown the estimated Al and Cr 

activities using equation A-1 as plots of A1 activity versus (CAl/C FE ) 

and Cr activity versus (CCR/CFE) respectively. 
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Using the forms of the relation, A-I, the Al and Cr activities 

were estimated at thirty-one points corresponding to the intersection 

points of the various diffusion couples (see Table 3) and at which 

Dij'S have alsb been experimentally measured. To calculate the 

thermodynamic factors: 

G· K = (a 1n a./a CK)· , , 1 for i = A1, K = Cr and i = Cr, K = Al (A-5) 

at each intersection point involves in the case of i = A1, K = Cr, the 

definition of the activity of the ith-component, ai' according to the 

form of equation A-I: 

(i,K) 

so that if ai (i,K) equals the activity of ith-component at the 

po,·nt (,. K) then (a (,. K=m) for m = 0,=5) def,·nes ,.th-component , " i '· 

activity along a constant i composition. Thus: 

GiK (i,K) = [1n ai (i,K + 0.05) - 1n a; (i,K - 0.05)]/(0.10) 

was used in estimating the relation A-5 at point (i,K). 

(A-6) 

• i' 
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APPENDIX 2 

The expressions for a, b, c, d are presented below for 

completeness (see equation 8): 

a = ~RT~1 + C1 V1) a 1n ·a1 
, C V aC1 . 3 3 

(B-1) 

ad - be = (RT)2 [1 + C1V~3:3 Ci~~ :~1 a~~ :~2 "2J -~ :~2a1* :~1 a2~ 
where C. = concentration of ithcomponent 

1 

V. = partial molar volume of ith component (in the present ,. 
case, the molar volume of the pure component was taken as 

Vi because of lack of data on partial molar volumes in 

Fe-Cr-Al ternary system.) 

In equation B-1, it can be shown (9) that b = c and this ;s usually 

used as a means of checking for the consistency of the thermodynamical 

calculations. However, it must be pointed out that to a first approx­

imation, b ~ c, could be taken as meaning that the assumptions on Vi 

were wrong. 
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