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Multiparticle clusters and carbon superstructure
In martensite

L. DABROWSKI
Institute of Atomic Energy, 05-400 Otwock-Swierk Poland

On the basis of experimentally verified concentration expansion tensor values, stress
induced two-particle C-C potentials have been calculated in harmonic approximation.

A calculation method has been developed and expressions derived for the evaluation of
multiparticle interaction potentials and cluster population. The temperature range of the
applicability of the method has been estimated. On the basis of this method it has been
demonstrated that in thermodynamic quasi-equilibrium, carbon atoms exist in clustered
form. The clusters most frequently appearing at 300 K are of four- and five-particle type. The
cluster configurations have been determined and the binding energy per atom has been
estimated as about 0.5 eV. At 78 K, there exist practically only five-particle linear clusters
situated along the tetragonal C axis. It has been postulated that a superstructure may existin
martensite with a binding energy per atom nearly four times higher than in the case of the
above clusters. The presence of superstructure is associated with the formation of five-atom
seeds in the form of pyramids having their basis in the (00 1) plane. The formation of seeds
with different topology from the other clusters is associated with overcoming a potential
barrier. The postulated form of ordering at low temperatures should exhibit high thermal
stability with respect to ordering changes and order-disorder phase transitions, as well as to

carbide formation.

1. Introduction

In the structure of martensite, an interstitial solid
solution, carbon occupies octahedral sites with prefer-
ence to occupying O -site positions [ 1, 2]. Theoretical
calculations demonstrate that the tetrahedral sites can
be occupied only temporarily during diffusion of car-
bon atoms from one octahedral position to another
[3]. Many years of systematic investigation of short
range order by Mdssbauer effect (ME) and nuclear
magnetic resonance (NMR) spectroscopy methods (cf.
a review paper by Genin [4]) have revealed distinct
statistical deviations of carbon distribution in the solu-
tion. Thus, for instance, in freshly quenched martensite
with a carbon content of 9.5 at.%, practically all car-
bon atoms exist in isolated form. After ageing at room
temperature the number of isolated carbon atoms drops
as a result of diffusion, and stabilizes in the course of 12
days at a level of about 20% [4]. There is no doubt that
carbon clusters have been formed in this case.
Although the problem of specific forms of short-
range carbon configuration has been attracting atten-
tion for many years, it has never been satisfactorily
solved. The resolution of experimental methods is too
low to allow for an unambiguous interpretation, and
the results of theoretical analysis have not been suffi-
ciently complete thus far. Nevertheless, valuable in-
formation has been obtained on theoretical grounds
[3, 5, 6]. Some two-particle C—C stress induced poten-
tials in body centred tetragonal (bct) martensite struc-
ture have been estimated under the assumption that
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carbon occupies octahedral sites. It follows from these
calculations that for some pairs, such as C-C% (111,
C-C<110) or C-C {100}, these potentials are nega-
tive and of significant magnitude (0.13-0.44 eV). As
a consequence, preferential formation of such clusters
may occur. In a previous paper [ 7], numerical estima-
tion of the probability of the existence of a given
cluster has been made. It follows from these calcu-
lations that strong correlations exist in this system as
regards occupation of interstitial sites, leading to ma-
jor modifications in the distribution of carbon atom
pairs with respect to statistical distribution.

As it follows from [5, 6], stress induced potentials in
carbon martensite extend over long distances. The
authors of the above references calculated these poten-
tials in a volume comprising 26 co-ordination shells. It
cannot be excluded that non-negligible interactions
may extend over much greater distances in some crys-
tallographic directions. This may have a profound
effect on both: a possibility of the existence of multi-
particle carbon clusters and their formation dynamics.
The above theoretical reasoning justifies an assump-
tion that much larger clusters may form in this system,
as evidenced by some experimental investigations.
Thus for example in [4], some satellite Mdssbauer
lines are interpreted as generated by a three-particle
cluster with distances a—b3 {111, b—c% (111> and
a—c<110).

The main task of the present paper is to identify the
most probable two-particle clusters and to examine
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possibilities of their growth into multiparticle clusters,
as well as the possibilities of forming long range car-
bon configurations, i.e. superstructure formation.

2. Stress induced interaction

Ordering in interstitial solid solutions can be de-
scribed on the basis of theoretical methods developed
for substitutional alloys. Therefore, the Hamiltonian
of the system, given in [8] can be written for the
considered case in the form

N . ~ 1 A A
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Where H, is the Hamiltonian of pure iron matrix: ¥,
Vii... Vi, & theirreducible potentials of one-, two-,
and n-particle C-C interactions, respectively, (the suf-
fixes ij...k label the carbon lattice positions);
Ci(Cj ... Cy) the local carbon concentration oper-
ators in i(j . . . k) positions, which are random func-
tions equal to one, when position i(j . . . k) is occupied
by a carbon atom or zero in other cases.

The first two terms in Hamiltonian Equation 1 in-
duce a constant free energy shift independent of the
degree of short and long range order, and may be
omitted. The problem of calculating further terms of
the expansion series, Equation 1, has been solved thus
far only in harmonic approximation [6, 9-13]. This
approximation makes it possible to calculate only
two-particle potentials, V;;, and, consequently the
series has to be cut-off at the third term.

To calculate potentials V;, it is necessary to know
the Born-von-Karmann elastic constants and compo-
nents of concentration expansion tensor for the matrix
material, being pure a-Fe in our case. The material
constants obtained experimentally by various authors
differ substantially between each other. Table I pres-
ents elastic constants of a-Fe, obtained in [14—16]. As
may be seen, all values bear a significant measurement
error and for some of them, B, Ps, there is even
disagreement in the sign of the reported values.

Further errors in calculation of V;; result from dis-
crepancies in the determination of the values of con-
centration expansion tensor. They can be calculated
on the basis of the measurement of martensite lattice
constants a and ¢. However, their values depend,
among others, on the degree of alloy ordering; thus
introducing an interpretation ambiguity. The above
situation calls for a more detailed discussion.

Under the assumption that carbon atoms occupy
octahedral lattice sites, the components of the concen-
tration expansion tensor are associated with the

martensite lattice parameters - by the following
relations [5]

ao[l + an/3 — Pun/3]
aoll + an/3 + 2pmm/3]

Where a, b, ¢ are lattice parameters of martensite; a, is
the lattice parameter of a-Fe; n the atomic concentra-
tion of carbon; m the long range order parameter;
a equal 2Uq; + Uis: B, equal Us3-U,¢; and U, and
U, are components of the concentration expansion
tensor.

Parameter 1 is associated with the mean carbon
concentration in sublattices O, O, and O, as follows

n(0,) = n(0y) = n(l —n)/3
n(O.) = n(l +2n)/3

It foliows from Equations 2 and 3 that parameter 1 is
defined in such a way that if n} = 1, carbon occupies
only O, lattice sites. The lattice tetragonality is at its
maximum in this case. If n = O, the tetragonal lattice
transforms into a cubic one, and the carbon concen-
trations in all sublattices are identical.

By solving Equation 2 with respect to parameters
o and B

a = b =
(2)

C =

(3)

o 2a/ag — V)/n + (c/ag — 1)/n
p (¢/ao — afay)/(nm)

It follows from Equation 4, coefficient B, unlike o, can
be determined only when the long-range order para-
meter, 1, i known.

Under the assumption that | = 1, and on the basis
of empirical dependencies of martensite lattice con-
stants ¢ and ¢ on concentration, [5] determined the
values of o and B as 0.66 and 0.96, respectively. On the
other hand, L.LR. Entin et al. [2] demonstrated experi-
mentally that in freshly quenched martensite of nor-
mal tetragonality n = 0.7. The experiment was con-
ducted by means of neutron diffraction on Fe-Ni-C
alloy of specially prepared isotope composition, and
the result was obtained on the basis of carbon reflec-
tions (the matrix reflections were eliminated).

If one assumes that n =0.7, then o = 0.66 and
B = 1.37. Kurdiumov et al. [ 5] performed calculations
of V;; for both situations. The obtained results differ
substantially between each other. By making use of
the V;; values obtained by Kurdiumov et al,, [5] one
can calculate temperature dependencies, n(7T), for
both situations [7]. It appears that there are almost
three-fold differences in the temperatures of or-
der—disorder phase transitions. Thus, knowledge of
the degree of ordering is of essential importance.

Measurements of 1 by neutron diffraction, such as
those performed in [2], bear unfortunately significant

)

li

TABLE 1 Born-von-Karmann elastic constants for a-Fe x 10* dyncm ~!. The notation follows [17].

Ref  a, Az O3 — Qg — s By B2 - Bs Ba Bs Vs Ya S4

14 1.688 1.463 0.092 0.012 0.029 1.501 0.055 0.057 0.003 0.032 0.069 0.052 0.0007
15 1.628 1.552 0.118 0.023 0.046 1.485 0.054 0.088 0.024 —0.030 0.127 0.039 0.0070
16 1.786 1.492 0.124 0.060 0.023 1.491 0.036 0.109 —0.006 —0.024 0.030 0.028 0.0100
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errors. [t seems more reasonable to measure marten-
site parameters a and ¢ as functions of temperature.
Freshly quenched martensite of normal tetragonality
exhibits a weak temperature dependence in the range
4.2-300 K [18, 19]. This is probably associated with
formation of stable short range configurations com-
prising carbon atoms in sublattices O, and O,, which
prevent carbon migration to sublattice O,. On the
other hand, the temperature dependence of c¢/a in
martensite of anomalous tetragonality, reported in the
above cited references is well marked and its course
resembles relation n(T') calculated in [7] (c/a ~ Bnn
[5]). By extrapolating relations a(7T) and ¢(T) for
martensite of anomalous tetragonality to O K, one
obtains the lattice parameters for n = 1. There exists
an additional problem. Hamiltonian Equation 1 is
expanded around H, of pure a-Fe and, consequently,
all material constants refer to a-Fe. It is known that
the volume of quenching induced martensite is greater
than that of austenite, and as a result an isotropic
compressive stress, absent in pure iron, exists in the
material. In view of Equation 4, one can see that these
stresses are a source of systematic error, which leads to
underestimation of the values of o and J obtained. The
experimental data presented in [18] lead to o = 0.76,
while those from [19], to o = 0.57. On the other hand,
in [5] it is assumed that o« = 0.66. Since this parameter
is independent of the degree of alloy ordering, its value
should be independent of the method of sample prep-
aration. Such significant differences cannot be ex-
plained by measurement errors (the resolution of the
X-ray spectrometer was about 0.0002 nm). All the

above mentioned examples refer to samples of bulk
materials with significant internal stress.

To diminish such effects a series of X-ray diffraction
measurements were performed as functions of temper-
ature, using thin (30 um) martensite foils of relatively
low carbon content (4 at %C), quenched in liquid
nitrogen (retained austenite content, 2.8%). The
measurements gave an o value of 1.02 [20]. On the
basis of extrapolation of temperature dependencies of
lattice parameters to 0 K B = 1.845 was obtained,
which leads to U;; = — 0.275 and U;; = 1.57; an
error was estimated, as AU;; =+002 and
AU;; =+ 0.08.

Using the concentration expansion constants deter-
mined in this way, V;; values were calculated by the
pseudopotential method described in [6, 9-13]. Into
account were taken 266 thousands of momentum vec-
tors, k, from the first Brillouin zone. The calculations
were performed in three versions, each making use of
various sets of elastic constants presented in Table 1.
The results of the calculations are summarized in
Table II, columns 3-5, in order of descending |V;;|.
values. Column 6 presents the values of the same
potentials averaged over the three versions. Table II
presents only the potentials with absolute values
greater than 0.02585 eV (i.e. corresponding to 300 K).
The last column also presents the averaged potential
values calculated at extreme values of the concentra-
tion expansion tensor, U = U, — AU;; = — 0.295
and U¥; = Usz + AU;; = 1.65. It follows from the
data presented in Table II that errors in determination
of elastic constants do not affect the sequence and the

TABLE Il The values of stress induced energies, ¥ (x, y, z) of the C—C pairs interaction (in eV) between a carbon atom located at the hk!
position and another carbon atom located at the 000 position of the O, sublattice. The values of potentials in columns 3, 4 and 5 are
calculated on the basis of elastic constants from [14]-[16], respectively. Column 6 presents mean values of potentials. All potentials are
calculated for values U;; = —0.275 and Us; = 1.57. Column 7 shows mean values of these potentials calculated for extreme values

Uf; =—0295 and U$; = 1.65

No. h K ! v, [14] v, [15] v, [16] V> VES
1 2 3 4 5 6 7
1 0 0 1 476027 472210 4.659 660 471401 5.159.80
2 0 0 2 —0.72270 —0.72523 —0.714950 —0.72096 —0.79005
3 12 12 32 046362 042878 0459857 045075 049515
4 12 12 12 —038099 ~0.34941 —0.372900 ~ 036777 — 040391
5 1 0 0 ~0.22836 — 018232 —0.186 760 —0.19915 ~021943
6 0 1 2 0.11999 0.109 52 0.118990 0.11617 0.12768
7 1 1 2 0.07079 0.058 69 0.071 490 0.066 99 007443
8 12 0 1 —0.05793 —0.05725 — 0.056460 —0.05721 —0.06263
9 320 1 —0.05793 — 0.05725 — 0,056 460 —0.05721 —0.06263
10 0 0 6 005750 0.05705 0.056220 0.05692 0.06226
11 0 0 5 0.05559 0.05547 0.054 570 0.05591 0.060 36
12 12 12 52 —005107 —0.05260 —~ 0.060080 005458 —0.05990
13 1 1 0 — 007012 —0.05533 ~0.035320 —0.05359 — 005731
14 0 0 4 0.04597 0.046 70 0.046 240 0.046 30 0.05051
15 2 0 0 —0.04348 —0.04457 ~0.046210 — 004475 —0.048 71
16 32 12 12 —0.04892 — 004370 —0.039830 — 004415 —0.048 15
17 2 0 1 0.03797 004286 0.044 600 0.04181 0.045 60
18 1 0 1 0.05265 0.03733 0.032 150 0.04071 0.04490
19 5 0 0 — 0.04040 —0.03893 —0.038790 —0.03937 —0.04311
20 0 12 0 0.040 15 0.038 82 0.038 600 0.03919 0.04291
21 4 0 0 — 003915 —0.03831 —0.038570 —0.03868 — 004234
2 3 0 0 —0.03554 — 003678 —0.038 280 ~0.03687 ~0.04031
23 32 12 52 003761 0.03236 0.035 560 0.03517 003878
24 | 1 1 —0.02521 ~0.02124 — 0,041 550 —0.02934 —0.03402
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signs of potentials. This indicates that the solution
obtained at such values of constants Uj; is stable.
A comparison of the obtained V;; values with those
reported in [3, 5, 6] shows a qualitative agreement.
The results presented in Table II confirm the existence
of all clusters predicted in these papers (the appropri-
ate Vy; potentials are negative and large in magnitude).
There is, however, an essential difference. It follows
from the data in Table II (column 6, line 2) that it
should be the C-C {002} cluster which occurs most
frequently, while the results of [5, 6] practically ex-
clude its existence. In the authors’ opinion this differ-
ence can be explained by differences between the
values of the components of the concentration expan-
sion tensor used.

An analysis of the sequence of the co-ordination
shells appearing in Table II, at decreasing V;; potential
values, reveals that the interactions extend over very
large distances in some crystallographic directions,
such as the g, b and ¢ axes (five to six lattice constants),
while in other directions, such as [11 17, the extent is
relatively small. The above observation may be impor-
tant in interpreting the process of forming large
clusters.

3. Many-particle potentials

Like two-particle potentials, many-particle poten-
tials determine the population of the corresponding
many-particle clusters. Two factors affect the values
of many-particle potentials. One of these is many-
particle irreducible V;; , potentials, appearing in
Hamiltonian Equation 1, and reducible potentials
of the same order formed from appropriate combina-
tions of irreducible potentials of lower orders.
The reason for the presence of the latter is a non-
linear relation between the internal energy and the
Hamiltonian.

The diagram technique, developed for the Ising
model [22], and adopted for two-component alloys
[23], makes it possible to calculate reducible many-
particle potentials of arbitrary order. This gives good
results in the application to substitutional alloys [24].
It cannot be applied, however, to the system con-
sidered here, since it is based on high temperature
expansions satisfying condition V;; . /kT < 1. As it
follows from Table II, the calculated potential values
satisfy the exactly opposite relation at 300K
(kT =0.02585¢eV). In [7], an expansion of internal
energy into a series convergent at low temperatures
was proposed, but analysis of the system, with the
presence of large clusters in mind, performed by this
method is extremely cumbersome. In the present
paper another approach is proposed.

Let one consider a partition function of the Gibbs’
ensemble, which in the notation of Equation 1 has the
form

1 PN
Z = exp(——-—ZVi'CiC-i—'“
kT & i
: Vi« GG . C 5
~ kT ij.z..k ik Gl Gy (5)
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For a specified three-particle cluster of fixed suffixes, i,
j and k, the factor representing this cluster in the
partition function is as follows

Zij = exp[ — (Vi.iéiéj + ijéjék
+ Vi GGy + Vijkéiéjék)/kT] (6)
If all sites i, j and k are occupied (C; = Cj =

C, = 1), equation 6 is equivalent to
Zijk - exp ( - Vl;kéléjék/kT) (7)
where

Vie = Vi + Vi + Vi + Vige

Thus, the total equivalent potential in a three-particle
cluster is equal to the sum of the potentials of all
two-particle interactions, plus potential Vi, ac-
counting for a change of two-particle potentials as
a result of the presence of the third atom. An identical
result holds for a cluster of arbitrary size; it is neces-
sary to sum possible interaction potentials of the high-
est possible order and of all other lower orders.
Accounting for Equation 7 partition Equation 5 is
presented in the form

Z = ZinZiij "'Zij'__kx (8)

where Z;;, Zu,..., Z;. ., represent the contri-
butions of successive two-, three-, ..., n-particle
clusters. By replacing all these factors with their ther-
modynamic mean values, and after a routine proced-
ure one can obtain an expression for the internal
energy

e ) A
ij

e ann
+ §Z Vig CCGCCH + -+

* ik
+= Z Vij.”k<éiéj...ék> + - 9)
.k

where symbol X’ means that in each such sum, all
lattice sites taking part in the formation of the clusters
of other orders are excluded. As a matter of fact,
Equation 9 represents an expansion of internal energy
over the contributions of corresponding clusters and
this way of grouping is typical for cluster methods. In
Equation 9 all total multiparticle potentials, V;; _ , are
temperature independent. This is a result of low tem-
perature approximation and, in particular, of neglect-
ing fluctuations of factors Z;; . For comparison,
when the internal energy is calculated in super high
temperature approximation, the contributions of all
diagrams giving rise to the presence of reducible inter-
action potentials vanish and only irreducible poten-
tials remain in V;; .

At absolute zero, Equation 9 is simplified in a natu-
ral way, since all clusters except that with the lowest
binding energy disappear. If there are n atoms in such
a cluster, the total number of clusters in N C/n, where
N is the total number of lattice sites and C the atomic
concentration of impurity, i.e.

U = NCVj /n (10)



As it may be seen from Equation 10, the cluster with
the smallest binding energy per atom (this energy has
a negative sign) is the most favourable energetically. In
such a case, only this factor, associated with a unique
configuration, participates in the partition function,
Equation 8. It is identical in all components to the
partition function. It follows that Equation 10 is accu-
rate at 0 K.

As the temperature rises these clusters decay and
other clusters appear with less favourable binding
energy, and Equation 10 gradually converts into
Equation 9. Let one consider this process in more
detail.

For the sake of simplicity of further considerations,
order the clusters in succession of growing binding
energy, ie. in the order of decreasing population of
clusters. Equation 9 can be written in the form

U = NY V,C, (11)

where V, equals V; . /ny; iy is the number of atoms
in cluster number o; C, is the probability that a given
atom belongs to cluster a.

Now, calculate the entropy of the system by the
combination method. It is easy to calculate that the
total number of clusters of type o in NCy/n,. Then,
calculate the total number of sites in the crystal, al-
lowed by the given crystallographic structure, possible
to be occupied by such a cluster. By translating a given
cluster over the whole crystal one obtains N such
possibilities. Moreover, at a fixed site, there are
R, possibilities of rotations transforming a given clus-
ter into another one, equivalent crystallographically.
In the case of two-particle clusters, R, is a well known
co-ordination number. In effect, one can obtain NR,
possibilities. If the cluster is of two-particle type, e.g.
with lattice sites r; and r,, this cluster twice can be
counted; once when r; = r,, and the second time when
¥; = r,. By analogy, the three-particle clusters will be
counted three times, and in general n-particle clusters
will be counted n times. As a final result, a given
cluster configuration can be accomplished in the crys-
talin NR,/n, ways. The above result makes it possible
to calculate the entropy of each atom bound in an
arbitrary cluster. Omitting technical details of calcu-
lations, the total configuration entropy of the system
can be written as

S=—kNY {R,In(l — Cy/Ry)

+ Caln[Co/(Ry — Cy)1} (12)

Treating parameters C,, as variation parameters, from
the condition of the minimum of free energy,
F=U — TS, one obtains after differentiation, the
equilibrium values of these parameters

ch/(Ro: - Ccz) = Ny eXP[ - Vot/kT] (13)

Normalization constant Ny appears in Equation 13 as
a result of taking into account the law of conservation
of the total number of particles in the system, which in
this notation can be written as

YC, = C (14)

The value of this constant can be found numerically
by substituting the actual value of atomic concentra-
tion, C, into Equation 14. If condition R, » C is
satisfied, which is usually the case since R, > 1, then
approximately

No = C/)Y Ryexp(— V,/kT) (15)
o

In this approximation, another approximate relation

based on Equation 15 is valid

Cy/Cp = Ryexp[(—V, + V3)/kT /Ry (16)

In view of the adopted assumptions (ignoring fluctu-
ations of factors AZ;; in partition Equation 8) the
obtained solution is approximate and can be used at
low temperatures. The actual expressions for C, make
it possible to estimate the temperature range of the
applicability of the obtained solutions, the necessary
condition being — V,/kT > 1, at least for one type of
cluster. For carbon martensite, in view of the values of
two-particle potentials listed in Table II for <002)
co-ordination, the value of this ratio at 500K
amounts to 8.36; whereas for five-particle clusters, as
shall be demonstrated below, this value amounts to
12.2 at 500 K. Summarizing, in the case of carbon
martensite the proposed method can be used practic-
ally over the whole temperature range of the existence
of this phase.

The proposed method is closely related to high and
medium temperature solutions used previously in
[7,8,24], but transformed to the range of super low
temperatures. As a result, by adopting the basic solu-
tion at absolute zero, the problem has been reduced to
the original cluster method.

The presently used cluster methods have been de-
veloped mostly in order to solve problems typical of
magnetic clusters, by taking into account the quantum
nature of the object and adopting the appropriate
mathematical tools [25, 26]. In such form they are
difficult to adapt to the problems of atomic ordering.

The approach given here, in view of the simple form
of the obtained solutions, is comparable to earlier
cluster methods [27-30]. However, in comparison to
these it remains sufficiently general. There are no
a priori limitations concerning the range of interaction
and the type and size of clusters. Moreover, the de-
veloped method does not refer directly to a particular
crystalline structure. Accordingly, it can be easily ap-
plied to other interstitial alloys and to other types of
crystallographic structure.

4. Multiparticle clusters in carbon
martensite

Now, consider the populations of various carbon clus-
ters in thermodynamic equilibrium conditions. As fol-
lows from Table II, this is cluster C—C (002>, which is
the most favourable energetically among the two-par-
ticle clusters. This cluster is denoted by a; in Table IT1.
The next one, cluster C-C% (111) is denoted by o,.
In Table 1V, mutual relations between the concentra-
tions of carbon bound in the respective clusters at 78,
300 and 500 K are presented, calculated on the basis
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TABLE III Clusters of IInd to Vth order with the highest binding energies per carbon atom. Columns 3-6 present lattice positions of atoms
ri~tm, bound in a given cluster. Lattice positions are determined with respect to a carbon atom located at the 000 position in the
O, sublattice. Column 7 shows binding energy per atom in a given cluster.

Order Symbol 1; I Fy Fm Vy (eV)

I 2 3 4 5 6 7

11 oy 0 0 2 - - - —0.360
oy 12 12 1/2 - - - ~0.184

I B, 0 0 2 0 0 -2 - - — 0466
B2 0 0 2 12 1/2 5/2 - - —0.381
Bs 12 12 1/2 1 0 - - ~0.311

0% Y1 0 0 2 0 -2 0 0 4 - ~0.503
Y2 12 12 1/2 12 12 12 0 0 2 - — 0441
Y3 1 0 2 0 0 2 1 0 0 - — 0.402
Y4 1 0 0 0 0 2 1/2 1/2 1/2 - —0.399
Ys 1 0 0 0 1 0 1/2 1/2 172 - —0.389
Ye 1 0 0 12 1/2 12 3,2 1/2 172 - —0.386
Y4 0 0 2 1/2 0 1 0 0 2 - — 0377
Ye 1 0 2 0 0 2 0 0 2 - —0.371
Yo 1/2 1/2 1/2 32 1/2 12 0 0 2 —0.338

\' 3y 0 0 2 0 0 -2 0 0 4 0 0 —4 —0.526
3, 1 0 0 0 1 0 i 1 0 12 1/2 12 — 0475
3 0 0 2 0 0 2 1 0 2 1 0 0 — 0435
3, 0 0 2 0 0 2 0 0 4 1/2 0 1 — 0425

TABLE IV Mutual relations between carbon concentrations in
clusters at various temperatures in thermodynamic equilibrium.
The notation of clusters is as for Tables III and V.

Temperature (K)

C,/C; 78 300 500
Cu./CB, 2.83%x 1077 0.033 0.171
Cu./Cy, 5.75x 1010 3.96 x 1073 0.036
Cu./Cs, 1.88x 10711 325x1073 0.042
Cy./CA, 1.22x 10714 8.65x 103 2.10x 1073
Cy./CA, 2.34x1071° 5.14x10°¢ 3.85x 1074
Cy,/CAs 311 x107%3 5.04x1077 9.57x 1073
Cq,/CA, 4.68 x 10726 2.60x 1077 1.12x 1074
Cot,/CAzo 411x107% 3.16 x 10711 501x 1077
Ca./CA, 0 3.76 x 10733 3.51x 10720
Co./Cas 1.70 x 10711 442% 1073 0.067
Cp./Cp, 1.29x107% 0.149 0.556
Cg./Cp. 9.42x 10710 1.57x1073 0.126
Cy.,/Cy, 3.94%10°° 0.363 0.949
Cy,/Cy, 1.19x 1078 0.080 0.384
Cy./Cy, 7.62x1077 0.072 0.358
Cy,/Cy, 1.72x10°7 0.049 0.284
Cys/Cy. 1.10%x 1077 0.043 0.265
Cy./Cy. 2.89x 1078 0.031 0.215
Cy./Cy, 1.18x 1078 0.024 0.187
Cyo/Cy. 8.71x 10711 6.76 x 1073 0.087
Cs./Cs, 405%1073 1.11 245
Cs,/Cs. 1.05x 1073 0.237 0.968
Cs./Cs, 238 x107° 0.161 0.767
Cr./CA, 3.59x 1074 0.046 0.090
Cyr,/CA, 6.70 x 1071 236x1073 6.41x1073
Cr./Ca., 822x 10715 9.35% 1073 220x 1073
Cr./Ca. 1.70x 10718 1.20x% 1073 845%x 1074
CA../CA,, 47210785 1.19x 10722 7.00 x 10714

of Equation 16. The number of the presented data is
sufficient to calculate others, not included in the table
values for all considered clusters, using simple alge-
braic operations. As may be seen, the ratio of the
carbon concentrations in clusters o; and a,, Cy,/C,,
amounts to 1.7x107!1 at 78 K and to 0.0044 at
300 K. The populations of other clusters in this tem-
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perature interval are negligibly small. In the class of
three-particle clusters, using the above criteria, three
clusters may be considered, denoted in Table I1] as 3,
B, and PBs, with configurations C—C{002>-C<002),
C-C<002)-C5<115) and C-Ci<111)>-C100).
The ratios Cp,/Cp,, and Cp,/Cs, amount to
1.29 x 10 "% and 9.42 x 1019, respectively at 78 K and
to 0.149 and 0.002, respectively, at 300 K.

Table III contains the values of V, potentials
for clusters of order II to V, which can be possibly
taken into consideration in an analysis of short
range order in martensite. It follows from the data
presented in Table IV that in the group of all clusters,
including five-particle ones, this is a five-particle
linear cluster which should occur most frequently.
In this cluster (denoted by &; in Table III) the
carbon atoms are located at octahedral vacant
sites O, along the tetragonal ¢ axis, and are sepa-
rated from each other by two lattice constants.
The contributions of analogous four-atom clusters
(without one of the extreme carbon atoms) denoted
by v, are also significant; the ratio C,,/Cs, equals
0.033 and 0.82 at 78 and 300 K, respectively. The
number of three-particle clusters of the same type,
denoted by B, is small; the ratio Cj,/Cs, amounts
to 6.6 x 10~ * and 0.098 at 78 and 300 K, respectively.
All two-particle clusters, even if they were formed at
the initial stage of clusterization should practically
vanish in the course of approaching thermodynamic
equilibrium.

In the group of five-particle clusters, there appears
a cluster denoted by &, representing a pyramid with
the base in the (00 1) plane. Its contribution Cs,/Cs,
amounts to 4.05 x 10~ 3 at 78 K, but it is already 1.11
at 300 K. By comparison, its four-particle counterpart,
a pyramid with one unoccupied site at the base
diagonal (denoted by vys) has a small population:
the ratio C,,/Cs, amounts to 2.4 x 10~° and 0.04 at



78 and 300 K, respectively. The three-particle cluster
mentioned in the introduction and observed in [4] is
a fragment of clusters ys and 3,.

Clusterization does not need to terminate at five-
particle clusters. In the next paragraph, the likelihood
of the presence of larger clusters in the system is
analysed.

5. Hypothetical presence of superstructure

in martensite
It follows from the above discussion of the system
that two five-particle clusters, types, &; and 9,,
are present in martensite. These clusters can even-
tually grow into larger clusters or superstructures.
Table V presents the most energetically favourable
clusters from the VIth to IXth order, built on the
basis of the above-mentioned five-particle 8, and
d, clusters. It follows from this table that the &,-
based clusters have still less favourable binding energy
than the initial 8, cluster, and are not competitive
in comparison to other clusters of the same order.
Therefore this cluster will not grow. An exactly oppo-
site relation holds for cluster 8,. The cluster denoted
in Table V as Ay and composed of nine carbon atoms
will decisively dominate over the initial 6, and all
remaining clusters.

As a next step, consider the possibility of aggrega-
tion of such clusters. The binding energy of two

T T
0 0 0 0s O
L S S T
O 0 10 10 O
S S £

Figure 1 Twenty-particle cluster of A,, type O, sublattice: (®)
position of carbon atoms located in (00 1) plane: (*) projections of
the positions of carbon atoms located in the parallel plane at
a distance of 1/2 C lattice constant: and (O} positions of carbon
atoms binding two A4 clusters.

Ag clusters 1s — 1.376eV. If, in addition, the two
octahedral vacant sites between these clusters are
filled (cf. Fig. 1), the binding energy increases by an
additional — 3.278 ¢V. In effect, the binding energy
per atom in such 20-atom clusters, denoted as A,  in
Table V amounts to a V, of —0.985¢V. This is
a much more favourable situation than that in cluster
Aq. Like cluster Ag, cluster A, can also grow. As the
limit, the binding energy per carbon atom in an infi-
nitely large cluster of this kind was calculated. In such
a case, the calculations simplify since all atoms are
equivalent (the boundary conditions disappear); and
instead of summing the interactions of every atom
with all others, it is sufficient to calculate one-half of
the sum of interactions of a single atom with all others.
As a result of such calculations, with 56 co-ordination
shells taken into account, ie. with all atoms in this
cluster up to a distance of eight lattice constants,
a value of V, equal to — 2.29 eV was obtained. With
this value, the ratio Cy,,/C,, (see Table IV) amounts
to 1.2x10722 at 300K. This result grants the
presence of such superstructure; provided, however,
that the initial cluster, &,, with unfavourable binding
energy has been formed during the transient forma-
tion phase. In such a situation even 20-atom clusters,
A,p, not speaking of all the remaining, have too low
energy to exist in measurable quantities. Thus, the
cluster in the form of an atomic layer, of half a lattice
constant thickness, filling all octahedral vacant sites,
O. in the (00 1) plane, should attain dimensions com-
parable with the size of a given grain. The analysis of
the values of potentials (see Table II) leads to a con-
clusion that the next such layer can appear not nearer
than at a distance of three lattice constants..

In summary, five-particle clusters of 8, type form
seeds for growing larger clusters, which next transform
into superstructure. Other clusters presented in
Table III have no conditions to grow into configura-
tions of more than five atoms.

6. Conclusions
As was pointed out in the introduction, marten-
site obtained in the process of quenching is far from

TABLE V Binding energy per one particle in higher order clusters formed on the basis of five-particle clusters. Lattice positions and their
notation as in Table III. Columns 4-7 give lattice positions of atoms attached to the initial cluster.

Symbol Initial ¥ 1 Fr r V (eV)
cluster
1 2 3 4 5 6 7 8
VI Is L 0 0 6 - - - —0.522
Ag 8, 32 172 12 - - - —0.566
VII I, 8, 0 0 6 0 0 -6 - - —0.511
A, 3, 32 12 12 12 32 1/2 - - —0.639
VIII Is 8, 0 0 6 0 0 —6 0 0 8 - —0.495
Ag 5, 32 12 12 172 32 2 12 12 12 - —0.699
IX I 8, 0 0 6 0 0 -6 0 0 8 0 0 -8 —0.477
Ay 3, 32 12 12 12 32 2 12 12 12 12 12 12 —0.752
XX Ajg Ag + Ay 2 0 0 2 1 0 - - —0.985
o Ag Aso - - - - —2.290
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thermodynamic equilibrium. Such equilibrium is at-
tained in the process of formation of appropriate
multiparticle clusters. In view of the obtained results,
the clusterization process may proceed in various
ways, depending on the conditions. Consider the pro-
cess of formation of low temperature clusters (at 78 K),
under the assumption that the obtained martensite
has anomalous tetragonality, i.e. only O, positions are
occupied. The carbon atoms, the majority of which
one dispersed in an isolated form after quenching, will
aggregate into larger and larger clusters; first prim-
arily into o,, P; and v;, and finally into &, (cf.
Table III). At elevated temperature, a reverse process
will take place; larger clusters will disintegrate
into smaller ones. This process is not associated
with overcoming the potential barrier and is quasi-
reversible. A different situation occurs in the case
of clusters &,, which are the seeds for superstruc-
tures. At the considered temperature, their equilib-
rium population is low, ie. about 04%. The
population of other clusters of similar topology
and lower order (v,, vs;, see Table IV) is also
low. Nevertheless, if these clusters are already
formed, they will immediately grow to much
larger sizes at the expense of their initial form. Since
this disturbs thermodynamic equilibrium, new &,
clusters must be formed. Thus, if the system is allowed
to stay at low temperature for a sufficiently long
time a superstructure will be formed, the process
being irreversible. In view of its high binding
energy, the superstructure thus formed should exhibit
significant thermal stability as regards ordering
changes and order-disorder phase transitions, as
well as other phase transformations, e.g. carbide
formation.

The process should proceed faster at higher
temperatures, e.g. at room temperature. However,
there exists competitive processes which can trans-
form the system into another local minimum of free
energy. At higher temperatures a fraction of the
atoms in the O, sublattice will move to the O, and
O, sublattices. With elapsing time, single, initially
isolated, carbon atoms will form analogous clusters
in these sublattices. Part of them can also participate
in the formation of mixed clusters, O,~O, and
0,0, such as y; and 8,. The formation of
clusters in these sublattices will block the diffusion
process and make migration of atoms from one
sublattice to another an irreversible process.

The above results are based on harmonic approxi-
mation. In the author’s opinion, verification of pos-
sible corrections introduced by accounting for irredu-
cible higher order potentials should be accomplished
in an experimental way.
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