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'INTERDIFFUSION IN TERNARY Co-Cr-Al ALLOYS

j G. W. Roper* and D. P. Whittle**
Department of Metallurgy and Materials Science

University of Liverpool
Liverpool 169 3BX, England

ABSTRACT

The description of interdiffusion in a ternary system reqﬁires four
" composition dependent diffusion coefficients which together form a co-
efficient matrix. The values of this matrix have been determinedrfor a
wide range of compositions in the cobalt solid.solution of the Co-Cr-Al
vsystem at 1100°C. This was achieved by annealing infinite diffusion
couples between appropriate pairs of alloys and then determining the re-
sulting concentration profiles by electron probe X-ray microanalysis.

The figures obtained for the diffusion coefficients were in accor-

dance with expectations based on the results of previous studies of
-related systems. Furﬁhermore, all four coefficients were found to vary
Systematically with composition, as illustrated by contour maps. However,
"this observed variation with composition did not fit theoretical prédic—
tions based on the Wagner Dilute Solution Model. Certain anomalous re-
sults were explained on the basis of phe formation of non~equilibrium

vacancy concentrations. . . B

* Present address: Shell Research Center, Thornton, Nr. Chester,»England.

'**Present address: Materials and Molecular Research Division, Lawrence
' Berkeley Laboratory, University of California,
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‘between the solute elements, with the result that

INTRODUCTION

Diffusion in multicomporent systems is fundamentally and sigﬁifi—

cantly different from diffusion in binary alloys. The extra degrees of

~ thermodynamic freedom involved introduces the possibility of interaction

uphill diffusion",
in which the atoms of a given species diffuse up -their own concentration -
gradient, is possible. This occurs when the gradients of concentration.

and chemical potential are opposite in sign and it underlines the fact

that the driving force for diffusion is activity or chemical potential

gradient, rather than concentration gradient. Clearly, under iSoBaric,
isothermal, iso-electric potential conditions, this effect can only be
observed in systems of more than two components bgcause in a binary
systém the chemical potential of each component increases continuously
with its concentration makiﬁg it impossibie for chemical potential and
cpncentration gradients to differ in sign.

In practical terms, howeQer, it is still convenient, even in multi-
compdnent systems to formulate diffusion equétions in terms of concentra-
tioﬁ,»rathervthan activity gradients, since this is the experimentally
measured parameter, and recent feviews (1,2) of multicémponent diffusion
theory summarize fhe exténsion of Fick's classical laws of diffusion to
multicomponentlsystems. However, whereas in binary systems only one
diffusion coefficient is needed to describe the interdiffusion process,
and this is defined in Fick's laws as the ratio between the diffusion
flux of one of the two compoﬁents and its concentration gradient, in a
system of n components; (n—l)2 diffusion coefficients are required.

These are of two types: direct coefficients which relate the flux of a
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cpmponént_to‘its own concentration gradient, and indirect or cross co-
efficiéﬁts which relate the flux of a componént witﬁ the concentration
g;adients of tbe 6ther components in'the systeﬁ. 'This cleariy makes
measu?ements of diffusiqn COefficienfS'in even térnary SYSteﬁs somewhat
méée:tédious:. é£ least two separate diffusion experiméntS:are:reqﬁired
to oBtaiﬁ.Lhé diffusionvéoefficieﬁt datg‘at a single composition point.
Ne&értheleés,'iﬁ'p;aétiéélly important systems, it.isfdesirable that
theserdiffuéion meaéﬁrements-éré carried'out,'and the present paper
examines_diffusidnai'transport in the Co—Cr—Al, a system-of'conéiderable
pracficél importance in forming the baéis for a number of high tempéra—
ture superailoys'and.protective coatings whichiare now a vitalvpaft,of

gas turbine engine technology.

MEASUREMENT'OF_DIFFUSiON COEFFICIENTS -

Tﬁe usualvmethod of determining‘diffusion coefficiénts in a particu-~
lar system is by ahalysis of the concentration profiles-produced when |
éampiesfof two alloys of differing éompositiéns are allowed to inter-
diffuse together at:a fixed temperature and for g given fime. When the -
allby_samples are sufficiently thick; general greater than tL\Dbt, where
D is the appropriafe diffuéion coéfficient and t the tiﬁe of the dif-
fusion anneal, the diffusion couple may be regarded as infinitely thiék
and its énd compositions invariant with time. This is fﬂe basis of the
.Boltzmapn—Matano_ﬁetﬁod for biﬁar§ sys£¢ms (35; 

Kirkaldy (4) hagishown fhét‘thevequivaleht Solﬁtion to Fick's‘dif—

fusion equation for a ternary system is given by:
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where Ci is the concentration of component i, Ci_ is the concentrgtion of
i at one end of the diffusion couple, x is distance, vy is molar volume,
and'ﬁhe Dij's arg diffusion coefficients in the system in which the
third componént has been Assumed'to be depehdent. The origin for x, the
- so-called Matano interface, is defined by writing Equation [1j at

C, = Ci+ (the other end of tﬁé diffusion couple) wheré all the concen-

1

tration gradients are zero.
Ci - .
/ X gc. ° 0 for i = 11,2 _ ‘ [2]

The location of the Matano Interface is a tedious and.often inaccurate
procedure. Fﬁrthermoré, if the Molar Volume varies with composition;v
fhen.thelMatano Interféces defined for each species will not coincide,.
However, positioning of the Matano Interface can be avoided (5) by a
procedure analogous to that used in the analysis of binary diffusion

couples (6-8). Introduction of the variabie Yi’ such that.

P Tl S | (31



 allowsfthe'integr£1 on the'leftehand side of Equation [1] to be replaced'
by |
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Substitution of Equation [4] into Equation [1] then gives

| Y 1-Y 2 c.’-c.” av,
M dx . - X i o e i : i i i [5]
-— (% (1=Y,) J© s dx +Y, S - dx { = Z D,, —
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- ' : S J
for i = 1,2
Thus, for the ternary Co-Cr-Al, with cobalt'és solvent, Equation [5]
can be written as
_ dc ’
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'Coﬁcentration profiles from two different diffusion.couﬁles which have
a:cbhmon composition point can then be analyzed, and the set of four
equations of the tyﬁe [6] and'[7] solved simultaneously to give the
values of the fdur diffusion coefficients at the common coﬁposition

.point.

EXPERIMENTAL

The starting alloys were prepared by melting together appropriate
quantities of cobalt (99.67% wt % pure), chromium (99.5% wt % pﬁre) and
aluminum (99.9 wt % pure) in a high frequeqcy'vacuum induction furnace.
After vacuum casting, the.ingéts were ground to remove the surface mat-
erial and then suitably sized blocks, 1 x 1 x 4 cm,.were cut from the
ingé:s and each sealed into an evacuated ('].0_2 Torr) quartz tuBe, to-

gether with a piece of tantalum foil to absorb any remainingboxygen at
the anneéiing temperature. The alloy blocks were then homogenized for
five days at 1260°C + 5°C in a vacuum furnace at a pressure of 10—5 Torr.

The compositions of the alloys»used;were determined by Atomic Ab-
sofption Spectroscopy and are listed in Table I. It was necessary to
know these as accurately as possible since they were-uéed'as standards
in the later electron probe #—ray microanalysis.

Samples, i x1x 0;3 cm, were cut from the homogenized blocks and.
all six faces ground»on SiC papers to remove any surface contamination.
"One of the 1 x 1 cm faces of each was then polished on-diamond impregf
nated cloth to a‘finishlof’O;ZS um. Diffusibn couples were then prepared
' by binding together two appfopriate samples using platinum wire with.the

two polished faces in contact. This proved to be a more successful



technique_thanvthat}usually adOpted,byrother_workers;.namely pressure—

' welding samples‘together.. The diffusion couples were sealed into
evacuated quartz'tubes, again»with tantalum foil, and annealed in a
vacuum furnace at 10"'5 Torr. . The temperature of the diffusion anneal
was l100°C ha 5°C and the time four:days. On removal from the‘VaCUum
furnace the quartz tubes were 1mmediate1y broken open to facilitate
rapid cooling of the couples with the obJect of preserv1ng the hlgh tem-
perature structure of the alloys.

The.annealed diffusion couples were sectioned along a plane para-
llel to the diffusion direction. and the'sections prepared using standard'
metallogranhic techniques. 'Microscopic examination of  the couoles in- |
dicated that most of the couples were satisfactory: in cases where a
clean metallurgical bond had not been formed, a duplicate couple was
preparedg,iThere was no evidence of any Kirkendall porosity on any of the .
couples produced. |

Measurement of the concentration profiles across each annealed dif—"’
fusion couple were carried out using a JEOL JXA SOA electron probe
microanalyzer.v The diffusion couple was.fitted into the:microanalyzer
using a specially designed jig which ensured that the surface of the
couple was flat and that it was correctly aligned mith'respect to the
direction'offtraverse of the sample under the'electron beam. . A check"
-on the flatness of the sample was carried out by tuning the spectrometer
to.the Co. Ka peak with the beam p031tioned at one end of the difquion
zone -and confirming that it remained tuned precisely to the same peak
when the samplevwasbmoved to the Other‘end of the diffusion zone.

The two spectrometers were then tuned to Cr Ko and Al Ko radiations



respectively and point analysis measurements made at intervals across .
the diffusion zone with a 20 sec. counting time at each point.‘ Twenty.
vum iﬁtervals were used at the ends of the couple, but these were reduced
tq.lO, 4 and even 2 um intervals where the x—rey intensity pfofiies wefe
changing rapidly. Duplieate sets of x-ray measurements were made on
everj couple analyzed to ensure repeatability.

- X-ray intensity data were corrected for background, adsorption,
fiuorescence.and atomic number effects and converted into concentrations
using the bulk alloy.compositions at the ends of the. couple as standards,‘
using a specially designed computer program. The program also calculaﬁed

and plotted out the diffusion paths.

RESULTS

| Table II lists ehe diffusion couples‘studied and Figure 1 shows a
typical x-ray intensity/distance plot, illustrating the typical aﬁount
of scatter in the intemnsity data. Figure 2 shows the concentration grad% '
v‘ients and diffusion path for the same couple (B3)._ The diffusion path
shoﬁs the variation of composition across the couple, but generally con-
tains no spatial information. However, this had been reﬁedied in the
current presentation by including markers at 20 um intervals along the
vdiffusion?paths. Thesevpaths should be time—independent for a given
couple,balthough.of course the distance between adjacent markers would
depend on annealing time. Essentially,vthey correspond to increments in
the parameter XJEf of 3.40 x 10_6 cm/L/Z. The specing of the markers

is at its greatest near the central region of the diffusion path and they

: become.increasingly closely spaced as the termini are approached.



'.The requirement of a mass balance démands that the mean cqmpqsitionv

-of a.diffusion'couplészlies on the straight line between the termini

and thigiaémand cannot be satisfiéd’if the diffusion path is ﬁholly to
one side'of tﬁis line. iAll but tw§ of the coﬁples examined satisfied
thié requirémeﬁt,;aﬁd the exceptions are shown in Figure 3-(couples
B6 and B9); ‘Tﬁe lat;ef does-crbsslfhé.ihter4ferﬁini,line; but there vb'
is §nly a Sméll,regibh:of'the cﬁuple with a composition on the right-
hand side. " |

The only possiblé explanatién for a diffusibn_path not ¢rossing the

inter-termini line is. the existence of ‘a non-equilibrium concentration

‘of vacancies within the couple. Generally, in this type of experiment,

aé inde;d in the preéent work, tﬁe'potential'existeﬁcevof a vacancy

wiﬁd (9) is ignored and it is assumed that local sources. and sinks are
able to maiﬁtain the vacancy concentration.at.its gquilibrium value
throughout. It must be feméﬁbered, howevér{ tﬁatvthe potential for
vacanéy disequilibriﬁmlis particularly sefious for the couples B6 and B9
since in each case there.is a 20 to 25 wt % step in chromium concentra-
tion across the iﬁterface counterbalanced'byAa re§erse sﬁep of only abdut
5 wt % in aluminum concentration. Thus, a large flux imbalance is-
likely with much more'ﬁaterial béing lost from the chromium-rich side.

Under these circumstances, a large excess of vacancies is created on

the chromium-rich side and it is not inconceivable that the available

vacancy sinks are unable to cope, resulting in a superequilibrium con-
centration._ This would destroy the_condition that the diffusion path
must cross the inter-termini line.

'The problems cauSed'by Vacancy disequilibria are likely to be



~serious only-whefe large flux imbalances occur. For ali'the other
couples investigated, the diffusion paths display the expected S—sﬁape,
and so it may‘be reasonably assumed thaﬁ_vacancy equilibrium is main-
téined.

’Figurevh summarizes the diffusion paths for all the couples ex-
‘amined. There are 36 discrete intersections between pairs of diffusion
vpéths and the diffusion coefficient matrix was determined at each using
Equations [6] and {7j given earlier. The intégrals were determined by
a numerical analysis technique using a-specially designed computer
program: the variation of molar volume with'composifion was allowéd for
by assumiﬁg Vegard's law. Concentration gradiehts were also calcﬁlated
usiﬁg a numerical analysis technique. Table III presents the calculated
values of the diffusion coefficient matrix, together with the pertinent
compositions and the pairs of diffusion couples whose diffusion paths
‘provided.the relevant intersections.

It must be reéogniied that some intersection points give more re-
liable data than others. First, near the termini of couples, the
gradients of the diffusion paths (dCAlldCCr and its reciprocal) are
generally very small and also one or other of the intégral'terms in
both YCr and YAl are small, so that the percéntage'errof in each of
these factors is large. . Second, where an intersection occurs at a very
shallow angle, large erfors are introduced into the simultaneous solu-
tion of thé equatiohs to determine the coefficients, because the‘
differéncénbetween the values of the gradients‘ofvthe two paths

d

(dCAlldCCr or CCr/dCAl) is very small, introducing a large percentage

error. Thus, the following values of the diffusion coefficient matrix
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“are likeiy to have larger than average percentage errors attached to

them:

'(i)  Intersections 29, 30, 31, 32, 34, and 35 lie within
‘ lvwf-% of one of the terﬁinal'éompositioné of one or
'both.of ﬁhe intefsecting diffusion paths. -
(ii) Intersections 22, .25, 29, 31, 32; 34; 4nd 35 occur at
| an aqdfevanglé of less thén 20°. |
DISCUSSION |

Confidence in the reiiability of thevdiffusion coefficiénts in.
Table III must now be'confirméd.: Unfortunately, the complex way in whiéh
they were detefmihed precludes a.quantitatiVe,assessment of ‘the confi-
dence limitélof éach result. Nevertheless; gccording to Kirkaldy et al
-(lo) the_applicétion éf thermodynamic and_kinétic éonstraints leads to
some restrictions oﬁ the-ailowed'Vaiuéé Which the diffusion.coefficients
in a ternary system may_take.d For:theipafticular system being con- .

sidered, these may be summarized as:.

(a) Dy, >0 and D, 0 >0
=2
(b) DCrAl’DAlCr 0
(@) DererPatal ~ Perar-Paicr 7 0

Examining Table III indicates that conditions (a) and (c) are always
satisfied. However,,éondition (b) specifies thap the product of the

cross coefficients must be zero or positive (i.e. both cross coefficients
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should have the same sign) and this does_not apply to thevresults.at
ihtersectiOns 14, 16, 18, 19, 22, 29, 31 and 34. As.indicated eatlier,
.the data from points 22, 29, 31 and 34 may contain large errors since
these bointsvare amongst those which lie near the.termini of the dif—
fﬁsion paths or have shalloﬁ intersections or both. However, there is
nd.obvious source .of error in the da#a from points 14, 16, 18 and»l? and,
in.fact, there are two feafures which suggest that the_négative cross v'
coefficient product is not an artefact for these four sets of results.

First, the compositions of the four points are very similar to one

another and second, the negative cross coefficient product is in all
cases a result of a negative value of DCrAl'
:'No definite explanation can be‘offered for this sytematic non-
éoﬁpliance'of these results with condition (b). However, it is inter—
ésting to note that the diffusion coefficient matrices at the four
intersection points, 14, 16, 18 and 19 (as indeed those of all the
intersections except 22 and 34) do meet the conditions imposed on the

values of the diffusion coefficients by purely thermodynamic constraints

(11) namely,

Dorcr * Patar.” 0 | ‘ (d)
- >
Da1a1Percr ™ PeraiPaicr = © - (e
, B |
> -
Op1a1* Percr) = 4OPararPercrPatcrlerar’ B

Thus, the results obtained at intersections 14; 16, 18 and 19 only fail '
to meet expectations when kinetic constraints (based on nearest neighbor
statistical calculations) are included; that is, conditions (a) to (c)

given earlier. Now, the model of diffusion kinetics, on which the
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analysisuis.based, is dependent on the vacancy distribution within the"

system, the assumption being that an equilibrium concentration of

Qacanciesvis-preserved at ali times. Thus, if a non—equilibfium'vacancyf
'concehtfation.arises, the predictiOng Qf thé'kiﬁetic_theofy, as'giﬁén

.by conditioﬁsu(a)’to (¢), may bé,expected to fail. Hence, a pOSSiﬁle
'éxéiaﬁétion for thevobsérvation of a nggativé cfoss-COeffiéient product
at cértéin'points in the cobaiﬁ solid solution §f thé Co—Cr-Alﬂsystém.

is the establishment of non—equilibrium'vacancy concentrations during

- diffusion anneals, aé was3discu$sed éarlief in relation to tﬁe
anomaiousvdiffusion profiles.

Boize et'a1 (l2) have considered the variation_éf ternary interdif-
fusion coefficients,with compbsition and, using the.Wagnef Dilute »’ '.» . .
Sélhfion Model: (13), showed tﬁat, in dilute soiutions, the direct co-
e‘fficientsb(DCrCr an& DAlAl) are approximgtely independent bf composi- - - )

tion, while the cross coefficients are given by

[9] 7 | i

D S .
DCrAl = aCrAl'CCr : - o _ !
CrCr S , g _ :
Patcr = a,, . .C . - - [10]- - - | :
D AlCr™ "Al o - |
AlA1L | - - - : S
Figure 5 shows the variation of D with chromium concentration,

CrCr . -

excluding the figure determined from intersection 34 which. is way out
] T . > N9

of line with the others, and while there is considerable scatter over .

approximately half an 6rder of'magnitude, an éverage value of DCrCr

has been calculated. This is shown as the horizontal line in Figure 5.
A similar procedufe for DAlAl is shown in Figure 7 where the scatter is

somewhat worse.
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- Figures 6 and 8 show the variaﬁion Of'DCrAl and DAlCr with chromium

and aluminum concentration respectively. . In accordance with Equations
[9]vand [10], these should be linear (assuming that DCrCr and DAlAl

femain constant) and the average DCrAl/CCr and DAlCr/CAl gradie?ts'weré
.determined from thevyalues of the gradient defined by each point. ' The
lines of these a&erage gradients are included in Figures.6 éﬁd 8.

The average value of the direct coefficients and the average grad-
ients of the cross coefficiepts.are shown in Table IV for reference.

It is apparent from Figures 5 to 8 that the results of ﬁhe current
wofk do not, in general, fit this simplified theory, and that the
scatter about the figures shown in Table IV is substantial. The sug-
gestion that this discrepancy resulted from the quality of the experi-
mental results being poor was dispelled by the discovery that they do in
fact vary Systematically with composition. To illustrate this, contour

maps of each coefficient have been drawn and these are shown in

Figures 9 to 12. In all four cases the coefficient values have been

11

shown-in units of 10~ ¢m2 sec .
" Thus, all four.coefficients are complex functions of both chromium
énd aluminum concentrations over almost the entire composition raﬁge
considered. The only exception tq this is_DCrAl which is approximately
independent of aluminum concentration up to about 1.5 wt %Z. It is ap-.
parent then that the Wagner Dilute Solution Model on which the Bolze
et al. model is based is not .adequate té describe the behavior in tﬁis
suBstitutional ternary solution and, until a less restrictive model is

available for ternary solid solutions, further analysis of these dif-—

fusion coefficient matrices and their variations with composition is



made'between_D

~14=

not possible..

"It should be pointed out, however, that the Wagner biiute‘Solutibh
Model has beeén more_successful in dealing with ternary systems in which
éne éf'the solutesvis'interstitial, inclﬁding the systems Fe~-C-Si (10),
Fe-C—Mn (10), Fé4C—Ni.(14) and Fe—CQCr'(14)5 This is:to be expected |
since cﬁemical interactions between the solutes of a dilute ternary

system are generally less if one solute is interstitial than if both.

are substitutional. In‘particular, the chemical potential of the sub-.

stitutional solute in a dilute ternary system ébntaining an interstitial
solute is very weakly dependent on tﬁe conéentration of thevlatter andrt -
this is reflected in a very low value‘éf the. pertinent croés diffﬁSioh
coéfficient. |

InvCofo—Al alioys,,which'are diluté'with'respect to aluminum, -  the

direct coefficient D should approximate to thg'single interdiffusion

CrCr o
coefficient of the binary system Co-Cr at the same temperature (and

chromium concentration, strictly), while a similar comparison can be

ALAL and the single coefficient pertaining to the Co-Al

‘system. Table V compares the measured interdiffusion coefficients in
. the binary systems, extrapolated tb'llOO°C;.with the two different

'coefficients of the Co-Cr-Al system. Both D ‘and D ' closely

CrCr AlAl
approximate to their respective binary equivalents.

Ternary diffusion coefficients have been measured in the related

system Ni-Cr-Al (18) but only at 1150°C. However, by means of the avail-

able kinetic data for the binary systems Ni-Cr and Ni-Al these'may be
extrapolated to 1100°C. Values for a 10 wt %2 Cr - 2 wt % Al alloy in'

both systems are compared in Table VI; this composition’is approximately
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in the center of the single phase o-solid solution for the two systems.

The diffusion behavior of the aluminum in the two systems is very

similar since the direct coefficients (DAlAl) are identical while the

cross coefficients (D ) are of the same order. In each case'DAlAi

AlCr

is an order of magnitude greater than D rvand this illustrates that

. AlC
‘the driving fbrce for diffusion of aluminum in both these systems is
complétely dominated by the aluminum concentration gradient. The in-
terpretation of this is that the chemical potential of aluminum in
these alloys is principally a function of aluminum concentration and
virtually independent of éhromium concentration. This observation is
..also consistent with the phase boundary of the primary solid solution
running almost parallel tﬁ the chromium axis of the phase diagram up
to about 30 wt % Cr, which is indicative of a very weak dependence of
aluminum potential -on chromium concentration (19).

Contrasting'with the situation rggarding aluminum.diffﬁsion, des-
_cribed above, the coefficients relating to the diffusion of chromium
and D ) are not the same for the nickel-based system as for

DCrCr CrAl
the cobalt-based one. 1In fact, both D

(

CrAl are significantly

CfCr and D
~ larger in the former than in the latter. This means that chromium
diffuses faster in Ni-Cr-Al alloys than in Co-Cr-Al ones, other things
being equal. The binary intefdiffusion coefficient inithe Ni~-Cr system
at 1100°C is also markedly greaﬁer than that in the Co-Cr system, values
being réspectively 9.29 x 1071 and 2.79 x 10711 cmz/s.

. At the sgme time it can be seen that DCrCr and DCrAl are approxi-

mately equal to.each other in each system. Thus, in both cases,'the

chromium diffusion flux is strongly dependent on both chromium and
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aluminum'concéntration gradients. This may be contrasted with'thé
'sifuation'described'ébove'concefning fhe aluminum difquion flux, ﬁhich
is dominafed by‘the aluminum concentration gradient.and is only.weakly
dependent on_the.chromium gra&ient.

-Looking at the relative magﬁitudes_pf the direct coefficiénfs for
the two systems, it,;s seen th&t for CorCrfAl‘DAiAl is aPproximatély'

'dOUble DCrCr’ while for Nl—Cr—Al the ratio is inverted wlth DAlAl only

. Of these two results, the former is per-
CrCr :

about half the value of D
haps to be expected sincé alumiqumxhas a much lower atomic weight and
atomic size than chromium. However,vthe latter, more surprisihgly, re-
sult serves to illustrate the fact that thése coefficients are not a
simple meaéure of the raee at which atoms jumﬂ'throughrthe lattice, but
inclﬁdé a great deal of informafion concerning the‘chemicél interactions
between all three elements present.

In summary then, it may be stated fhét'the results obtained for the
interdiffusion coefficients of the cobalt solid solution of the Co-Cr-Al
system are in good agreement with expectioné, basédvon the data available
for related systemg. The direct coefficien£s DCrCr and DAlAl are similar
to the:binary interdiffusion coefficients obtaiﬁed from-the systems |
Co-Cr and.bofAl-reséectively-ét the éamevtémperatuEe. Meanwhile, close
correlation exists.between the coefficients.of the Co—Cr—Alvsystem and
- those pertaining'ﬁo the related system Ni-Cr-Al, with the exception that

and D are both greater in:the latter than in the former. This

DCrCr CrAl

is to be expected, however, from the relative values of the binary inter-

diffusion coefficients of the Co-Cr and Ni—Cr.systemS.
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'gTMﬂEIV %
ALLOY COMPOSITIONS o » - . g
Alléy-Number | Nomiﬁal 'COmpositio‘n' - Actual Composition. .
L wt 4 : wt % -I
AL cosal . " Co-5.6Al |
A2 _‘f' | Co-5Cr RS Co-5.2Cr f
A3 Co-5Cr-sal  Co-3.0Cr-5.3AL |
Al ~ Co-15Cr - Co-11.1Cr. j
A5 Co-15Cr-5A1  Co-12.3Cr-5.3al |
A6 _ C,o—2>SCr - ' ~ Co-24.4Cr
a7  Co-25Cr-5A1 . Co-19.3Cr-4.8Al §
TABLE II . - o 3
siNGLE PHASE DIFFUSION COUPLES 3
o Nominal COmposition of. Alloys used (wt %)
'Couple Numbex ~ with Alloy Number 1n Parentheses
BL ' Co—SCr(AZ)/Co—SCr—SAl(A3) ?
B2 ' Co-5Cr(A2) /Co15Cr-5A1 (5) |
B3  Co-15Cr(A4)/Co-5CT-5A1(A3) * ?
:B4 . : c°;150r(A4)/Co-15Cr-5A1(A5) é
BS : -Cd—SCr(AZ)/Co—25Cr—5A1(A7) ;
B6 | go—zsc£{A6)/c°;5cr-5A1(A3) |
B7 B Co-5Cr (A2)/Co-5AL (AL)
B8 Co/Co-25Cr-SAL(AT) ;
B9 . Co—25cr(A65/cé-5A1(A1) '
810 | © Co/Co-15Cr-5A1(A5)

B11 ' Co/Co-scr—SAl(A3) 



TABLE ITT

DIFFUSION COEFFICIENT‘DATA IN Co SOLID SOLUTION OF Co-Cr-Al SYSTEM .

Intersecting . Composition Dpial Dpter 'Pcf¢r Derar
No Diff. .faths wtZAl  wt%Cr cmz__sec-lv 'cmz séc_1 cm2 éecfl _ém‘ sec:_l
1 B4  B5 2.1 1l.4 5.4 g 107t 1.9 x 10712 1.7 x 107 1.9°x 107
2 B4 B6 2.4 11.5 5.6 x 10711 7.4 x 10712 C2.2x107tY 1.2 x 107
3 B4 B8 2.4 11.5 5.6 x 10711 6.1 x 10712 2.0 x 100 1.3 x 107
4 B4 B9 L2515 5.7 x 107 6.3 x 1072 1.7 x 1070 1.4 x107H
5 B5 B6 2.2 - 12.1 4.9 x 107 s x 107t 2.3 x 1071 2.4 x 1071
6 B5 B9 2.3 125  5.2x 10 5.6 x 1072 2.3 x 10'?1_ 4.1 x 1071
7 BS B8 2.6 13.4 5.5 x 107 1.3 x 107 2.6 x'107 4.7 x 107t
8 B6 B8 2.4  11.4° 5.2 x 107 6.5 x 10712 2.0x10 45 x 1072
9 B8 B9 2.5 11.8 5.9 x 10711 6.8 x 1072 19 x107t 27 x 107t
10 B3 B8 2.0 7.9 4.3 x 10t 5.1 x 1072 1.6 x 1001 1.4 x 207
11 B3  BIO 2.1 7.8 4.2 x 107 4.4 x 10712 1.7 x 107 1.8 x 10711
12 B2 B3 2.2 7.4 4.6 x 107 5.2x102 14 x10tt 8.8 x 1072
13- B2 B8 1.9 6.5 4.4 x10M 4.3 x 10712 1.6 x 100 43 x 10713
14 B2 BIO 1.8 6.3 4.6 x 1ofll_ 2.4 x 1072 1.9 x 1001 —4.2 x 10722
15 B8  B1O 1.9 7.1 3.3x10M 6.1 x 1072 1.4 x 1000 2.5 x 10711
16  B7  BLO 1.3 4.1 5.3x107tt 3.3 x 10714 1.8 x107Y S3.0 x 1072
17 Bl BIO 1.5 4.9 4.9 x 10711 1.4 x 10712 1.9 x 107 9.1 x 10714
18 Bl . B8 1.7 4.8  s5.2x10 Mt 3.3 x 10712 1.7 x10 s x 107t

_6‘[— .

g ¢

2




TABLE III (contd.)

Intersecting

Composi;ion DAlAl _Dchr .DCrAi_ |

No. Diff:. Paths wtZAl  wt%Cr en? sec”! cm? sec Cen®  sec” en Ksec—l_
19 B7 B8 1.5 3.8 s5.9x10 7t 2.6 x 1072 1.8 x107 1.6 x 10712
20 B6  BLO 2.8 9.9 5.2 x 1071t 7.0 x 10712 2.4 x 10711 1.0x 1071
21 B9  BlO 2.8 9.9 5.5 x 107! 5.7 x 1072 1.8 x 1071 2.5 x 10711
22 B6 B9 2.8 9.8 3.0 x 10! 9.8 x 10713 2.7 x 1071 7.6 x 107
23 B2 B9 2.9 9.1 6.1 x 10 6.4 x 10712 1.7 x 10711 1.7'x 1071
24 B2 B6 3.0 9.2 5.8 x 10t 8.5 x 10712 2.2 x 107 5.0 x 10712
25 - Bl - Bli 42 2.9 7.5x 107t ~2.1 x 107 1.5 x 1071 2.4 x 10712
26 Bl B9 4.2 2.9 9.4 x10 1! 1.4 x 1072 2.1 x 10711 4.5 x 10712
27 BS  BIL. 42 2.9 6.8x10T 7.3 x 10712 2.0 x 10711 8.4 x 10713
28 B3 B9 4.1 3.3 1.0 x 10710 1.7 x 1071 2.1 x107H 6.2 x 10712
29 B3 Bl 45 3.0 7.2x10% -8.0x 10 9.9 x 10712 8.8 x 10713
30 B2 . B7 0.3 5.1 4.0 x 1071 1.5 x 107t 2.4 x 10710 _2.0 x 10712
31 Bl B2 0.4 ! 5.2 4.b x'1ofl; 1.6 x 1071 1.9 x 10711 2.3 x 10712
32 B3 B4 0.3 111 2.4 x 10770 8.7 x 10712 2.6 x 107 1.0 x 1071
33 B7  BLl 2.6 2.2 7.1x10%0 9.0 x 1073 3.0 x 107 4.0x 10743
34 B4 B10 4.3 12,0 7.7x107tt -1.7 x 1071 9.7 x 1071 1.9 x 1071
35 B2 B4 4.6 121 2.7 x 107t 1.3 x 1070 3.7 x 1071 1.1 x 10712
3% B3 BS 170 87 33x10t 3.0 x 10712 1.1 x 10 4.7 x 10712

~0¢-



TABLE IV
AVERAGE VALUES OF DIFFUSION COEFFICIENT DATA FOR °
THE Co-Cr-Al SYSTEM AT 1100°C -

‘ .DCrAl/CCr' : I . DAiGr/CCr
D cm2/s ' cmz/s/wt pA D L cmz/s cmz/s/wtv7v
cece® M5 - A1A1’ s ¢ -
c20x10 12x107 0 s x0Tt 3.2'x 10712

TABLE V

| COMPARISON OF INTERDIFFUSION COEFFICIENTS AT 11°C (cm2/s)

Reference
D in Co-Cr 3.3x 100 o Q15)
1.9 x 107 - @ae)
2 x 10711 A7)
D 2.0 x 10_11 ' resent.work
" CrCr : P ‘ >
_  S -11 :
D in Co-Al 5.3 x 10 (18)
5.4 x 10_ll - present work

Da1a1



2.wt % Al

2 x 10

9o
TABLE VI
COMPARISON OF THE DIFFUSION COEFFICIENT MATRICES OF
Ni 10 WI % Cr 2 WT % AL . AND Co 10 WI % Cr 2 WT
] 7 Al AT 1100°C |
DCrCr o DCrAl ' Datar I)AlCr |
. -1 2 -1 2 -1 2 -
cm -sec cm sec cm -secC cm sec
Ni 10 wt % Cr -11 .10 11 -12
2ot % AL 9 x 10 1x107°  5x 10. 2 x 10
Co 10 wt % Cr 1 S | 12

6 x 10
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