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A correlation between the ratio of the polymorphic transition temperature 7} to the
Debye temperature @ characteristic for a particular polymorph of a metal and the atomic
number Z has been found. ,

The existence of this correlation permits the prediction of changes of some thermo-
dynamical properties (entropy, enthalpy, specific heat) of metals during polymorphic transi-
tions' A3 — A2 and Al — A2. It is also possible to predict the latent heat of polymorphic
transitions. For the majority of the metals discussed the results of these predictions, which
are based on the correlations found in the present work, are in good agreement with the data
from literature.

1. Introduction

The problem of polymorphism of metals is recently one of the fundamental problems
of the theory of metals as well as of solid state physics. There have been many efforts made
by various authors to find a method which would permit the determination of thermo-
dynamic potential of various polymorphs of the same metal as a function of temperature
and pressure. These attempts were based on fundamental laws of physics, universal -con-
stants and characteristic features of their atoms [1-3]. The solution of this problem would
enable the determination of the relative stability of various phases of the metal without
the' necessity of using experimental data on the properties of these phases. The search for
such possibility involves, among others, some empirical methods in which correlation
between various properties of metals (dimensions of atoms, valencies, electronegativities,
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electron configurations) and phase stability are looked for [1-3]. However the results
of these studies are so far not quite satisfactory.

The present paper is another attempt of establishing some correlations between the
parameters which characterize polymorphic changes in metals. It is restricted to trans-
formations typical for metals, i.e., from hexagonal structure of the type A3, or face-centred
cubic structure Al to space-centred cubic structure A2. The basis for the search for these
correlations is the correlation between the temperatures of polymorphic transformations
A3 — A2 and Al — A2 and the melting temperature of the metal The existence “of this
correlation has been recently reported in Ref. [4] '

2. Correlations between the temperatures of polymorphic' transformation A3 — A2 and
Al — A2 and the Debye temperatures of the low-and-high temperature modifications of
metals

It has been shown in Ref. [4] that the A3 — A2 and Al — A2 transformation temper-
atures T, are related to the melting points T, of these metals by a simple approximated
formula v o

T, ~ 09T, 6))

As it can be seen from Fig. 1 the data on the transformation temperatures and melting
points of metals taken from literature [ 5-12] are fairly well fitted by the line correspond-
ing to Eq. (1) which confirms the validity of this approximation.
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Fig. 1. Dependence of temperature of polymorphic transformation A3— A2 and Al — A2 on the melting
point [4]

On the basis of the well known laws of the crystal lattice dynamics [13-15] and the
relationship (1), one should expect the existence of a simple relation between temperatures 7,
of the transitions A3 — A2 and Al — A2 and the characteristic Debye temperatures of
the particular polymorphic of metals. In order to check this conjecture the data available
in literature [16] on the Debye temperatures of the low-temperature forms A3 and Al
have been compared with the transformation temperatures of these metals into the high
temperature structure A2 (Table I). It was found that if one takes ratio of the polymorphic



TABLE I
3l % # :
2 | 2 3 |E5)8¢ & | & |Rsz|3g] & | =
88 | 1878 | 1043 | 148 59 | — | — | [z | [707]
173 1071 | 1097 | [iog] | [1015] | 654 | 264 | 94 11.39
141 1070 | 1208 | 74 1431 | 664 | 212 | 116 9.31
144 135 [ 1207 | [127] | [895] |6 80 | 212 | 112 10.13
150 1190 | 1335 [130] @ 740 [1203 | 120 9.92
9 | 1500 | 1557 | 980 156 | — | — Jeao] | [231]
157 1535 | 1600 | 156 101 | 7.80 | 201 | 130 11.81
159 | 1500 | 1620 | 158 | 100 | — | — | [iag] | [1035]
89 1740 | 1770 | 214 813 | 425|209 | 179 9.72
1625 | 1657 | 1680 | 158 105 | — | — | [i5] | [1099]
165 1701 | 1740 | [i74] | [979] | — | — | [153] | [10.13]
167 1643 | 1770 Jiee] | [891] | — | — @' [11.27]
45 1620 | 1840 | [380] | [427] | — | — | P45 | [469
1785 | 2220 (2460 | 213 | 104 | — | — | [i88] | [11.83]
91 1135 | 2125 | 250 45 | — | — | [ | [739]
- 48 1ss [ 1891 | 278 | 415 | — | — | [239] | [48]]
140 1000 | 1070 | [u4] | [871] | 6.67 | 21.0 | 110 9.09
139 1140 | 1193 | 131 8.70 | 597 | 233 | 113 10.09
55 1410 | 1517 | [297] | [475] | 721 | 7.6 | 294 4.80
56 1700 | 1805 | [350] M — | = | By | [539
232 1670 | 2023 | [134] @ — | — | [ue | [1433]
40 730 | 1118 | 219 333 | 152 | 263 | 196 3.72
242 749 | 913 | [58] | [13.03 | — | — | [50[ | [1491]
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transformation temperature to the Debye temperature of the low-temperature form and

) . T .
plots it as a function of the atomic number Z, 5’ = f(Z) the experimental points lie
I

pretty well along a straight line (Fig. 2). The points have been fitted by the least squares
method by the following equation

'I; .
== 1.75+0.12Z. @)

1

T; : -
The deviation of the experimental —é)-i— values from those calculated from Eq. (2) amounts
I

on the average to 139%.

On the basis of Eq. (2) it is possible to estimate the Debye temperature values for
the low temperature forms of those metals for which there are no experimental data avail-
able in literature. These values are given in rectangular frames in Table I.

The main difficulty in establishing the relationship between the temperature of poly-
morphic transformation, atomic number and the Debye temperature.of the high temperature
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Fig. 2. Dependence of the ratio of polymorphic transformation temperature Tt to the Debye temperature Oy

T .
of the low temperature form (A3 or Al) on the atomic number: 5‘ = f(Z)

form (A2) was the fact that there are absolutely no data available in literature on the Debye
temperature of the latter. The only possibility of overcoming this difficulty was the fact
that the A2 polymorphs go over directly into liquid phase. This fact permitted the Debye
temperatures to be calculated from the well-known formula of Lindemann [15]:

—
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where: ® — is the Debye temperature, L — Lindemann constant, T, — melting temper-
ature, M — atomic mass, ¥ — atomic volume.

The atomic volume ¥ has been calculated on the basis of the data on the densities of
high-temperature A2 forms of polym_d'rphiclmetals taken from literature [7]. The value
of the Lindemann constant for A2 structure has been taken as 110 [1, 13-15, 20]. These
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Fig. 3. Dependence of the ratio of the polymorphic transformation temperature 7; to the Debye

: T;
temperature @y of the high temperature form (A2) on the atomic number: —@—t- = f(Z)
) i n

data and the calculated Debye temperatures Oy for the high-temperature A2 polymorphs
are summarized in Table I. ’

Fig. 3 shows the ratio of the polymorphic transformation temperature to the Debye
temperature Oy calculated by means of the Lindemann formula, plotted as a function

T .
of the atomic number Z of the metal. ?t = f(Z). It is seen that the experimental points
B . YU . . B : - P,
are fairly well fitted by a straight line with the equation:

T, A ,
— = 1.75+0.14Z. . 0))
I ¢ : - o

The average deviation of the experimental points from the values calculated«from'
Eq. (4) is about 8 %. Eq. (4) has been used to estimate the Debye temperatures @y for those
elements for which the lack of data onthe density of high temperature polymorphic forms
prevented the calculation of @y by means of the Lindemann formula (Eq. 3). These values
are given in rectangular frames in Table I.

On the basis of the dependences (2) and (4) it was possible to predict the Debye
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temperature ratio —L of the low and high temperature forms of the polymorphic metals
) I . ' gy
discussed. It follows trivially from Eqs (2) and (4):
6, 175+0.14Z

@y 175+0.12Z° ©)

This ratio is plotted in Fig. 4 as function of Z.
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Fig. 4. Dependence of the Debye temperature ratio of the low-temperature (A3 or Al) and the high

. O
temperature (A2) form on the atomic number of the metal: @—I = f(2)
) 13

3. Changes in the entropy of metals during polymorphic transformation A3—A2 and A1->A2

It follows from the values given in Table I that the Debye temperatures of the low-
-and-high temperature forms of the polymorphic metals as well as the transformation

] : X
temperatures T; satisfy fairly well the condition 7, > 3 on both sides of the transformation

point. The Debye theory of crystal lattice vibrations predicts in such a case that the entropy
can be expressed as

2]
S =4R-3RIn (—1-;) )

where R is the gas constant.
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In this situation the change in the entropy during the polymorphic transformation
can be presented by the formula:

On

o -
A4S = Sy=S;=3RIn (—‘) ™

where 0y is the Debye temperature of the low- and Oy ﬁhaﬁ of the high temperature form.

Substituting into Eq. (7) the —éi ratio given by Eq. (5) we obtain:
)14

1.75+0.14Z

S = 3RIn > O2%%
4 117540122

®

Eq. (8) permits the calculation of the entropy changes during the transformations A3 — A2
and Al - A2 of polymorphic metals from the knowledge of the atomic number Z only.
Fig. 5 shows the graph of the dependence (8) while the comparison of the entropy changes

as
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Fig. 5. Dependence of the entropy change A4S during polymorphic transformations A3 — A2 or Al — A2
on the atomic number of the polymorphic metal: A4S = f(Z)

predicted by this relationship with the experimental data available in literature [9, 10,
23, 18] is made in Table II. It is seen that the majority of experimental data is in agreement
with the values predicted on the basis of Eq. (8).
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TABLE II
Entropy change Thermal effect of the transition

Metal A4S [cal/g.atom K] AH [kcal/g.atom]

Predicted| [181 | [©1 | 1101 | [7] [Predicted| [18]1 | 11 | [o1 | M
Sr 0.63 | 0.23 — — — 0.56 | 0.20 — — -
Yb 0.78 — — — - 0.84 — — — —
Pr 0.75 — — — — 0.80 — — — —
Nd 0.75 | 0.63 — — — 085 | 071 — — —
Sm 075 | 0.62 | 0.62 — — 089 | 076 | 674 — —
Be 0.21 — — - — 0.32 — — — —
.Gd 0.76 = — —_ — 1.17 — — — —
Tb 0.76 — — _ e — 1.21 — — — —
Y 0.69 | 0.68 — — — 120 | 1.19 — — —
Dy - 0.76 — — — — 1.26 — - — —
Ho 0.77 — — - - 1.31 — — — —
Er | .077 - — — - 1.27 - — — —
Sc 0.56 — — — — 0.91 — — - —
Hf 078 | 070 | 0.74 — — 173 | 113 1.65 - —
Zr 0.69 | 0.91 0.81 0.62 — 078 | 104 | 092 | 0.70 —
Ti 058 | 0.88 | 0.72 — 0.91 067 | -1.01 | 0.83 — 1.05
Ce 075 | 070 | 0.70 — — 075 | 070 | 070 — -
La 074 | 075 | 0.6l — — 084 | 0385 | 0.70 — —
Mn 0.61 030 | 030 | €30 — 0.86 | 043 | 043 | 043 —
Fe 0.61 0.16 | 0.09 | 0.07 — 1.04 | 026 | 0.16 | 0.15 —
Th 0.80 0.40 - — | = 1.33 | 0.67 — — —
Ca 0.55 | 0.08 — 027 | 016 | 040 | 0.06 — 020 | 0.2
Pu 0.80 | 0.63 | 0.59 — 0.63 | 060 | 047 | 044 — 0.47

4. Latent heat of A3 — A2 and Al — A2 transformations of polymorphic metals

The knowledge of the change in the entropy of the phase transformation of the I-st
order (at a given known phase transformation temperature 7,) permits the calculation
of the change in the enthalpy 4H, i.e., the so-called latent heat of phase transformation:

"AH ='AS-T,. )

After substituting Eq. (8) for 4S we obtain for the transformation A3 — A2 and
Al — A2 of polymorphic metals the following formula:
1.75+4-0.14Z

AH — 3RT I Bdindiot 10
7550122 (10)

ThlS equatlon permlts the calculation of the latent heat of the transformation A3 — A2
or Al - A2 in the case when the transformation temperature T, is known. 4
Table II contains the comparison of the values of latent heat known from literature.

[23, 9, 10, 18] with the values predicted on the basis of Eq. (10). It can be seen that the
agreement is satisfactory. ‘
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5. Discussion

The cbrrglation'dependences presented in this paper permit fairly accurate predictions:
of changes in entropy and enthalpy which occur during polymorphic transformations
of metals from hexagonal (A3) and face-centred cubic structure (Al) into space-centred
cubic structurs (A2). The differences between the experimental values and those calculated’
on the basis of the above correlations which are observed in case of metals with small

. .. ]
atomic numbers (Ca, Sr, Th, Fe, Mn) result either from the fact that the condition 7, > ”y

is not fulfilled, or from possible experimental errors. In such cases it is necessary to calculate
the entropy and enthalpy directly from the Debye function (without approximate assump-
tions). It is also necessary to determine precisely the transition temperature and latent
heat of the transformation.

It is also interesting to measure the changes in entropy and enthalpy in polymorphic
transformations of those elements for which there are no experimental data available
(Yb, Pr, Gd, Tb, Dy, Ho, Er, Sc) and to compare than with the predicted values.

The correlation dependences given in the present work offer also a possibility of
predicting other physical properties of metals during polymorphic transitions (specific
heat Cy, density, atomic volume, Debye temperature). This encourages us to look for
analogous correlations in other polymorphic transformations of metals and chemical
compounds, however, ‘it requires more experimental information on the polymorphism
of such substances.

The appearance of dependences on the atomic number of the metal can be regarded
as another proof of the connection between the polymorphism of metals and the electron
structure of their atoms [2, 21, 22].

Further studies are in progress.
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