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DIFFUSION AND DIFFUSION-CONTROLLED TRANSFORMATIONS

IN DILUTE TERNARY AUSTENITES

Introduction:

The behavicur of austenite in diffusion and phase transformation
is of interest from two standpoints. Firstly, a simple or alloyed form
of austenite is invariably the starting point for the production of
carbon or alloy steel. It is expected that, with a fuller understanding
of these processes in austenite, many of the empirical rules of heat
treatment currently in use may be supplemented or modified to improve
the alloys and their treatments. Secondly, the austenite decomposition
reactions, particularly the eutectoid, (Pearlite) reaction, have invited
much theoretical speculation, since it is assumed that an investigation
of the more fundamental aspects of these reactions will cast light upon
the broad field of solid state transformations.

The aim of this investigation has been to experimentally deter-
mine the diffusion coefficients required to designate diffusive behaviour
in selected ternary austenites, and armed with this information, to
attack the problem of phase transformations in these alloys. Towards
these ends, new techniques have been evolved for the determination of
diffusion coefficients, and of the growth kinetics of proeutectoid
fe:rite in supersaturated austenite, It is expected that the latter
investigation will have a direct bearing on the kinetics of the more

complex eutectoid (pearlite) reaction.



I PREVIOUS EXPERIMENTAL WORK

(a) Diffusion in Multicomponent Systems

Although diffusion in binary systems has been extensively
investigated, the problem of diffusiom in ternary and higher order
systems has received comparatively little attention. Only‘recently have
phenomenological schemes capable of describing the general case of
diffusion been developed. (see section IIa).

The experiments of Bramley‘et all represent the first significant
studies of diffusion in ternary systems. Penetration curves for carbomn
in steels centaiﬁing previously established gradients of sulphur and
phosphorous were obtained. In both systems it was observed that the
carbon distribution was drasticaiiy affected by the gradient of the
alloying element.

Seith and Bartschat® and Darken’ studied the effect of an abrupt
change in concentration of a sluggish substitutional solute (e.g. Ni, Si,
Mn) on the behaviour of carbon in austenite. The diffusion couples
employed were variations of the semiainfinite couple common in binary
diffusion experiments. In many cases, a distinct discontinuity in carbon
concentration corresponded to the discontinuity in alloy concentration.

Darken'’s couple design, in particular, emphasized the fact that
the diffusive flow of one element must be considered a function of all
independent concentration gradients. It consisted of an iron-carbon

alloy welded to an iron=carbone-silicon alloy such that the carbon



‘distribution was initially approximately uniform. After 13 days at
105000, the carbon concentration had changed as shown in figure 1.

Seith and inleve:c"lF suggested that, although the carbon penetration
curves in the above experiments exhibited discontinuities, the carbon
activity should be a smooth function of distance. Hirth et a15 have
recently analysed ternary couples (similar to Darken's) to determine the
activity of carbon in iron-carbon=cobalt, implicitly making this assump-
tion. As Darken6 has pointed out, such aan assumption is in need of
experimental verification.

Gosting et al7 studied diffusion in ternary liquid electrolytes
with the object of testing the Onsager relations (see section IIa). The
distribution of a diffusing species was found to be a function of all
independent activity gradients, and the Onsager relations were verified
within the probable experimental error.

Kirkaldy and co-workers have addressed themselves to the problem
of determining diffusion coefficients in ternary substitutional alloys,
again by means of semi-infinite couples8’9.

The diffusion coefficients of carbon and manganese in austenite
havé been determined to good precision (approximately + 15%) by Wells and
Mehllo’ll, Their work12 has also shown that moderate amounts of alloy
additions (in particular ~ 1% of Mn, Ni,or Si) do not significantly affect
the rate of diffusion of carbon in austenite, althougﬁ, in manganese
steels, carbon has a pronounced effect on the rate of diffusion of manga-

13

nese. Kurdjumov ™™ on determining diffusivities of substitutional solutes
in ternary austenites, found that they were greatly enhanced by the

o + Fe_C— v reaction, presumably because of the large number of

3



subgrains attending the first stages of austenite formation. No such
increase was found when the above reaction‘did not immediately precede
the diffusion anneal, (i.e. when a tracer was plated onto retained
austenite rather than a ferrite-carbide mixture or martensite). The
“diffusion couples were slowly heated in vacuum.

As will be demonstrated in the following sections, thermodynamic
dataf§re of great value in interpreting multicomponent diffusion data.

The results of Smith14915s16

on the activity of carbon in binary and
‘ternary austenites are particularly rélevant to this investigation, and
will subsequently be discussed from a theoretical point-of-view. The
binary activities were determined by equilibrating pure iron samples
with calibrated GO-CO2 and CHL*--H2 mixtures. Activities determined by the
two methods showed small consistent discrepancies, but, in general, were
in good accord. Fe~C~Mn and Fe-C-Si activities were obtained by equili-
brating pure iron and appropriate iron-base alloys with CHl}—H2 mixtures,
then comparing the carbon contents of the binary and ternary alloys.
Recently, Kaufman et a117 have stated that™here is evidence that the

CH#-H2 ratios are open to question because of the formation of other

hydrocarbons'.



(b) Phase Transformation Studies

Many workers have studied the morphology, crystallography, and
kinetics of phase transformationslg. The following section will be
devoted largely to pertinent observations of the various austenité de-
composition processes, although the results will often be of general
application in the field of condensed state transformations.

Before proceeding with a discussion of the austenite decomposi-
tion reactions, some of their elementary characteristics should be noted.

The portion of the Fe-Fe,C phase diagram shown in figure 2 is based on

3

that presented by Hansenl9

20

, modified slightly to comply with the recent
work of Smith Austenite (y) is an interstitial solid solution of
carbon in face-centered-cubic iron, and ferrite (o) is an interstitial
solid solution of carbon in body=centered-cubic iron. In both phases, the
dissolved carbon atoms occupy octahedral interstices in the respective

21,22

host lattices . Cementite, (Fe_C) is a complex orthohombic inter-

3
metallic compound. Pearlite, a product of eutectoid decomposition, con-
sists of alternating lamellae of a and FeBC. Martensite, (a') is a body-
centered-tetragonal product of non-equilibrium vy decomposition, produced
by a shear process involving cooperative atom movements at the y-o' phase

interface. Here we will primarily be concerned with reactions between

the o and v solid solutions.

(i) Morphology

It is not the writer's intent to present an extemnsive account of

previous detailed morphological investigatiOnSZB’a?. Morphology is of

interest here only in that it is often possible to infer interface struc-



tures from observations of precipitate shape and habit. Therefore, a
simplified account of the sometimes complex morphology of the pro-
eutectoid reactions will be given.

When austenite is supersaturated (i.e. cooled into the « + ¥
or FeBC + Y regions of the iron=-carbon diagram, the first stages of

transformation usually occur in such a manner that the precipitated

E
phase exhibits two distinct types of morphology :

1. Grain Boundary Allotriomorphs: (figure 3)

The precipitate nucleates at the grain boundaries, and quickly
grows preferentially along them (linear rate24). The precipitate films
then tend to grow into the austenite (i.e. normal to the grain boundaries)
with an approximately planar interface. Since there will, in general, be
no rational orientation between two adjacent austenite grains, the
daughter phase can only be rationally oriented with respect to one of the
parent grains at most.

Aaronson23 holds the view that grain boundary ferrite nucleates
in an austenite grain, and grows into that grain, Smith25 hypothesized
that ferrite nucleates coherently with one grain, and grows into the
adjacent grain, an opinion that is supported by the observation that
ferrite usually grows predominantly into one austenite grainZB. In any

case, an incoherent «=y interface is to be expected on at least one

side of the ferrite film.

i

These morphologies are common in a wide wvariety of ferrous and
non-ferrous alloys when a single=phase precipitate forms in a single
phase matrix by nucleation and growth involving long range diffusion.



2, Widmanstatten Plates and Sideplates: (figure 3)

These plates are formed in the interiors of y grains, or develop
from grain Eoundary allotriomorphs, and are therefore not kinetically
constrained to grow along v grain boundaries. In the case of proeutec-
toid ferrite, the parent and daughter phases are related approximately
by the Kurdjumov and Sachs relations,26

(111)Y 11 (110)a

[110] et Ll .
so that there is a chance of partial lattice matching, and an attendant
semi-coherent interface structure. It appears that the habit plane of

27

proeutectoid cementite is not unique™'.

(ii) Kinetics

Previous workers have failed to umequivocally demonstrate whether
diffusion controls the grain boundary proeutectoid ferrite reaction.
Some possible reasons for this failuré are listed below:
(1) The usual practice has been tc austenitize a steel, react
isothérmally in the o + y range for various times, and metal-
lographically evaluate the.thickness of the grain boundary ferrite.
Since the time of nucleation of each plafe is not known, and the
ferrite platelets intersect the plane of polish at random angles,
evaluation of the rate of thickening presents a formidable problem
in quantitative statistical metallography.
(2) High purity iron-carbon alloys transform with such rapidity
that many investigators have found complex alloy sgéels attracs’.

tive28'29c Even in the case of alloy steels, the carbon diffusion



fields from opposite sides of a grain impinge after a time

t = 0:035 a2/D 30, (a is the grain radius, D the diffusion coef-

ficient of carbon) so that, unless the y grains are very large or

penetration times very short, the boundary conditions will be

altered during the experiment.

(3) The ease with which steels decarburize has occasionally led

to error. Heidenreichjl, using hot-stage thermionic emission

microscopy, found that grain boundary ferrite thickened more

rapidly than could be acccounted for by volume diffusion control,

and concluded that proeutectoid ferrite forms by a shear mechan-

ism. However, since decarburization apparéntly»took place dvring

the experimentzB, this conclusion is probably not warranted.

Aaronson~> has calculated diffusion coeffi#ients from the best £

available information on ferrite allotriomorph thickening, and finds that
the values obtained are within about * 50% of those measured by Wells and

Men1 20,

3

Rouze and Grube2 measured the rate of thickening of a Widman-

statten a plate usingthermionic emission microscopy, and found the rate

27

too slow for diffusion control. Heckel and Paxton ' metallographically
determined growth rates of grain boundary cementite in a high purity
hypereutectoid steel, and, observing that the rates were too slow for
diffusion control, concluded that interfacial reaction must be partially
controlling.

According to Heckel and Paxton27

s varicus attempts to metallo-
graphically demonstrate the existence of carbon gradients near precipi-

tated ferrite have not been conclusive, although Barrett et a132 have



presented a photomicrograph showing solute depletion near silver-rich
allotriomorphs in aluminum-silver alloys.

The austenite-pearlite reaction in high-purity steels apparently
proceeds too quickly for volume diffusion controlBB, an observation which
led Cahn and Hagel34 to suggest that a large proportion of the carbon is
transported laterally along phase boundaries as the pearlite grows.

35

However, there is evidence”” that interstitial components diffuse less
rapidly along austenite grain boundaries than in bulk austenite, so that
the assumption of enhanced interstitial phase boundary diffusion is in
need of experimental justification.

Published isothermal transformation diagram536 for various steels
indicate that alloying elements usually have inhibiting effects on both
nucleation and growth in the austenite decomposition reactions. '
Manganese, in particular, is a very effective hardenability agentj?.
Wells and Mehl12 showed that the observed inhibitions are not due to a
change in the carbon diffusion coefficient.

Of considerable pertinence to the alloy transformatiQn problem

38 39

is the work of Aaronson” and of Bowman”” who have demonstrated that no
alloy partition occurs during the proeutectoid ferrite reaction in the
systems Fe-C-Cr and Fe-C-Mo, respectively. The analyses were carried out
on ferrite formed isothermally at various temperatures.

In the pearlite reaction, partition of alloying elements to the
ho,ul,han

ferrite or carbide has frequently been observed

Cahn and HagelBh

have shown that, for pearlite to form in slightly supersaturated austenite
some alloy partition is necessary, but that pearlite formation in highly

supersaturated austenite is thermodynamically pessible without alloy



10

partition. Recently, Pickelsimer et al41 observed that negligible
manganese partition occurred during the early stages of transformation
in a maiganese steel, which suggests that measured alloy partition is
often the result of subsequent lateral alloy diffusion behind the growth

k3

front. Zener -~ concluded that alloying elements only affect the rate of
pearlite growth by changing the interlamellar spacing, a conclusion that
is not borne out by experimentBQc
The portion of the ternary Fe~C-Mn phase diagram in figure 4 is
based on that suggested by We11544, but modified to comply with the
30 diagram of figure 2, and with the Fe-Mn diagram determined by
b5

Proiano and McGuire .

Fe-Fe



IT THEQRY

(a) Phenomenological Theory of Diffusion

The formal basis for diffusion theory was established in 1855 by
Fick46, who proposed a linear relationship ﬁetween the diffusive flow, J,
and the concentration gradient VC, of the form
(). J = - DVC.

The proportionality constant, D, is called the diffusion coef-
ficient. Relation (1) has survived the aiscovery that D is a function of
concentration by becoming, in part, a definition of the diffusion coef-
ficient.

Combination of (1) with the mass balance,

aC
ot

yields the time-dependent diffusion equation

(2) divd = -

(3) L=y (o)

| Equations (1) and (3), known as Fick's first and second laws
respectively, are sufficient to describe binary volume diffusion in
crystals,‘whateverAthe mechanism by which the atoms involved migrate. If
the diffusing species is dissolved substitutionally in the solvent, the

7

origin is chosen as the Matano interface '. If the solute occupies
interstices in the solveat lattice, the origin is chosen fixed relative
to the hést lattice. Other choices of coordinate axes usually require

that two "intrinsic" diffusion coefficients be specified.

11
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Onsager48 proposed; as a generalization of Fick's first law for
application to multiéomponent systems, that the flux of each component

be assumed a linear function of all the concentration gradients:

(4) 1 = - j&, D k (i =1, 2p~-n).
k=1
On combining equations (4) with the mass balances,
aci
(5) div J + T 0 . (i =1, 2p~=n),

the generalized diffusion equations are obtained,
ac,

(6) 6t

:E. V (D VC ) (i=1, 2p==n),
=1 -

In general, n2 coefficients (211 functions of concentration) are
required to completely describe diffusion in an n-component system.

However, since it is usually possible to write concentrations in such

units that
(7 25 C; = constant,
i=1

equations (4) can be written

n=1
(4a) gy = - = D,, VC, (i =1, 2y~==n=1)

i=1

=T -7

(8) where Dik = Dik Din

By an appropriate choice of coordinate axes, one of the fluxes has been

%
eliminated. The number of coefficients required is thus reduced to (n=1)2.

*Such a choice of origin makes it impossible to treat the motion
of markers in the diffusion zone (the Kirkendall effect). While of great
interest because of the light it casts on the mechanism of substitutional
diffusion, the Kirkendall effect can usually be ignored in a phenomeno-
logical, scheme designed only to designate flow relative to a fixed
1attice48 ‘
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The analogiue of equation (6) in the reduced system is

-a-? = 5 Va(DikVCk) (i = 19 2, ="°‘='Il-=l)o
=1

Equations (4a) and (6a) lend themselves to mathematical manipu-

lation (especially in cases where the D,. can be considered constant) and

ik
have been the subject of considerable investigation. Kirkaldy?o in
particular, has developed a theorem for determining solutions of (6a)
from solutions of the binary diffusion equation (2) for analogous boundary
conditions.

An alternative, and complémentary, approach to the description
of diffusive flows is based on the thermodynamics of irreversible
processes5l. In this scheme, the local rate of entropy production is
written as a sum of fluxes and corresponding forces,
(9 g = ? I Xy

The phenomenological equations describing the irreversible

phenomena are introduced as linear equations between these two sets of

guantities,
n v
(10) J; = Ezi Ly, X

Onsager’52 has advanced statistical arguments to the effect that
the matrix of coefficients is symmetric, i.e.
(11) Ly =L, -

Onsager®s original result is valid only for the description of
scalar phenomena. De Groot and Mazur53 have extended Onsager’s proof to
include processes of a vectorial nature. The Yproper choice" for a

diffusive force in an isothermal system (so that equations 11 hold) has
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been ascertained from considerations of equation 3:5 1
(12) X, = - grad p_
where the W, are chemical potentials.

In the statistical arguments leading to the Onsager relations,it
is assumed that the fluxes afe measured with respect to the local centre
of mass, and that the fluxes, as well as the forces, are independent of
one another. The formalism should therefore be applied with care when
fluxes are specified with respect to some more common frame of reference,
or when linear dependencies exist between the fluxes or the forces.

Hooyman and de Grootsh have treated the case where‘the fluxes

’ ]
and forces are not independent, and show that the L., scheme need not be

ik

]
., can always be chosen so as to satisfy the

symmetric, although the le

Onsager relations.
Hooyman55 and Kirkwood et a156 have investigated the case where
the flows are referred to a frame in which the net flow of solvent is

zero. The forces are related through the Gibbs-Duhem relation, which

can be written

2 g
(13) C, =—— =0 .
k=1 k ox

In this particular frame of reference; the unidirectional flux

equations take the simpler form,

n=1 Guk
(14) Ji = - = Lik x ! (i =1, 2y ==-n-1),
k=1
and the Onsager relations are
(15) Ly = Lo
The L., in (15) are uniquely defined.

Equations (14) and (15) are valid when the concentrations are
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measured in grams per unit volume, and the chemical potentials in p per
gram, or when the concentrations, C, are measured in moles per unit
volume, and the chemical potentials in p per mole. Hereafter, the latter
system of units will be used unless otherwise stated.

olnce '}J-k = }-‘-k (clg c g m—— cn_l),

(16) e I
ox =1 kj ox
6uk

(17) where ukj =35 °
J

Combining equations(14)and {16},

n-1 n-1 oC.
(18) Iy = - kZl Ly = “kj"'é‘;']{ , (i=1, 2, ===n-1)
= J=

which defines the D's in terms of the L's:

n=1
(19) Dij = ézi Ly Py *
As a consequence of (15), it is possible to write
= =
(20) = Pas L., B, = Voo L. Wope s
3o 2=1 ji 7jf T£k j,2=1 jk T£] TEL

so that the Onsager relations in terms of diffusion coefficients read

n-1 n-1

(e 5 P Pt e P

The tramsformation properties of the Onsager relations have been
investigated by Hooyman et a157. If the fluxes in a new frame of refer-

ence (A) are related to the fluxes in the original frame (B) by

n-1

(22) g E 90 (=1, 2, —mmn-l)
then, if the Onsager relations are to be preserved, the forces must be
(23) I1_291 X2,

Xo= Z Ry X



16

which also leaves the expression for the entropy production (9) unchanged.
Hoo;yman5 2 has presented a general equation for the Onsager
relations in terms of diffusion coefficients for fluxes and forces trans-

formed by (22) and @3). This is

- (2h) . D, Prp,, = = n, P.D., o
5, £=1 jk T£ T4 je2=1 £k “£3 Tii
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*
(b) Phenomenological Theory for Terpary Austenites

In the special case where one dilute interstitial component
(designated 1) diffuses in a face=-centered-cubic binary substitutional
austenite (substitutional solute; 2, iron; 3), equations of type 4 may
be applied to fluxes measured with respect to a fixed face=centered-cubiec
lattice (i.e. lattice parameter changes and the shift of the Matano

interface are neglected). Subject to these specifications,

(25) Iy + J3 =0
so that equations(h) can be written, (for unidirectional diffusion)
| 3C aC

1 2
(26) Iy = =Dy 3% ~ DT
and

aC aC

1 2

(27) Iy = =Dy 3% " Do 7%
1] 1] ?
where Dyy = Dyy 9 Dy = By = D)y Dy = Dy
1] t

aﬂd D22 = (Daa = D23)o

The alternate flux equations may be found by transforming

equations (14) via

L N
(28) I, =d0 + 0y v

where JiL is the flux of i measured in the lattice fixed frame, (L), JiN
is the flux of i measured in the solvent-fixed frame, (N), and VNL is the
velocity of frame N with respect to frame L.

Since |

(29) ) = 09

s
The essential content of the following sectionsg(b% through (e)
has been published by the author and Professor Kirkaldy5 199,
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and

(30) J.- ==J

JZL
(31) VNL=-'C—- .
3
The transformed fluxes are:
(32) g o g¥_ ! gy
1 1 CZ+03 2
and
C
L _ 3 N
(33) A

and the forces, according to (23), are

L N
(34) X7 =X
and
c C,+C
(35) x o2y, 2 2N
2 c,b "1 C 2
3 3
The flux eqguations are now
(36) PR SIS e Wi G-
1 1175x " M2 [T, x * ToL . Tax
3 3
and
(37) T R b B A s B
2 21 ox 22 | C, ox [ 0x
3 3
subject to
(38) Ly, = Ly, \
In terms of diffusion coefficients, the Onsager relation (from
(24)$ is
C1 02+C
(39) D1atyp * By T, 2 Dz o, ‘a2
Cl C2+C

= Dygbgg + Doy z, By *+ Do c, Bop s
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which reduces to the ternary form of (21) for dilute solutions (Cl5

C, << 03),
Combining equation (36) with equations (16) gives
C.+C oC
. _é__~2 =
(40) [Lllp'll * 112 c Pt R T Py T
ﬂu o 1 Cy+ C 3¢,
L11"'12 12 T, Y12 * h2 c, Moo | TBx

The ratio of diffusion coefficients DlZ/Dll may be obtained by

coﬁlparing (40) with (26). This yields

Cl Ca+ c
(1) D, Lyqip #+ Ip gobp + Iyp =g 1y
_ 3 3
D,. C C.+ C !
11 1 >
Lyakgg + 4yp g, By * Do G Boy

which, to the extent that the off-diagonal interactions as measured by .
LlE are small, becomes purely thermodynamic,i.e.,

(42) Dip  Byp  Om,/ON,

Dy omgy Oy /ONg

To the same approximation, D21/D22 is given by

(43) Dy Bny 0N

Dy, ~ Ou,y/0N,
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{¢c) The Thermodynamics of Dilute Ternary Austenites

It is apparent that any test of equation (42) requires that
analytic expressions for the thermodynamic properties of the solutioms

involved be available. The data accumulated by Sm:“l.,t.hll'}’15"16

on the
activity of carbon in binary and ternary austenites provides a strong
incentive for theoretical interpretation. The binary iron-carbon results

17

have often been discussed on the basis of geometric models,’ which assume
that some or all of the interstitial sites adjacent to an occupied site
are inaccessible for other carbon atoms. 'Darkenso has treated the binary
system, using an energetic model , by calculating the partition function
for the system. Iwase and Kachi61 have extended this calculation to
ternary austenites. In the following section, an approximate expression
for the Gibbs free energy,
(lals) F=E-~T8
is obtained by calculating the energy E as a sum of pair energies, and S
as the configurational entropy. The differentiation of F with respect to
the number of atoms of institial component leads directly to an expression
for the activity.

In ternary austenites of the type considered here, the inter-
stitial component (1) occupies octahedral sites in the face-centered-cubic
alloy host lattice. The substitutional solute (2) replaces iron (3) in

the solvent lattice. The octahedral interstices form another f.c.c.

lattice with the same number of sites as the solvent lattice. A

*

The correct expression for F is E + PV - TS. In the solid state,
the PV term is usually negligible in comparison with the others, and F is
satisfactorily approximated by (L44)
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The entropy is assumed to be purely configurational (i.e; regular
behaviour) so that, in formation of the dilute solution, there is no
tendency towards ordering, nor is there any significant change in the
vibrational and electronic modes. The energy is regarded as made up of
the interaction energy of nearest-neighbour pairs in the lattice. This
enumeration includes interstitial pairs on adjacent octahedral sites,
although these are not strictly nearest neighbours.

The total energy E, is given by the sum of pair energies,

(45) E 3

22 * 3365+ 175€

= 3161 * 22 12 * M23%3 * 1
where the n's represent numbers of pairs, and the €15 are the corres-
ponding interaction energies based on any convenient standard state. In
particular €11 is the energy of an interstitial pair from atoms at iso-~
lated interstitial sites, and 612 and € 3 are the energies of formation
of an interstitial-subsfitutional pair from a completely isolated inter-
stitial atom. The n's are related to the number of atoms of the three
species, Nys Ny gnd n., by the relations,

3
(46) TR PRI

(47) 12 ny = 2055 + Nyz
(48) 12 ny = 2n33 * Mo s
(49) 6 n,%/(ny* ng) = myy
(50) 6 nyn,/(n+ n3) =ny5
(51) 6 n,°/(ny+ ng) =y,

subject to the condition that n3>>-n1, nye

On substitution, equation(AB)becomes .



22

l
(52) E = 6n & + bngfoy+ (623 - 62)

1 2 2 .
RS [6“1 €+ 6ny76 + 6“1“2(6 122~ 31}} :
The total number of configurations of the ternary solution is

equal to the number of distinct ways that n; atoms can be distributed

among the ny+ n interstitial sites multiplied by the number of ways the

3

n, and n3 atoms can be arranged among the same number of substitutional

gites. This is

(n. + )' (n,+ n,)!
(53) W= n. ! (n + i - )' n2'4£3' )
1272 3 2° °3°

The configurational entropy is
(54) S=k&n W
which, with the help of the Stirling approximation becomes
(55) S =k i} n,én n, - (n2+ 1= nl)zn(n2+ ng= nli} + SO
where So is a sum of terms independent of Ly

By definition, the partial molal free energy is

=4 E
where A is Avogadro's number. Thus, in terms of mole fractions,
ny
(57) By = 6A€3 + l2ANifll + B6AN (€i2 é%l) + AkTén _"1'57:"5:
126 (b 6, )
= 1l 12"
=bA€3 +RT£nNé ( ;)1}{1»,6 ==t N,

subject to the approximation that Nl and N2 are sufficiently small com-

pared with N_, and that 2n (1 + x) ¥ x. Hence the activity of the

3
interstitial component referred to the standard state at infinite

dilution is:
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(58) =N [ (12€l1 + 2)1\11}(1 + 6 ﬁ%@ NZ}

By identical procedures,

CONNE w2 - 2t (e, - _2_2,__.21\,}{ SEs (31 1}

and
6 ¢ €10~ € € +€
(60) a5 = Ny {1 -1+ ll)N -—1-2-&-@-11— NN+ 22 (623 £22 t33 )N }

so that an internal check can be made through the Gibbs-Duhem relation.
The standard partial molal free energies are p.lo = HA él’ p.2° = 6A
o]
- 4 °
(2(23 €33) an ]J,B = 6Ag3
The equality of the second coefficients in (58) and (59) suggests
that there may exist a general thermodynamic relation of this sort for a

set of arbitrary dilute soclutions with activities of the form,

(61) a = klNl(l + bN, + cNZ) =4 klNl(l + le)(l + cNa)
and
(62) a, = kaNz(l + eN2 + le) 4 k2N2(1 + eNa)(l + le)

Substituting these in the Gibbs-Duhem equation gives

(63) a(sn ag) = - f+@+ YN, + (1 + f)Na]le
- [l+(l+c)Nl+(l+e)N2dN
= - Plle P?.dNZ .
Since this must be an exact differential,
= # o
3N2 6N1
or
(65) ¢ = f.

Hence the symmetry of (58) and (59) is a thermodynamic imperative,
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rather than a consequence of the model. This result, originally due to
Wagner62 represents a significant aid to experimental economy in tabu-
lating the thermodynamic properties of dilute solutions, and in tabulating
multicomponent diffusion data.

Relation (58) has been fitted to the experiments of Smith (at
IOOOOC) for the systems Fe-C, Fe-C-Si, Fe-C-Mn, and Fe-C-Ni and the
results plotted in figure 5. Calculated values for €1l/kT and
(éi2~ é%l)/kT are indicated in Table I.

Although the near-neighbour, regular solution approximation is

63

generally an inaccurate one, ~ and the interaction energies are atom-
istically rather ill-defined, this theory does give a qualitative physical
description of the thermodynamic functions of interstitial solutions, and

provides a convenient framework for the representation of thermodynamic

data.
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(d) Statistical Theory of Diffusion in a Ternmary Solution

-

Sei‘tz,bq has presented a method for calculating a diffusion flux
in terms of atomic parameters. In the case of interstitial diffusion in
ternary austenites, the carbon atoms (1) in octahedral sites, have 6 near
substitutional neighbours. The statistics of diffusion across a (111)
substitutional plane will now be considered. In figure 6, lines a and b

separated by the lattice spacing, A, (A = d ) represent planes of
)

(111

octahedral sites, while ¢, d, and e represent adjacent planes of substi-

tutional sites. Let n,°. aa, 0.2 and nlb, n b b be the average

1 3 2 v I3

number of moles per unit area at planes a and b respectively, subject to

(66) n2a+n3a=nb+nb
Let V*° = P(n,®, n,°, 0%, n,") be the probability per wnit time

b

that a 1 atom will jump from & to b and Vba = V(nlb, nla, D,y 1

a
2 ) the
probability of a jump from b to a. The flux of component 1 is

a yab b, ba
(67) Iy =1y P - ny %

Expanding this as a Taylor series in the spacing A,

’ d ab ab
_ _ a,ab a 94 [ ap K ay ]
(68) gy =m0y V7 = (o + M dx){P + A dx:[a = -3
ot oy
- a1V
dx m® 3 b !
% a2
a2l o [0 afSN 2 e afPT
- U an & ap 0d) o on?  an? ™ =
! ™ 2 2
dropping insignificant superscripts and noting that n, = kCle
oC
Neglecting the high order coefficient of 3;1 .
(69) D5 ooy [avab avab]
D.. ~ pab a ., b °
A ana ana
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Let us now consider a statistical representation of the jump
frequency according to figure 7, where a 1 atom in plane a which is
adjacent to a 2 atom in any one of its six p&ssible sites has its poten-
tial well deepened by an amount 631" éiza Then the jump frequency can

be written in terms of Boltzmann factors,.

ab na [6+ s 612]_} By \yg - AT
(7)Y =0 == +(l-6-—-aé==—=°a-)-3e
r2 + n) n, + Ja3

where VO is the mean vibration frequency, m is a geometric factor, and

€is the activation energy for diffusion of 1 in 3. Thus, via (69),

(71) D, -
2ag bl

11
Bquation (71) may now be compared with the result obtained by

substituting (61) into (42). For N., N2<K 1, this gives

1
(72) Do
D = GNl °
11
From relation (58),
(73) e =6 f;_zk__ng ,

so that (72) is identical with (71).

This indicates that a thermodynamic theory of interstitial
diffusion which neglects the off-diagonal terms in the L-matrix is
equivalent to a statistical theory which considers only near-neighbour
interactions, and first order terms in a Taylor series expansion of the

flux as a function of lattice spacing.
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{(e) Analysis of a Diffusing System in the Transient Equilibrium State

Kirkaldy65 has proposed a boundary condition which has a particu-
larly simple integral of the ternmary diffusion equation (26). This is
any finite system which has one very slowly diffusing component and one
very rapidly diffusing one - precisely the;situation described in previous
sections where the interstitial element tends to diffuse much faster
than the substitutional ones. The fast component diffusing on the
gradient of the slow one will rapidly come to a state of "transient
equilibrium', and the distribution of the fast component will thereafter
change slowly in unison with the slow one. If the initial solute concen=-
trations in a layer couple (for example Fe-C-2% Si) are as shown schema-
tically in figure 8(a), at diffusion temperature, the substitutional
element (2) diffuses slowly oﬁtward wvhile the interstitial carbon (1)
rapidly comes to "transient equilibrium" (figure 8(b)). When the latter
state has been reached, the condition can be described to a first

approximation by

acl 602
(7 1t P 70

A solution for comstant coefficients may be obtained by integra-

ting (74) from the outside to the centerline. This gives

(75) D;p _ €L - &
- 9
D11 CZ
where Clo is the outside concentration of component 1, Cl is any inside
concentration of component 1, and C, is the corresponding inside concentra-

2

tion of component 2. Thus a measurement of the outside and the centerline

concentrations of the couple (Cl1 and Cal) gives a first estimate of
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.\ s . o) i i,

Dlz/'Dll at the mean concentratiocns (Cl + Gy )/2 and c, /2.
Approximation (74) may be improved by taking into account the

first order time dependence of the configuration but again assuming

constant coefficients. The time dependent diffusion equations are,

from (6a),
5C aC 8C ac
(76) 1 ( 1) (D —2)-p l,p —2
gt Bx ll ox 12 BX 11 5 2 12 2 ¥
X 0x
and
2 2
(77) f@_a( ) (D °°a+D 0°Cy
ot = 22 ox 21 ax 2 2 21 2 °
ox 0x

where the latter equalities hold for constant coefficients.
An approximation to the time derivative of (76) is obtained by
substituting (75) into the time derivative of (77) and neglecting the

last term in (77):
2

(78) ) _ DDy 3,
3t D17 a2

On integrating (76) twice, a solution which takes account of the first

order time dependence of the configuration is obtained:

o
(79) Do - - c% Lo
P c4B)
D
11
Doa
For all ternary austenites of the type considered here, the ratio fr-'<<]”
11

so (74) can be regarded as a highly accurate representation of the

transient equilibrium state.
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*n
The concentration dependence of the diffusion coefficients
may be taken into account by noting that the thermodynamic relation (42),

operating on the general expansion for the activity (61) gives

D oN,(1 - bN,)
0 Elé (Np,N,) = 11 + cN .
11 2

In the same way, equations (43) and (62) yield

(81) D5y oL = clN,(1 = eN)
9 - °
D22 1°7°2 1+ ch

For purposes of integration, the empirical relation

]
(82) Do oMy
Dll 1+ cNé

will be assumed. ¢ is given the thermodynamic value of equation (61)

and ¢’ is a purely empirical coefficient which is eliminated in the
integration. The result obtained by integrating (74) from the outer
surface of the couple to the centerline, and assuming the concentra-

tion dependence of (82) is

i o i
(83) Dip 4 4 o™ 4n (Ny7/Ny7)
DN NT) = 1 i y
11 (1 + cN, Yen(l + cN2 )

The time required for a finite layer couple to come to transient equi-~

librium may be estimated from the following expression (simplified from

*It is usually found that on=diagonal D's approach constant
values for dilute solutions. Off-%%?gonal D's, however, show a
sensitive concentration dependence y since they must vanish with the
appropriate concentrations. For example, in the equation for the flux
of component 1, ac ac
J, =-D —= - D -2
1 11 ox 12 ox °

J1 must vanish as Cl-w-o. Therefore Dlé—* 0 as Cl—-a-O°
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a solution for heat flow in plates of similar thickness)67:

2
- nn nmn
c __4 2 Se i) oY T
(84) ¢TI E thomia (oo )Slndf T
o) 2

where C is the surface concentration at time t, C0 is the initial
(uniform) concentration in the outside plate (width dl), and d2 is the
width of the inside (originally void of colute) layer.

Considering one half of a symmetrical layer couple of the type
shown in figure 8g(&2 = 1/2d£>numerical evaluation of (8%) indicates
that the surface concentration will be within one percent of its

d

ultimate value when t = T% ; and that it will be substantially constant

dy
(within 0°01%) after a time t = 5
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(f) Application of the Diffusion Formalism to Phase Transformations

In this section, extensive use will be made of the "principle
of local equilibrium' which may be stated as follows685 "For most
irreversible processes involving moderate gradients, it will generally
be true that the change in an intensive variable (T,P,n) within one
mean free path will be negligible compared with the magnitude of the
variable at that point." The region in which this statement is valid
is the realm of application of the thermodynamics of irreversible
processes.

When the above postulate is applied in transformation theory
(in particular, to a volume element containing the interface in an
isothermal multi-phase system) it allows the specification of equi-
librium interfacial concentrations, as given by the constitution
diagram*.

The assumption of equilibrium interface conditioms is at best
a good approximation, since there must always be some free energy
difference across the interface if the boundary is to migrate.

(49)

Kirkaldy has pointed out that this deviation from local equilibrium

is most likely to affect experimental findings near the time origin,
although, in many cases, the variations should be negligible from the
point of view of measured macroscepic variables.

69

Boltzmann ° first showed that unique solutions of equation (3)

*If the interface is non—planarée a knowledge of the variation
of equilibria with surface tension is required, since, if the system
is to be in local mechanical equilibrium, the resolved stress due to
surface tension must be balanced by pressure in the enclosed material.
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of the form

(85) ¢ =c), A= xAT,

exist, provided that the boundary conditions can be expressed in terms
of A (i.e. the semi-infinite boundary conditions). Kirkaldy °, and
Gosting and Fujita7l have extendéd this statement to the general case
(equations 6a). For a ternmary system, equations 76 and 77 have solu-

tions of the parametric (x/At) class, which satisfy the ordinary

equations
ac ac dc
A% e ._;) 4 __a)
(86) R Y (1’11 %/t o (Dlz 7Y
and
( dc:;2
(87) ‘Eﬁ'ax(aldx P2 &,

'Any point of constant composition in the diffusion zone of a semi-
infinite configuration must, according to the above statements, move
with a /t dependence. If the compositions on either side of a phase
boundary are constant, the boundary will move according to a parébolic
law. Accordingly, the observation of a parabolic growth rate suggests
strongly that volume diffusion controls the growth process. If, further,
the observed growth rates can be reconciled with indépendently determined
diffusion data, diffusion con’ol may be considered proven.

Exceptions to diffusion contfol of phase transformations are to
be expected when the daughter and parent phases have the same compo-
sition throughout, or when a low mobility (coherent or semi-cocherent)
interface separates the two phases (in which case, chemical reaction may
control the transformationsg)._ If, however, the interface is of the

random, or incoherent, type, a high mobility is to be expected, since
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atoms are presumably transferred, more or less independently, across an
amorphous boundary layer separating the two structures. (A striking
example of the potential mobility of an incoherent interface may be
found in the "massive" transformations72, where interface velocities
approaching those involved in martensitic transformations are

observed).
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(g) Ferrite Growth in Binary Iron-Carbon Austenite

73 originally produced the appropriate solution of (3)

Wagner
for the velocity of a planar phase interface in a binary two-phase
diffusion couple. The parametric solution, obtained by solving for

the interface velocity using two simultaneous mass balances for the

diffusing substance on either side of the interface is:

2 2
a a
(cr-cl) o "D, (CII- i o T
(88) « = 2 - — e
I I £l 1+erf o I - 1T n l-erf a
(Ce - > Ce ) g_—ﬁ_,
Jﬂ} II
where a is the position of the interface in A-space, CeI and CeII are
I

the equilibrium interfacial concentrations in phases I and II, Cl
and CZII are the initial bulk concentrations in phases I and II, and

D_and D are diffusion coefficients (assumed constant). This ex-

I IT

pression will be valid as long as the semi-infinite boundary conditions
are applicable.
An approximate form of (88), which should apply to the initial

stages of thickening of ferrite allotriomorphs is obtained by setting

CII - CeII = 0 (see figure 2):

II
D
(89) o1 LAt

T 1 erf o
ZJ—II

where ferrite is phase I, and austenite is phase II.

If a diffusion couple, consisting of homogeneous layers of
ferrite and austenite in equilibrium, is quenched up to a higher
temperature (below 911°C), the austenite layer will grow at the expense

of the ferrite layer. In this case, the appropriate form of (88) is



(90)

x =2

2
o
T IT -
% ~% [P . =
CII-GI T l+erf o
e e

2P
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(h) Ferrite Growth in Ternary Austenites

This section is based on Kirkaldy's analysis of the multi-
component growth problem74. Pbpov75 used a similar approach to growth
in ternary austenites, but neglected possible coupling of thé diffusive
fluxes (as specified by the off~diagonal elements of the D-matrix).
Here, interest will be centered upon the motion of planar phase inter-
faces in ternary austenites. The required parametric solutions of (6a)

for constant coefficients,; subject to the boundary conditions at

infinity and at the interface, A = «,

(o1) Ci(l zee) = Cio, Gi(l = O+) = Cil' Ci(7\ = a—):CiZ, (i=1,2)
are | - (32t T - (%/)
( diq 415
92) (3l = a,+tF e d'A.+I— e aa ,
1 2 A
3 a2 [ a2 [ s
A 2 A
-(Ag/huk)
where Ik = Je dar .
a
The coefficients take the values
810 = Cror 8y =0y »

dll = [D12(021 - 020) * [(D]_l = 3)22) + D] <Cll = clo)/é /_D
a5 {Dzl(cll -6 = [Py -Dsp) - D) (Cy -Cy)/2} /D
G2 = C1-%0 %1 %2 = %700

, - .
/ (D;; =D,,) + 4Dy D,y

w = (D11+D22+D)/2, u2=(D11+D22-D)/2.,

D

L}
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The flux continuity equations are
(9%) (Cy5 = Ciydv = = 3, (a)
where the Ji are given by equations (26) and (27), and the interface

velocity is

=
(95) v = 2J€

The basis of the problem is that, in general, the two independent
diffusing species will move at different rates. If, as in the binary
case, the interfacial concentrations were fixed, no solutions would exist,
since the two flux balances would yield two different interface velocities.
There is, however, a degree of freedom afforded by the indeterminate
tie-line (in the two-phase region) between the interfacial concentrationms.
(i.e. Local equilibrium can obtain at the termini of any tie-line).

When, as is usual in termary austenites, the diffusion coef-
ficient of the substitutional alloying element (D22) is much smaller than
that of carbon (Dll) the mass balancézgémand; that a diffusion solution
exist such that the daughter phase has approximately the same substi-
tutional component comcentration -as the bulk parent phase. Eguivalently,
component 2 must not partition. The introduction of this as an approxi-
mation from the start allows the "a priori" specification of a tie-line
upon which to base growth rate calculations, thus Significantly
simplifying the calculations. The preceding considerations may be
illustrated by referring to the approximate isothermal section of the
Fe-C-Mn phase diagram in figure 9. If a homogeneous austenite of compo-
sition A is quenched to the temperature of interest, then, once ferrite
nucleates, the interfacial concentrations will be given by the equi-

librium tie-line (BD) between ferrite of composition B and the austenite
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phase field. Schematic penetration curves are shown in figure 10 (to
be compared with that for a binary iron-carbon austenite of similar
carbon content). It is apparent that manganese additions have two
possible effects of ferrite growth kinetics. One is a constitutional
effect: the carbon potential (AC in figures 9 and 10) is drastically
reduced; the other effect is due to off-diagonal interactions as

measured by D12’ Dalo

=107
In the case of Fe-C-Mn, where Dll £ 10 D22’ and D21 can
probably be assumed negligible in comparison with DlZ’ Dll’ the flux

balance equations (94), on combination with (92) and (93), yield an

a
3for

approximate expression for the growth parameter § =

D -Bz
AC 12 AMn, e
(96) B=53—(1+ ) =
26, D, AC E{ 2
e du
where AC = Cll - ClO and AMn = 021 - Gzoo
For B<< 1,
D
2 A
(97) peF 5 (1 == 2 ) AL = 8
R 11 11 B
~_2 AC__ _._,., AM&
(98) "7 %, (i + e/

(Standard approximations have been used for the exponential and integral
in (96)).

The condition for zero growth rate is found by setting B = O in
(96) to obtain
(99) D

Dll



39

The above considerations indicate that transformations in some
supersaturated Fe~C-Mn austenites can be analysed by extensions of the
methods employed in binary transformation theory. There is, however, a
class of transforming systems which cannot be so analysed, because, for
these alloy constitutions, there is no equilibrium tie-line which allows
a finite rate of growth with negligible manganese partition.

Referring to figure 9, it is apparent that there is no tie-line
which would allow negligible manganese partition for alloys containing
more than 2-5% manganese (the approximate solubility of manganese in
a-iron at the temperatures of interest). Therefore, if manganese were
to come to local equilibrium in such an alloy, the tramnsformation would
proceed extremely slowly, being forced to wait for the redistribution of
manganese. A further restriction on the system is that, for solutions

of type (92) and (93) to be applicable, the carbon potential; AC, must

D
be greater than - AMn Blé . (cf. equation 99). Smaller values of AC
11

would result in negative growth rates in a supersaturated alloy. Clearly,
there is no composition in the region shown hatched in figure 9 which is
not subject to one of these restrictions. (For purposes of illustration,
D, has been assumed much less than D11)¢
To accommodate the possibility that ferrite forms rapidly by a

diffusion~-controlled mechanism in such alloys, it will be postulated that
the high mobility interstitial component, carbon, is in local equilibrium,
but that the low mobility substitutional components, iron and manganese,
are not. A similar peostulate has been made by Hillert76 in his treatment

of grain growth in binary austenite. This condition will be called

"constrained local equilibrium"e77
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The consequences of such a postulate may be investigated with
the aid of the generating (isothermal) free energy surfaces implied
by the tarnary phase diagram78 (figure 11). Here, the variation of the
free energy of mixing, F*, with concentration is shown schematically.
The F* surfaces are analogous to the binary free energy curves commonly
used to demonstrate the thermodynamic origin of binary phase diagrams6°
The lowest free energy of a phase mixture is assumed to be a weighted
average of the bulk free energies of the respective phases (i.e. the
effects of surface tension are neglected). The chemical potentials of
the three components in a phase are given, respectively, by the inter-
cepts of a plane, tangent to the free energy surface (at the appropriate
composition) with the three F* axes6° AThe surfaces must meet the binary
F*curves with infinite tangents, so that zero third component concentra-
tion shall correspond to zero third component activity.

The two-phase field of an equilibrium diagram may be generated
by rolling a doubly tangent plane about the surfaces corresponding to
the two phases, and projecting the points of tangency onto the compo-
sitioﬁ plane. Equilibrium tie-lines are projections of the lines (in
the doubly tangent plane) that connect the points of tangency.

A tie-line describing the constrained equilibrium between
ferrite and austenite may be constructed in the following way: A
plane is constructed tangent to the a surface at the ferrite compo-
sition, A, and the intercept omn the F* carbon axis (uc) is noted. A
line is fhen constructed from point éi tangent to the v surface at a
point, By such that a plane, tangent to the vy surface at B intersects

*
the F carbon axis at Be- The "constrained" tie-line (A'B') is a
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projection of this line onto the composition plane. Thus, the equality
of B, in the a and vy phases is assured,; and the phase mixture has a
minimum free energy comnsistent with the constraints.

The "constrained" phase boundary will differ from the equi-
1ibrium phase boundary (as shown in figure 11). It must be closer to
the ferrite phase field, since the starting point of the tangent line
(point A) will correspond to a higher free energy than will the a
tangent point of the equilibrium tangent plane. It is expected that,
in analogy with the small difference between the vy phase boundaries in

the binary Fe-Fe_C and Fe=(C systems69 the constrained phase boundary will

3
differ but little from the equilibrium phase boundary.

The chemical potential of carbon must change rapidly with carbon
concentration as point A is varied along a line of constant manganese
concentration in the a surface. A small change in the position of point
A may cause a considerable change in the direction of the constrained tie-~
line, depending on the particular geometry of the F* surfaces. Thus, the
assumed requirement that the non-equilibrium ferrite have a low carbon
content is not sufficient to uniquely define the tie-line direction.

The system therefore will contain a degree of féeedom = it must choose
from an infinite number of constrained tie-lines, there being no obvious
thermodynamic or kinetic requirément to influence the choice.

Kirkaldy?9 has developed a variational principle applicable to

non-steady-state processes, which may be stated:

i IxX, - = .
(100) [2 2% - = LyXX) =0
volume i ik

where the rate of entropy production

o = % L, XX = FIX, .

1
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The variation is to be carried out subject to the artificial
constraint on the flux, Ji = constant; and the integral is expected to
attain a maximum at the optimum.

The application of this principle is expected to remove the
degree of freedom mentioned above, and to allow the specification of a

constrained tie-line for any given boundary condition.



ITI DETERMINATION OF DIFFUSION COEFFICIENTS

(a) Experimental

i) Alloys

The high-purity iron-carbon alloys used in this investigation
were supplied by the Ford Motor Research Laboratories, Dearborn,
Michigan, through the good offices of Dr. H. I. Aaromson. The major
impurities were stated to be < 0-007 wt% Si and 0-002 wt% Mn.

The iron-silicon and iron-manganese alloys were prepared in the
crucible-mold arrangement shown in figure 12, which was designed to
adapt a Stokes vacuum melting unit to bottom pouring. Gassy refractories
were avoided in the comstruction of the apparatus, thereby enabling the
attainment of a pressure of ».-10-3 torr. during the entire melting and
casting cycle. 1000 gram charges (a) of electrolytic iron (see table II)
and alloying elements (99°9% Mn or Si) were induction heated (b). The
crucible (c) of recrystallized alumina, was supported and insulated with
"oyrophyllite" (d) and zirconia powder (e). The temperature was
measured with a platinum vs. platinum-10% rhodium thermocouple (f) located
in a hollow alumina stopper (g). The stopper was manipulated by means of
a steel rod (h), which entered the vacuum chamber through a Wilson seal.
After melting, the charge was chill cast into a 1%inch diameter steel
mold (i). The iron-silicon alloy was cast in vacuum. Before melting
the iron-manganese alloy, the chamber was backfilled with argon (to
approximately 200 torr.) to reduce manganese evaporation. These tech-

nigques produced sound ingots, which were judged clean, superficially as

k3



well as metallographically.

The ingots were heated in a charcoal bed, and hot forged to 1Y
inch diameter, then homogenized for one week in argon at 105000, and
turned to 1" diameter. The resulting bars were cut into thin discs
with an abrasive wheel, and the manganese or silicon content of each
disc determined by X-ray fluorescence spectroscopy. This comparison
revealed no longitudinal macroscopic segregation. The chemical ana-

lyses for both ingots are reported in table IT,.

ii) ~ The Diffusion Anneals

The alloy discs, together with similar iron-carbon discs, were
surface-ground to produce accurately parallel plates, approximately
0025, 0°035, or 0-O45 inches thick (depending on the intended anneal-
ing temperaturé). The plates were cleaned, then claﬁped together to
form three-layer finite diffusion couples of the type described in
section Ile. The couples, separated by thin pyrophyliite:discs, were
welded and annealed in the vacuum furnace shown in figure 13.

The inconel furnace tube was heated by a Kanthal resistance
element which, in turn, was controlled by a proportioning temperature
controller. The ends of the furnace tube, as well as a manifold,
were water cooled. The couples were manipulated in the furnace using
an inconel push-rod, which contained a platinum vs. platinum-10%
rhodium thermocouple. The thermocouple was subsequently compared with
a standard furnished by the National Research Council, Ottawa. The
furnace tube was evacuable by means of a diffusion pump. A system of
vacuum valves provided for the admission of any desired furnace

atmosphere. The uniform hot zone ( * 1°C) was found to be 3 inches in
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length at 850°C amd 1000°C.

Welding was effected by heating the clamped couples to 105000
for 6 hours in an atmosphere of catalytically purified hydrogen, after
outgassing in ~10"2 torr. at 400°C. The clamp (figure 13), made of
molybdenum and type 316 stainless steel, was designed to apply pressure
during the welding treatment by means of differential thermal expansion.

The diffusion anneals were carried out in a positive gauge
pressure of argon at various temperatures (controlled to * 2°C) in the
austenite range. The temperature was continuously recorded with a
chart recorder connected to the measuring thermocouple. One Fe-C-Si
couple was annealed for a time 17 dlz/bll’ and another for 28 dlz/Dll.
The others were annealed for 7 dla/bll (see section IIe). The couples
were quenched (100°C/min) from temperature to avoid any solute segrega-
tion at the transformation temperaturesso. The quench was effected by
pushing the couples into the cooling manifold, and rapidly passing
argon through the furnace.

iii) Analyses

The couples were sectioned by clamping in a lathe collet, and
collecting turnings from the center 0°0l5 inches of each layer. The
sampling was confined to within a C+75 inch radius to minimize any
edge effects.

The samples were analyzed using a mcdification of the micro-
analytic technigque of Frazer and Holzmanngl. The apparatus, shown in
figure 14, consists of a constant pressure cxygen supply, an oxygen
purification train, a furnace (1200°C) for oxidizing the sample

(5=30 mg of steel), & liguid air trap, and a capillary manometer
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(1-60 mm, bore) for determining the volume of 002 produced. The trap
volume (between stopcocks and etched line) and the manometer bore were
determined using mercury as the calibrating fluid.

Frequent blanks, and standards (supplied by the National Bureau
of Standards, Washington, D.C.), analysed during the course of the
diffusion couple analyses, served as a check on the absolute accuracy
of the method.

A complete penetration curve was determined for one half of one
diffusion couple (Fe-C-Si at 1058°C), To ensure that the sections were
taken parallel to the plane of the weld, the couple was aligned in the
collet before each cut, ﬁsing a dial gauge sensitive to variations of -
00,0001 inches. The silicon concentrations were determined by vacuum
x-ray fluorescence spectrOScopy*, after calibrating the spectroscope

with iron-base alloys of known silicon content.

*These analyses wege carried out by counting (10’+ counts) on
5i Kay radiation (A = 7°12A), which is so readily absorbed by an iron
matrix that its intensity is decreased to~1% of its initial value after
passing through — 2 microns of iron. Therefore, any silicon concen-
trations determined in this way are effectively surface concentrations.
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(b) Results and_Discussion

The experimental penetration curve shown in figure .5 and the
macrograph of figure 16 clearly demonstrate the principle of the state
of "transient equilibrium'". While the slowly diffusing silicon
effectively looks at an infinite medium, the fast diffusing carbon
rapidly adjusts its distribution to that of the almost static silicon,
and thereafter remains substantially invariant. An experimental deter-
mination of Dlz/'D11 accordingly requires only two carbon ¢»sncentration
measurements, one near the center of the couple, and one in an outer
layer.

The results of measurements designed to determine the concentra-
tion and temperature dependence of Dla/Dll(Nli9 Nai) are summarized in
table III. Each reported value of Nli or Nl0 represents the average of
at least six independent determinations (R.M.S. errorsﬂ are shown).
Values of D 4D ., calculated using equation (83), are included in table III.
The errors in D12/D11 were calculated from the errors in Nli, Nlo9 with
the aid of approximation (75). The rather large experimental errors in
the calculated Dla/bll ratios are the result of relatively small errors

in Nll and Nlo (~1%), since the ratio of coefficients is sensitive to

the difference(Nlo - va, which is small compared with the values of

o i
Nl and Nl .
The interstitial concentration dependence of the ratio DlZ/Dll

®

In this ang following sections, the statistical methods
suggested by Davies 2 are employed. Errors shown are t twice the
standard deviation of the mean.
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is shown graphically in figure 17 (where the numbers on the points refer
to the couple designations in table III). The point corresponding to
couple No.lt has been adjusted slightly for silicon concentration,
assuming the substitutional concentration dependence of equation (80).
The close agreement of the results from couples 4 and 6 with those from
the other Fe-C-Si couples indicates that the diffusion times chosen
were more than sufficient to attain the "transient equilibrium" state.
In both sets of couples, the experimental results are in fair
accord with the thermodynamic prediction of equatioq_Ba, which in turm
rests on approximation 42. It therefore appears that the neéiect of
le in comparison with L11 is a valid approximation in the systems
Fe-C-8i and Fe-C-Mn, so that D12 is related to Dll

dynamic manner. In such a case, the value of D12 may be obtained from

ternary activity data and a knowledge of the on-diagonal diffusion

in a purely thermo-

coefficients.
While the agreement between experimental and predicted values

for D12 is satisfactory, there is a significant deviation in the case

of Fe~C-Mn, (accepting Smith's results for the present), indicating

that the off-diagonal L's are non-zero. This conclusion may be assessed
L

by solving for i%% from equation 41, assuming that N, , BE§?(N3 and that

1
Dip e '
5 = kN (where k takes the [empirical] experimental value of
11
~ =3 for N, = 0-0316),
(101) - L _
2 [5 c
== =M |k (L +b ) = z——rm .
Lll 2 1 l-rcNé ‘

The By have been evaluated from the empirical expansions for the
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activities; (61) and (62). If L, is set equal to zero, (101) reduces
to (81). Solving numerically for 1'3.2/L11 indicates that the ratio

— 005 as N,— 0 (N2 constant), and that the ratioc is relatively

i
insensitive to Nl’
It is possible that, although Lla (and therefore L21) is small

compared with Llls it is large compared with L2 The consequences of

20
this possibility will now be investigated.
In the dilute solution approximation, Dal/'D22 may be written in

the same manner as (41) i.e.,

(102)  Dyy  Lpgigy +Loghyy  Lyy/My +clyp
- - 9
Dyp  Logbyp+Doohyy  Cloy + Lo/,

where the Py hawve again been evaluated from (61l) and (62). If I@ﬂ§< 1229
equation (43) is obtained. In the event that L2i>> L22’ the ratio of
coefficients becomes

(103) D

which gives the theoretical maximum wvalue of the ratio. Because L21 must
go to zero with Ni, (103) is not expected to apply as Ni goes to zero,
Comparing (103) with (43) it is apparent that the most sensitive test
for L21 (and L12) would be a determination of the interstitial and sub-
stitutional concentration dependence of D21°
The most promising type of experiment to determine D21 would be
the use of a steady-state configuration in which a carbon gradient is
maintained in, say, an iron-manganese plate. However, since D21<<’Dll'

the time required to perform a significant experiment would appear to

be prohibitive., While the fact that D21<<:Dll makes measurement
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difficult, it should be emphasized that this fact also decreases the
desirability of such a measurement, since D21 and D22 can usually be
set equal to zero without significantly altering concentration distri-
butions. (cf. equation 96).

It should perhaps be pointed out that Smith's experimentsl5’16
to determine the ternary activities were subject to the same sort of
errors as are the "transient equilibrium" measurements reported here.
In both experiments, the carbon content of a ternary austenite was
compared with that of a binary austenite, and the difference in carbon
contents, rather than their absolute values, is significant. Because
Smith compared ternary alloys with binary standards, it is unlikely

2 2
would significantly affect the results (i.e. the value of the coef-

that the use of CH4-H mixtures rather than the favoured CO-CO., mixtures

ficient "¢, which enters so prominently into the expression for
D12/Dll (81)).

The results of the temperature-dependence investigation are
plotted in figure 18. The data from couples 1,2,8,10, and 11,12,13,17
have been normalized to the same carbon content for purposes of com-
parison. The temperature dependence is very weak in both cases,
> and D11

determined by the same activated rate process.

indicating that D1 have similar Arrhenius factors, and are
The thermodynamic approximation predicts no temperature
dependence since according to Smith, the activities are independent of
temperature. There is no general indication of the % dependence
suggested by the statistical theory, but, then, there is no reason why

the e“s should be independent of temperature.
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The only previous determination of Dl2 in ternary austenites,

Kirkaldy's analysi559 of Darken's experiment3 s yielded
D12
=== (N, = 0:0206, N_ = 0°0369) = 0-166
D11 1 2

which may be compared with the "transient equilibrium' value,

D12

D.

(N, = 0°0206, N, = 0°0363) = 0-162
1 1 2

In view of the large experimental and amalytical errors of the

two methods, this excellent agreement is perhaps fortuitous.



IV AN INVESTIGATION OF THE GROWTH OF PROEUTECTOID FERRITE

IN BINARY AND TERNARY AUSTENITES

(a) Experimental

The determination of kinetics of the proeutectoid ferrite
reaction (as previously pointed out) has often been hampered by
difficulties inherent in studying‘growth rates "in situ". The small
diffusion lengths, varying nucleation time, necessarily random
metallographic sections, and the onset of complex morphological develop-
ment all contribute to the experimental and anélytical difficulties.

A study of the problem by means of macroscopic ferrite-austenite
diffusion couples appeared feasible, and the following techniques were

developed to measure rates of growth under controlled conditions.

(1) Alloys

The alloys used in this investigation were the same as those
described in section II(a) with the exception of an iron-1°5% manganese
alloy (see table II for analysis). This Qas prepared in non-consumable~
electrode arc furnace under a helium atmosphere. The 200 gram button
was turned and melted four times. The resulting ingot was cold rolled
to 3/8 inch thickness, annealed for two weeks at 1050°C (in argon), then
ground to 1/4 inch and rolled to 0°040 inch sheet.

The iron-manganese alloys were carburized to desired carbon
contents in COuCO2 mixtures with constant CO=-CO. ratios, using an

2 ,
-apparatus constructed by Brigham83° The samples, in the form of rolled

52
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sheet, were carburized at 1000°C for a time such th&t(B%%:);>2’59

(£ is the half-thickness of the sample). This equilibration time was
sufficient to ensure the uniformity of carbon in the alloys6. The
samples were then rapidly cooled to room temperature, and analysed for

carbon.

(ii) The Binary Iron-Carbon System

A direct study of ferrite growth in supersaturated high-purity
austenite was not attempted, since nucleation ahead of an advancing
interface would immediately produce competing diffusion fields, and
terminate the interface motion. Instead,; the reverse reaction, the
growth of austenite at the expense of ferrite, was investigated.

A diffusion couple with reasonably planar phase interfaces
was produced in the following way:

A 0.035 inch thick disc, (1" diameter) of high purity Fe - 0-567
wt% C martensite was suspended from a fine tungsten wire in the quench-
ing furnace shown in figure 19. The power supply and temperature
controller were the same as those used for the vacuum furnace,

(figure 13). The furnace was evacuated and wet hydrogen admitted. The
furnace temperature was raised to 92000, and the sample lowered into the
hot zone. After 10 minutes in the decarburizing atmosphere, the
hydrogen was replaced by argon, and the furnace was slowly cooled
(*'Eoc/min) to 755°C, the temperature at which ferrite is in equilibrium
with austenite containing 0567 wt% C. Nucleation of ferrite presumably
occurred at the surface as soon as the temperature passed the pure iron

transition point at 91100g and the ferrite grew inward, rejecting carbon
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to the austenite, as the temperature was lowered further. The sample
was equilibrated in argon at 755°C for 36 hours (-%% = 2-5) , & time
calculated to ensure that the austenite and ferrite were of uniform
composition. The sample was guenched to martensite by dropping into the
pool of mercury in the bottom of the furnace tube. The resulting
diffusion couple was similar to that shown in the macrograph of

figure 20.

The thickness of the ferrite layer was measured metallographi-
cally (2 sections at right angles) using a filar eyepiece calibrated
with a stage micrometer. The magnification was 160X. 23 measurements
were made on each side at regular intervals of 0-°03 inches. Although
the thickness did not vary appreciably from one measurement to the next,
the phase boundary on one side (side II) was curved ( 0°O0L inches
variation from center to edge), while that on the other side (sidel) was
relatively planar (within ~ 0°0002 inches).

The diffusion anneals were carried out in lead pots (figure 21).
The temperatures were controlled (% 1°C) by proportioning controllers,
and frequently measured during the course of the anneals using chromel-
alumel thermocouples, (which were compared with an NRC standard). A
thermocouple in the center of a dummy diffusion couple was up-quenched
to 800°C, and required approximately 15 seconds to come to within 2°C
of its final temperature.

The diffusion couple was up-guenched to 792°C * 1°C, held for
5 minutes at temperature, then quenched in brine. 0°020 inches was
ground from the edge, and the thickness of the ferrite layer again

determined metallographically. This procedure was repeated for total
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diffusion times of 15, 30 and 45 minutes. Before the calculated time
required for impingement of the opposite diffusion fields had elapsed,
the diffusion anneal was terminated, and the couple was sectioned in

the same way as the Fe-~C-Si couple of figure 15.

(iii) The Iron-Carbon Manganese System

A direct study of the growth of ferrite in the ternary Fe-C-Mn
system was made possible by the delay of ferrite nucleation caused by
the presence of manganese as an alloying element. Martensitic samples
containing 3-16 or 1-52 wt% manganese and various amounts of carbon
were hand ground (wet) from 0-O40 inches thickness to 0:025 inches,
polished, then plated with a thin layer of iron in a standard electro-
plating bath*°

The diffusion anneals were carried out in the lead baths at
various temperatures within the a + vy region of the ternary phase
diagram. It was found that the plated iron acted as a nucleating agent
for ferrite, and that, once the diffusion temperature was reached, the
ferrite grew toward the center of the sample with an approximately
planar interface. The original interface was delineated by a series of
pores (as shown in figure 22(a)) which apparently resulted from imperfect
cleaning of the sample surface prior to plating.

In the case of the alloys containing 1°52% manganese, it was
necessary to precede the actual diffusion anneals by austenitization
treatments of one minute at 815°C (0+405 and 0:328 wt#C) or one-half

minute at 825°C (0°210 wt%C). This treatment produced mo detectable

*
The bath contained 300 grams FeCi,.H, 0 and 250 grams CaCt
272 2
per litre of water.
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change in the position of the interface, and was evidently sufficient to
transform the martensite to homogeneous austenite. One diffusion couple
was annealed for each time at temperature, then guenched in brine. The
average time required for a dummy sample containing a thermocouple to
come to within 2°C of the reaction bath temperature (after transfer from
the high temperature bath) was nine seconds. This time was subtracted
from the total time in the low temperature bath to obtain the isothermal
reaction time (t). The distance from the original interface position to
the interface, (x') was evaluated metallographically. Ten to twenty
measurements were taken for each couple, using a calibrated filar eye-
piece and an oil immersion objective lens, (approximate magnification:1400X).

The alloy containing +282 wt% carbon and 3-16 wt% manganese
required no preliminary treatment in the austenite range, so that the
couples could be quenched directly up to diffusion temperature, held for
the required times, then quenched. One couple was used for each tempera-
ture, the diffusion anneal being interrupted whenever a measurement was
desired; and then resumed by re-heating to the temperature of interest.
One duplicate sample was reacted at ?33°C, to test the reproducibility
of the results.

As a measure of the carbon concentration profiles in advance of
the interface, microhardness traverses were obtained for two couples
(0282 wt% C, 316 wt% Mn at 742 and 733°C) using a Reichert microhard-
ness tester (32 gram load). Figure 22(b) shows & number of indentationms
made in the region of the interface.

In each series designed to determine a growth rate, the approxi-

mate time required for ferrite nucleation in the center of the couple
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was noted.

The zero growth rate temperature was determined for the 0-282% C
3+16% Mn and the 0°405%C, 1-52%Mn alloys by finding the lowest temperature
at which the ferrite-austenite boundary was immobile for times up to

20 minutes.
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(b) Results and Discussion

(i) The Binary Fe~C System

The results of the metallographic measurements on the binary
diffusion couple are shown in figure 23, where x', the mean distance of
the interface from its original position is plotted against (time)l/z.
Bms. errors (* 20&) are shown for points corresponding to the more planar
side (side I) while those points from side II serve as check points.

The discrepancies are thought to be due to the fact that the variation
of the initial position of the side Ii boundary with depth was not
preciselj known.

No deviation from parabolic behaviour is evident (within the
experimental error), indicating that the rate of interface migration is
volume diffusion controlléd. This conclusion is further supported by
the close agreement between the calculated rate (a = 732 x 10-6cmA[§EE.,
calculated using equation (90), equilibrium data from figure 2, and a
value of D11 from reference 10) and the experimental value (& = 71 x 10"6
ts5x 10"6 cm/JSec., calculated from the growth rate data from side I).

The experimental penetration curve (concentration vs. average
distance from the final interface position) is shown in figure 24. An
error function has been fitted to the pentration data in figure 25,and
extrapolated to the interface concentration. The value so obtained is

0°36 wt% C, in satisfactory agrecement with the equilibrium austenite
composition of 0.350 wt¥% C obtained.from the Fedﬁchonstitutional
diagram.

The observed parabolic growth law, and the agreement with

established diffusion and equilibrium data are considered to provide
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the strongest evidence yet presented for the volume diffusion control of
the proeutectoid ferrite reaction. Consequently, the postulate that
local equilibrium prevails throughout the diffusing system is also
validated.

As previously noted, the growth of austenite at the expense of
ferrite, rather than the more usual ferrite growth reaction,was chosen
for study. The results, however, apply equally well to the growth of an
incoherent ferrite interface into austenite, since, by the principle of

51

detailed balance” ™, any reaction proceeding in the environs of equi-
librium must proceed by the same mechanism in both the forward and

backward directions.

(ii) The Ternary Fe-C-Mn System

The growth results are summarized in table IV, and shown graphi-
cally in figures 26 through 29. The microhardness traverses are shown in
figure 30.

Since these experiments were performed using diffusion couples
in which the austenite was supersaturated, nucleation of ferrite ahead of
the interface inevitably terminated.the time wherein the semi-infinite
boundary conditions were valid. Usually, however, the ferrite precipi-
tated near the centerline of the sample, but not near the interface,
(figure 22(b)) presumably because of carbon enrichment of the interface
region. In some cases, parabolic behaviour was observed to persist for
a significant time after the initial ferrite precipitate was detected.

During the determination of the zero growth rate temperature for

the 1°52 wt% Mn, 0+405 wt% C alloy (760°C), it was observed that precipi-
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tated ferrite formed at temperatures below 76000 was rapidly redissolved
if ‘the couple was heated above 760°C (in this case, to 761°C) .

The check points determined for the 316 wt% Mn 0-282 wt® C alloy
at 73306 ére in good accord with the original points (figure 29) signi-
fying that the results are satisfactorily reproducible.

This investigation was initiated with the object of testing the
local equilibrium hypothesis (and its consequences, as outlined in
sections IIf and ITh) in ternary Fe-C-Mn austenites. The diffusion data
(section IIIb) and the appropriate diffusion solutions (section IIh)
being available, no difficulty in amalysing the results was anticipated.
During the course of the investigation, the author became aware of the
fact that, for some ternary constitutions and boundary conditions, local
equilibrium diffusion solutions predict extremely slow growth rates -
much slower than those experimentally observed. In such cases, the local
equilibrium analysis must necessarily be akandoned. A similar develop~

ment was anticipated by Kirkaldy7h

s Who suggested that, in cases where
no diffusion solution exists, transformation occurs according to the laws
of diffusion in an associated metastable system.

. In retrospect, the results may best be discussed as the results
of two investigations; one dealing with growth rates obtained for high

degrees of supersaturation, where local equilibrium may be assumed, and

one dealing with situations where such an assumption cannot be made.

1. The Case Where Local Equilibrium is Possible
The direct study of the proeutectoid growth reaction was facilita-
ted by the delay in ferrite nucleation due to the presence of mangansse.

As the supersaturation was increased, ferrite nucleation occurred earlier,
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so that it became increasingly difficult to obtain measurements. It was
possible, however, to measure growth kinetics for a highly supersaturated
1°52 wt% Mn, 0-210 wt% C alloy at 735 and 725°C.

These results (figure 26) show the effects of ferrite nucleation
ahead of the interface. Assuming that the deviations from paraboiic
behaviour are due to impingement, the growth rate (given by a), may be
obtained by determining {he slope of the X' vs. JE\plot at the origin.
The value of a735 obtained in this way depends on two measurements, one
obtained before the onset of ferrite precipitation. Since the two points
are consistent with parabolic behaviour, this value was not influenced
by subsequent ferrite precipitation. For a725, the initial slope yields,
at worst, a minimum value. However, because the first point on the

725°C curve was determined for a wvalue of x' at which the 73500 curve is

still parabolic, it is probable that the value obtained for a725

is
accurate.

These rates are of particular interest in this discussion, since
it is possible to use the temperature dependence of a to check the local
equilibrium hypothesis.

It will be assumed that the ternary constitution diagram is
known. (This point will be discussed further in the next section).
Slight deviations from the comstitution diagram of figure 4 will not
significantly affect the following calculations. Consideration of the
free energy surfaces of figure 11 leads to the conclusion that the
equilibrium tie-lines shoulé not change directicn appreciably with
temperature, since the surfaceé*éhould change relative position, rather

than shape, for small temperature changes. Tie-lines must connect the
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a and vy phase fields, and the solubility of manganese in a~iron is
nearly independent of temperature between 650°C and 7500045. The tie~
lines are therefore not required to change direction in order that the
binary and ternary constitution diagrams be consistent.

The measured growth rate at 73500 may be used as a basis for
the calculation of an equiliﬁrium tie=line. Substituting a value of
D12/D11 from section IIIB, and %3 (measured) into equation (96), and
solving for the interface concentrations yields CZl = 5.1 wt% manganese
and 011 = 0.29 wt% carbon. The resulting tie-line is shown in figure 31.
The corresponding tie-line for 725°C may be found by projecting the
935°C tie-line to the 725°C phase boundary. The value of «

725
lated using this new tie-line is 16.5 x Z!.O"'6 cm/jsec., in good agreement

calcu-

with the measured value of 18 x lCJ“'6 cm, JEEEZ

Since the 73500 calculation has been used to determine the equi-
librium tie-line, (the first such determination reported in this system)
it cannet be used as a strong test ¢of the diffusion model. However, the
agreement between prediction and the independent experiment at 725°C
indicates that diffusing systems in this region of high supersaturation
can be treated by the methods of section IIf, and therefore, that local
equilibrium may be assumed throughout the diffusion zone.

The two inhibiting effects of manganese on ferrite formation, as
introduced in section ITh, are illustrated by the following calculation.
The measured growth rate parameter, a, for 735°C is 10°4 x 10_6 cny/f5e3.
If the effect of D12 is neglected (i.e, D12 is set equal to zero), the
calculated value of %35 is 33 x 1066 cm/fsec. Finally, if it is

assumed that the alloy contains no manganese, Oz (from equation 89)
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becomes 146 x ZLOM6 em/JSec. TFor the pérticular constitution involved,
the two effects abet one another. so tﬁat the total effect of manganese
as an allgyiﬁg element is to drastically reduce the rate of growth of
ferrite.

The results of this section have a direct bearing on the under-
standing of the kinetics of the pearlite reaction. Pearlite usually
forms in highly supersaturated austenite, where local equilibrium is
most likely to obtain during growth. K:'i.rkald;)r’?tP has shown, with the aid
of Hultgren extrapolationssq of the ternary phase boundaries, and calcu~
lations similar to the above, that the linear growth of carbide as well
as ferrite in Fe-=C=Mn is inhibited for purely constitutional reasons
(i.e. D

12
such that the calculated growth rates will be furtherreduced if D12 is

was set equal to zero). In both cases, the sign of D12 is

taken into consideration. The experimental and numerical results of
this section, confirming the validity of the calculation for the simple
proeutectoid ferrite reaction, lend a measure of confidence in attacking
the pearlite problem by these methods.
2. The Case Where Interfacial Local Equilibrium
Is Not Possible
According to the determination of the equilibrium tie-line
reported in the preceding section, and the discussion in Section IIh,
the majority of the Fe=C-Mn growth curves (including those shown in
figures 27, 28, 29 and the 760°C curve of figure 26) were obtained at
degrees of supersaturation where no local equilibrium diffusion solution
admits of a transformation rate which is not infinitesimal, i.e. which

is not controlled by manganese diffusion. The results for all ternary
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compositions studied are summarized in figure 32, where the growth
.parameter, a, is plotted against temperature for each composition. In

contrast to those for other compositions, the results for 0-210 wt% C,

15 wt% Mn show a  discontinuity at approximately 735°G, further verifying

that there are two types of transformation to be considered.

The growth curves of figures 27, 28 and 29 all clearly indicate
parabolicbehaviour. The results are reproducible, as demonstrated by
the duplicate points in figure 29.

The microhardness traverses of figure 30 demonstrate that
appreciable carbon gradients exist in the region of the interface. The
calibration points available for this manganese concentration are not
sufficient to justify an absolute correlation of hardness with carbon
content. However, it is sufficient for the present purpose to show the
extent of the gradients. Assuming that the hardness of martensite is
linearly related to carbon concentration (over a small composition range)
it is possible9 to obtain an estimate of the diffusion coefficient by
constructing a line tangent to the penetration curve at the interface,
and finding its intercept (2) with the horizontal axis. The diffusion
coefficient is then given by

22
nt

(104) D =

The value of D éstimated from the 74200 penetration curve is
-—10'8 cma/sec., in agreement with the established diffusion coefficient
of carbon at this temperature.

Consideration of the carbon mass balances for the two penetration

curves, assuming simple binary carbon diffusion,indicates that °11 is
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approximately 0295 wt% C at 742°C and 0305 wt% C at 733°C. (Actual
values for Cll should be slightly higher, due to the proposed steep
manganese gradients in advance of the interface, and the negative sign of
D12)° Using equetion (96) to calculate those "constrained" tie-lines (as
discussed in section IIh) which would generate the observed growth rates
yields C11 = 0.301 wt% C a£A742°c and 0.31% wt%C at 733°C. The calcu-
lated "constrained" tie-lines are shown in figure 33.

It is conceivable that the value of D22 was drastically increased
on austenite formation at the beginning of the diffusion anneals (as
noted by Kurdjumole). If D,, were increased by a factor of 10)+ (from
1074 o 10"11), the growth rate at 742°C could be reconciled with a local
equilibrium diffusion solution. However, on calculating the value of D22
required to generate the observed growth rate at 733°C (assuming local
equilibrium), it is found that, to account for the temperature dependence
of the growth rate, D22 would be required to increase by a factor of 2 for
a decrease in temperature of 9°C. The growth data for 1+52 wt% Mn,

0405 wt% C and 152 wt¥% Mn, 0°335 wt% C yield qualitatively similar results;
in all cases D22 would be required to increase with decreasing temperatgre.

Furthermore, the observed zero growth rate temperatures (for
1:-52 wt% Mn, O°405 wt% C and 3-16 wt% Mn, 0:282 w%C) are not consistent
with the terﬁary phase diagram if local equilibrium is assumed. They are,
however, consistent with the premise that the zero growth rate temperature
is one at which the carbon and manganese potentials (AC and AMn) balance
one another, according to a "constrained" tie-line. A calculated

"constrained" tie-line for zero growth rate (at 752°C) is shown in

figure 33,
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While the above coﬁsiderations indieate that local equilibrium is
highly unlikely in these cases, the possibility of girieatly enhanced
manganese diffusion cannot be entirely discounted on the basis of the
experimental data. The author is of the opinion, however, that the repid
up=quench at the beginning of each diffusion anneal was sufficient to
prevent the introduction into the austenite of the large numbers of
defects observed in Kurdjumov's experiments.

Since the observed parabolic growth rates strongly suggest that
a diffusion solution applies in these cases, (even in the absence of local
equilibrium) the results will be discussed using the hypothesis of
“eonstrained local equilibrium".

Such an assumption - that carbon comes to local equilibrium, but
that manganese and iron do not - implies that the major effect of manga-
nese additions (whatever the supersaturation) is to alter the boundary
conditions for carbon diffusion, and that carbon diffusion comtrols the
rate of growth. This appears reasonable, since a basic requirement for
the formation of ferrite is the redistribution of carbon.

With complete generality, a linear approximation for the velocity

of interface motion (V) may be written

(105) Vo= MA ¢ M2A2 + M:,)A3

where the M's are phenomenological coefficients, and the A's are given by
. o, T _, @

(106) Ai = By By .

Nothing is known of the values the coefficients take, but, according
to the results discussed above, the velocity must be equal to that given

by the diffusion solution, and Al must not be so large that the assumption

of constant interface concentrations is invalidated.
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Weichert85 has applied himself to the difficult mathematical
problem of calculating the growth rate (and its temperature dependence)
for these alloys using the variational principle (equation 100) introduced
in section ITh. While the'preliminary results appear promising, the
calculation has not yel progressed to the point where an unequivocal
statement can be made concerning its wvalidity.

The kinetic results of this section have considerable bearing on
the equilibrium constitution diagram in the iron-carbon-manganese system.
Previous investigators, notably Wellshh, determined the o + v - y phase
boundary by standard metallographic and dilatometric techniques. As
noted above, it is found that non-equilibrium ferrite, once precipitated,
is quickly redissolved upon heating to a temperature just above that for
zero growth rate - a temperature at which the austenite is supersaturated.
This phenomenon is analogous ﬁo "retrogression" as observed in age-
hardening systems containing non-equilibrium transformation products. The
resulting behaviour closely resembles that for true equilibrium systems,
so that it is probable that'constrained" equilibria, rather than true
equilibria, have been determined by these investigators (particularly those
employing dilatometric techniques). However, judging from the temperatures
at which zero growth rate was observed, the Yconstrained" phase boundary
differs but little from the equilibrium phase boundary. In fact, the

precision of much of the equilibrium data is probably insufficient to
distinguish between the two.
Several possible criticisms of the experimental coniiguration

employed in this investigation have occurred to the author. These will

now be discussed.



68

1. The use of a pure iron nucleus, rather than one of the
a-Fe~Mn should not significantly affect the results, since the
original interface, where the manganese gradient existed, was
rapidly left behind by the growth front. The diffusion coef-
ficient for manganese in a-iron has not been determined, but it
may be estimated by assuming that the ratio of manganese diffusion
coefficients in « and y iron is similar to the ratioc of self-
diffusion coefficients in o and ¥ iron86. An approxiate calcu-
lation then indicates that, at the temperatures of interest,
manganese diffusion would affect the ferrite composition for — Q-1
micron on either side of the original interface in —~ 1 minute.
The measured penetrations were such that this concentration
change occurred far behind the interface.
2. There is a possibility that the interface was coherent, due
to epitaxy between the plated iron and the termary alloy (which
consisted of martensite and retained austenite at room tempera -
ture). Such coherency should not have affected the experimental
results,; since the plated ferrite was observed to recrystallize
almost immediately after the beginning of the diffusion anneal.
Any new ferrite grains with orientations markedly different from
the original ferrite would be expected to possess high mobility
boundaries, and would therefore soon become dominant, destroying

any structural relationship at the interface.



V__CONCLUSIONS

AY

1. The concentration and temperature dependence of the diffusion
coefficient ratio D12/D11 in ternary manganese and silicon austenites
has been found to be in good accord with values predicted theoretically
from statistical and thermodynamic considerations. The results are
expected to be of general application in ternary systems where one
component has a mobility much greater than the others. In such systems,
the diffusive behaviour can be specified to a good approximation from a
knowledge of on-diagonal diffusion coefficients, and ternary activity
data. This result constitutes a major simplification in the description
of multicomponent diffusion.
2. Two phase diffusion couples have been successfully employed to
isolate and study the growth of ferrite in austenite. In the binary Fe-C
system, diffusion control of a ferrite-austenite interface has been
demonstrated, and the concept of local equilibrium has been given strong
experimental support.
3. The kinetics of ferrite growth in the ternary Fe-C~Mn system have
been determined, again employing two~phase diffusion couples. It has
been shown, both theoretically and experimentally, that the growth
phenomena may be divided into two classes, one in which local equilibrium
may be assumed, and one in which such an assumption cannot be made. The
concept of "constrained local equilibrium" has been developed, and applied
in order to rationalize the observed transformation behaviour in the

second case. Variational methods are required to predict the reaction

69
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path in situations like the latter, where an internal degree of freedom

may he said to exist.

L,

The results, and the conclusions drawn from them, represent a
useful contribution to our understanding of the complex processes involved

in diffusion and transformation in the solid state; in particular, in the

processes of austenite decomposition.
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NOMENCLATURE

Thermodynamic activity
Avogadro's number
Chemical affinity (equation 105)

Phase boundary position in A-space

Constant

Growth parameter (= 247_4 )
11

Constant

Concentration in moles/unit volume

Carbon potential (equation 96)

Activity coefficient

Width of ith layer in a layer diffusion couple

Diffusion coefficient describing flow of component i on a
concentration gradient of component k

Constant

Internal energy

Atom pair interaction energy

Constant

Gibbs free energy

Free energy of mixing

Flux of component i

Flux of component i measured with respect to reference frame A.
Boltzmann constant

Mobility describing flow of component i on a chemical potential
gradient due to component k



AMn

=]
H.W [ d

Q © W W W 3

<

NooE X <

Lattice spacing (section 1Id)

A parameter (= x/ V%)
Phenomenological coefficient (equation 105)
Manganese potential (equation 96)
Number of atoms of species i
Number of moles of component i per atom plane k
Mole fraction

Number of atom pairs

Pressure

A transformation matrix

Gas constant

Entropy

Local rate of entropy production
Time

Absolute temperature

Chemical potential

= 6ui/ack

Phase boundary velocity

Volume

Atomic jump frequency
Thermodynamic probability
Generalized thermodynamic force

Force due to component i measured in frame of reference A
(section IIb).



TABLE I: INTERACTION PARAMETERS IN BINARY AND TERNARY AUSTENITES

*
corrected slightly for SiO

> content

Cr AL

0-018 0-010
0010 -

0-011 -

Alloy fll/kT (612 - 631)/kT
Fe-C 0.4k -
Fe-C-Si Ol 1-97
Fe-C-Mn 044 - 067
Fe-C-Ni O-44 0-82
TABLE TI: ANALYSES OF ALLOYS
Concentration (wt%)

Alloy s M 8 P cu
Melting stock 0-02 0-01 0-01 0-01 -
Pe~ 32 Mn 0-035 3.16 0-01L 0-011 0-001
Fe- 15 Mn 0-0h 1-52 0-015 0-002 0-005

*
Fe-~ 1-9 Si 1-90 0-015 0.C1k 0-007 -
Fe~ 1°5 8i 1-50 0-18 - 0-08 -

0-01 -



Couple

Fe-C-Si +

13
Fe-C-Mn {1k
15
16
17
18

“~

*

TABLE III: ANALYTICAL RESULTS FOR DIFFUSION LAYER COUPLES
Temp.°C Nli Nzi N1° L,./D)y Remarks
853 0°0229 * 00042  0-0364 00317 +.00030 0°170 + 0010
915 00236 * 00023 0-0364 0-0329 *-00035 0-166 + 0-008
(0-0064 + 00019 0-0369 0-0092 % +00027 0:052(5) * 0-006
0:0092 * 00042 00292 00120+ +00041  0-072 + 0°013 Annealed t
0-0111 *+ -00029 0-0368 0-0166* -00024F 0101 + 0-007
988 3 0-0123 } -00019 0°0368 ©€-0176% -00023 0°100 *+ 0°006 Annealed t
0-0155 t -00019 0°0367 0-0216* -00023 0-116 + 0-007
0-0211 % -00016 0°0365 0-0297 f «00045 0-167 + 0-009
[0.0258 % -00045  0°0364 0:0358 £ -00020  0-195 + 0-010
1058 0-0163 * -00050 0°03%66 0:0230+ -00041 0-129 + 0013
795 0°0274 + 00026 0-.0315 0-0244 * -00021 -0-109 + 0-012
853 0-0298 * 00016 0-0314 00271 % -00019 -0-096 + 0009
915 0-0278 *+ -COO4z 0-0314  0-0254 + -00046 -0-087 + 0-02)
(0-0095 + -00012 0:0319 0-0086 + -00012 -0-032(6) * 0-006
0-0165 * -00015 0°0317 0°0153* -00030 -0-043(5) * 0-012
088 0°0210 # ~00035 00316 0-0193+-00025 -0-057. * 0-01k
00296 t -00039 00314 0-0272* -00019 -0-085(4) * 0-015
(0°0313 ¥ -00038 0°0313 0°0283% 00010 -0-106(7) * 0°013

The iron-silicon alloy used in couple No.4 was a trensformer iron, rather than the
The analysis is reported in table II.

vacuum melted alloy used in couples 1l=3 and 5-10.

2

)



TABLE IV: MEASURED FERRITE GROWTH PARAMETERS

Alloy
Fe0.567 wt% C

1°52 wt% Mn, 0°210 wt% C

1°52 wt% Mn, 0°335 wt% C

1-52 wt% Mn, 0-405 wt% C

3:16 wt® Mn, 0-282 wt% C

Temperature (°C)

792

760
735
725

741,
725

760
743,
725

752
745
7h2
733

( e x 10

sSec

71 *

6-8 t 0+6

104 * 0°5

18 +1

6:3(4) * 06

8-7(3) * 0-6
0

5-2(3) * 0-4

7°3(2) * 0-5
0

225 + 042

310 * 0.2

5:10 + 0.2
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Figure 2. Portion of the Fe—Fe3C constitution diagram.




Figure 3. Micrograph showing grain boundary and Widmanstatten
ferrite (X 125).
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Legend
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Figure 5. Analytic representation of experimental activity data for the ternary systems
Fe-C-Si, Fe-C-Mn, Fe-C-Ni. yc is the activity coefficient (ac/Ne) with
standard state defined at infinite dilution in the binary Fe-C alloy.

Experimental points have been adjusted slightly from constant weight per cent
to constant mole fraction.
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in a layer diffusion couple.
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Schematic isothermal section of the Fe-C-Mn
constitution diagram.
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Schematic penetration curves for ferrite growth in a
ternary Fe-C-Mn austenite.



Figure 1l. Schematic isothermal free energy surfaces for ferrite
and austenite in the ternary Fe-C-Mn system.
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Figure 13. Annealing furnace and clamp.
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Figure 14. Microanalytic apparatus for carbon determination.
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Figure 16. Macrograph of a cross section of a typical
"transient equilibrium! diffusion layer
couple (X 4.5).
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Figure 20. Macrograph of a binary ferrite-austenite
diffusion couple (X 16).
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@ Typical ternary diffusion couple,
'— showing pores delineating the
original interface (X 2240)
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(b) 0-282% C, 3+16 Mn, annealed 22 minutes at 742°C,
showing carbon gradient near the interface (X 570).
The microhardness indentations were made using a

32 gram load.

Figure 22. Micrographs of ternary Fe-C-Mn ferrite-austenite

diffusion couples.
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Figure 24. Penetration curve for binary ferrite-austenite diffusion
couple.
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Figure 27. Ferrite growth data for ternary 1°52% Mn, 0°335% C

diffusion couples.
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Figure 29. Ferrite growth data for ternary 3°16% Mn, 0-282% C
diffusion couples.
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Figure 31. Iron, carbon, manganese comstitution diagram, showing
equilibrium tie-line.
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studied. E=zech line shows the variation of the ferrite
growth rate (for a particular composition) with temperature.
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