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[2]. The experiments were performed with the solid paraffin
at room temperature, which corresponds to a subcooled
condition. The results of [2] also indicate that conduction
is important only at early times and that natural convection
becomes dominant at later times.
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NOMENCLATURE
ki, lattice thermal conductivity;
ko, thermal conductivity of perfect lattice;
Wps maximum frequency of Debye spectrum;
Wy, {frequency at which probabilities of umklapp
scattering and imperfection scattering are
equal;
T, scattering parameter ;

V, average volume per atom;

N, number of molecules per unit volume;;

05, Debye temperature ;

M, mass of molecule;

M, average mass of molecules of crystal;

X concentration of molecules of mass M;;

ki, lattice thermal conductivity calculated for
imperfection scattering of phonons by local.
mass changes;

i lattice thermal conductivity calculated for
imperfection scattering of phonons by local
mass and force-constant changes;

g, bond constant of nearest metal and oxygen
atoms in host lattice;
[//% bond constant of impurity atom and its

nearest neighbors;

Ag;. (g —g,) difference;;

b Gruneisen parameter ;

d, interatomic distance in host lattice;

&, impurity radius;

A, (6 —9;) difference ;

o, regulated parameter in Parrott’s theory;
B, and By, scattering factors for N-processes

and U-processes.

L INTRODUCTION

TitaNium monoxide TiO,;, and the iron group metal
monoxides Me, _ O (Me=Ni, Co, Mn} have the same
crystalline structure {rock salt), but differ considerably in
the nature of the interatomic interactions and by the degree
of localization of 3d electrons. Accordingly, different
TiO—MeO (Me=Ni, Co, Mn) solid solutions formed
during the isomorphous substitution of atoms in the metal
sublattice have different transport properties, and, in
particular, different thermal conductivities.

As reported earlier [1], TIO—MeO (Me=Ni, Co, Mn}
solid solutions with a small content of iron group metal
atoms have a low lattice thermal conductivity. The
electronic and lattice thermal conductivities of these

compounds at room temperature are comparable; this is
typical of alloys and semimetals containing many imperfec-
tions. At high temperatures heat transfer is carried out
essentially by free 3d electrons. A similar increase in the
electronic contribution to the thermal conductivity with
that of temperature was observed in the transition metal
carbides and nitrides with high residual electrical re-
sistivities; Williams [2] has explained this effect by the
strong scattering of electrons by lattice vacancies. When the
concentration of the iron group metal atoms in TiO—MeQO
(Me==Ni, Co, Mn) solid solutions is increased, the
localization of 3d electrons strengthens, so that in solid
solutions with a small titanium content the heat is
transferred solely by lattice vibrations.

In this paper an analysis of the lattice thermal con-
ductivity data is presented for TIO—MeO {Me=Ni, Co,
Mn) solid solutions of different compositions and the
phonon scattering processes are considered.

I1. EXPERIMENTAL

The experimental details of this study have been
described elsewhere [1]. The solid solutions were prepared
by the solid-phase reaction method. The composition of the
samples and the X-ray and pycnometric data are given in
Table 1. The absolute stationary method was used for the
thermal-conductivity measurements. The electrical con-
ductivity was measured by the two-probe D.C. potentio-
metric method.

The lattice thermal conductivities k; of TiO—MeQO
(Me==Ni, Co, Mn) solid solutions at room temperature are
shown in Fig. 1 and Tables 2 and 3 (for metallic type
samples k, was defined by subtracting the electronic
component from the measured total thermal conductivity).
A comparison of the above data with the theory of heat
transfer in solid solutions is presented below,

I11. DISCUSSION OF RESULTS

According to Klemens [3], the thermal conductivity of
solid solutions in the case of strong imperfection scattering
can be expressed as

k= koﬁ’i’-tan”(ﬂ) (1)
®p g

where k, is the thermal conductivity of a perfect crystal
lattice, wp, the maximum frequency of the Debye vibration
spectrum and w,, the frequency at which the probabilities
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FIG. 1. Lattice thermal conductivities ot TiIO—MnO solid

solutions at room temperature: @ values of k, measured or

determined from the total thermal conductivity data by

subtraction of the electronic component [1]; O calculated

values k;; [0 calculated values k}'. Dashed curves cor-
respond to the two-phase compositions.

of the umklapp scattering and imperfection scattering are
equal.

Using equation (1), we have calculated the lattice thermal
conductivities of TiIO—MeO (Me=Ni, Co, Mn) solid
solutions at room temperature. The quantity (wp/w,)* was
calculated in the form [4]

2 ko[
<@> — 132X 1000 2)
wg V#°No,

where V is the average volume per atom of the crystal, N,
the number of molecules per unit volume, 8, the Debye
temperature, and the parameter I’ is given by

in(Mi—M Y
P="— ®
(assuming that the imperfection scattering of phonons
results from only local mass changes). There x, is the
concentration of molecules of mass M; and M is the
average mass of all molecules. The volume per atom was
defined from the X-ray data (Table 1) and the quantities k,,

N and 8, for solid solutions were determined by means of
linear interpolation between the corresponding values in
pure oxides. The Debye temperature of titanium oxide was
estimated from the Lindemann rule [4] and melting point
data [5]; for the iron group metal oxides we have used the
values of 8, from the paper of Slack and Newman [6].

The calculated values of k,, 8, and N are given in Tables
2 and 3. Also presented are the values k! calculated from
equations (1)-(3). For TiO—MnO solid solutions the
values k] are additionally shown in Fig. 1. As seen, the
calculated values k) for all compositions are appreciably
higher than the experimental values of k;. This result seems
to be sound, since in solid solutions of the considered type
one can expect also local force constant changes. These
changes would be greater in the TiO—MnO system, where
the lengths of the Ti—O and Mn—O bonds differ to a
greater extent than those of the Ti—O and Ni—O bonds
and the Ti—O and Co—O bonds (Table 1).

Thus, in the next step, we considered the additional
scattering of phonons by local force constant variations.
The parameter I in this case has the form [7].

cepof )l o

The first term represents the mass-defect scattering, g, the
bond constant of the nearest metal and oxygen atoms in
host lattice, g;, the bond constant of an impurity atom and
its nearest neighbors, y, the Gruneisen parameter, and d;,
the impurity radius (of the order of the interatomic
distance). For lack of Gruneisen parameter data, we have
estimated the lattice thermal conductivity from equation (4)
only for solid solutions of composition close to NiO, CoO and
MnO. For these compounds we have assumed [6] that y
=2. The terms ¢; and o; were defined by linear in-
terpolation between the corresponding values in pure
oxides. The bond force constants were calculated from the
Gordy formula [8]. We have used the electro-negativity
values from the work of Grigorovich [9]. The calculated
values of k!' using this method are given in Tables 2 and 3
and Fig. 1. It can be seen that kj' exceeds the lattice
conductivity k; for all solid solutions except Tig oo Mng 350,
Tig.5:Mng 4,0 and Tij 4y Mn, 5,0. The reason for this
behavior is an additional phonon scattering. This could be
a scattering by normal processes (N-processes) which is
disregarded in the Klemens model.

The effect of N-processes on the lattice conductivity was

Table 1. Charaqtqriiation of the TiIO—MeO (Me==Ni, Co, Mn) solid solutions [1]

Number 01 P
a of atoms pycnom. X-ray

Composition A) in cell (gem™3) (gem™3) P1/P2
TiO, o4 4.177 6.54 4.72 5.86 0.81
Tig.95Nig 06O 4.174 6.57 4.82 5.81 0.83
Tig 91 Nig 6O 4.174 6.56 4.88 593 0.82
Tig.75Nig 200 4.170 6.73 5.10 6.00 0.85
Tig 10Nig.,0 4.176 7.29 6.20 6.96 0.89
Tig.06Nig.040 4.175 7.51 6.36 6.76 094
Nig 560 4.174 7.84 6.48 6.61 0.98
Tip 96C04.050 4.155 6.39 4.80 6.04 0.80
Tig 55C0g.100 4.158 6.48 487 5.95 0.82
Tig 1,C09.600 4.260 7.62 6.05 6.39 0.95
Tig.06C00.050 4.264 7.79 6.24 6.43 0.97
CoO 4.263 7.80 6.27 6.44 0.97
Tig.9sMng 45O 4.174 6.44 474 5.89 0.80
Tiga; Mng 5,0 4.442 7.72 4.91 4.96 0.99
Tip 31 Mng 30 4.448 7.76 4.90 4.95 0.99
Tiy o;Mng ;4,0 4454 7.77 5.00 5.03 0.99
Tig. 1, Mng 55O 4.459 7.80 5.15 5.28 0.98
Tig.07Mng 930 4.447 7.90 5.28 5.35 0.99
MnO 4.445 7.88 5.30 5.38 0.99
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Table 2. Lattice thermal conductivities of the TiIO—NiO and TiO—CoO solid solutions
k% 103
ko x 10? 8, Nx107%22 (W/cmK) K} x 103 k' x 10%
Composition (W/emK) X) (1/em?) (1] (W/emK)  (W/emK) a = (By/By)
Tig ¢5Nig 06O 29.7 586 45 171 29.1
Tig.91Nig.0oO 321 579 4.5 222 30.5
Tig.75Nig 200 41.0 547 4.7 303 37.7
Tig.16Nig 0,0 108.2 547 49 63.4 95.2 83.3 1.5
Tig.0Nig.9, O 109.5 535 5.1 80.5 102.9 102.9 1.2
Tig.06C0p.050 26.2 585 44 18.1 249
Tig §5C0g.160 27.5 565 45 21.4 26.7
Tig 11C04.600 60.2 513 49 3438 56.6 54.2 1.1
Tig 06C0g.050 62.2 509 49 39.2 59.1 578 1.1
Table 3. Lattice thermal conductivities of the TiIO—MnO solid solutions
k, x 10°

ko x 103 0, Nx10722  (W/emK) K x10® Kix 10°
Composition (W/emK) (K) (1/em3) (1] (W/cmK) 4W/cmK) «=(By/By)
Tig osMng O 24.6 580 44 15.1 24.5
Tig g Mng 55O 26.0 523 44 8.1 255
Tiy 6o Mng 350 26.7 517 44 7.2 25.6 7.2
Tig.s;Mng ., O 276 506 44 8.0 259 1.7
Tig.41Mng 5,0 28.7 495 45 9.0 26.9 9.5
Tig.3,Mng 4,0 31.2 500 4.4 12.3 29.0 14.0 0.01
Tig.2,Mng 7,0 30.9 471 4.4 18.1 29.9 22.0 0.7
Tig.12Mng 55O 337 482 44 249 330 30.7 0.8
Tig 07 Mng 930 343 476 4.5 30.2 343 343 0.8

considered by Parrott [10]. He assumed that the relaxation
times of normal and umklapp processes (U-processes) have
the same dependence on temperature and phonon fre-
quency. In that case, the expression for the lattice thermal
conductivity contains a regulated parameter « = By/By
which defines the relative effectiveness of N-processes in
comparison to U-processes (By and By, are the correspond-
ing scattering factors). The values of a, estimated by us.
according to the Parrott model, provide qualitative infor-
mation on the effect of N-processes on the lattice
conductivity of the solid solutions under consideration. In
the row of TIO—NiO, TiO—CoO and TiO—MnO solid
solutions, the contribution of N-processes to phonon
scattering decreases (Tables 2 and 3). This is probably
connected with the fact that, as mentioned above, the
imperfection scattering of phonons due to the local force
constant variations strengthens in this row.
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