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I ntr oduction

In the temperature range (200-300) K, for active
elements of thermoelectric converters, the lead telluride
iswidely used, due to the uniqueness of its physical and
chemical properties, as well as the reatively smple
technology of obtaining qualitative crystals. One of the
most significant problems of thermal generators, and not
only on the basis of PbTe, is ther rdativdy low
efficiency - (6 - 9)%, theincrease of which, in particular,
by doping and cresting solid solutions, is an actual task
[1].

In our works [2-5], the thermoelectric properties
(specific  conductivity, Seebeck coefficient, thermal
conductivity coefficient) of PbTe-based materials
obtained by powder pressing method have been
investigated. Methods for obtaining samples and
measuring their properties are described in detail in the
above-mentioned works. One of the characteristic
features of the presented results is the relatively low
values of the thermal conductivity of the samples under
study (< 0,005 W / (cm K)), which isimportant from the
point of view of practical use. Particularly low values of
k (0,005 W / (cm K)) are observed for solid solutions of
PbSnAgTe. Taking into account such results, the purpose
of thiswork is a detailed analysis of the factors affecting
the low values of k, including the accuracy of the
measurement by the method of radial heat flux. Before
al, let us note that similarly to our therma conductivity
values were also obtained for materias (Agy.«PbigBiTex
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and PbTe-Ag,Te) in works [6] (= 0.005 W / (cm K)) and
[7] (= 0.003-0.005 W / (cm K)).

|. Errorsin measuring the coefficient of
thermal conductivity

The greatest disadvantage of the method used in [2-
5] of measuring the thermal conductivity (radial hest
flow method) is the need for samples to be obtained, with
the preservation of the ratio of ther length to the
diameter L/d = 4, as well as drilling the hole along the
axis of the fragile sample. Failure to comply with these
requirements, as well as inaccuracies in measuring
geometric sizes, perturbation of the thermal front in the
vicinity of the thermocouples, can cause an error of
~ 25%[8].

To determine the real error, the thermal conductivity
of fluoroplastic cylindrical samples with L/d = 1 was
measured, as in the investigated thermodectric sample.
The average value of the measured coefficient of thermal
conductivity is 0.0027 W / (K cm) at a table value of
0.0025 W / (K cm). That is, the relative error is = 10%.
Given the proximity of the values of the thermal
conductivity of fluoroplastics and our samples, one can
hope that the error in both cases will be in the vicinity of
thisvalue.

Also, using the Wiedemann-Franz law (kJdo = LoT,
where Lo = n°/2(kg/€)® for a degenerate semiconductor
and Lo = 2(ks/€)* for a non-degenerate semiconductor)
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Table 1
Dependence of sample density on chemical composition and technological factors of their obtaining*

Pressure Time Annesaling | Annealing Densit X-ray

Materia press. press. temper. time. g/cm:,y ' density.

GPa min T,K h glem®
PbTe 2 15 500 5 8,19 8,268**
Pbi;AgsTex 2 15 500 5 7,90 8,2517**
Pb1sSn,Ag, Tex 2 15 500 5 7,88 8,3245**
Pb14SnsAg Tey 2 15 500 5 7,75 8,3207**

Pb14SnsAg Tey 1 30 770 0,25 7,05

* — All samplesare pressed from powder fractions— (0.05-0,5) mm.

** — Powder.

caculated €ectronic component of the thermal
conductivity of individua samples. For a sample of the
PbisAg.Te composition, which according to our
measurements has one of the lowest thermal conductivity
coefficients, a a temperature T =~ 500 K the calculated
value of ke~0.0012 W / (cm K) is calculated, while the
measured value of the total therma conductivity k ~
0.0016 W / (cm K). If our materials are non-degenerate,
the calculated values of k. will be amost two times
smaller. Taking into account such results, we can assume
that our values of therma conductivity are obtained by
the method of radial heat flux, arereliable.

One of the factors influencing the thermal
conductivity of the pressed sampleis its density (k ~ p).
From Table 1, it can be seen that with increasing content
of silver and, especialy, tin, the density of samples,
determined by the method of Archimedes, decreases. It
should be noted that X-ray density, on the contrary,
increases. And if in the first case, changes are observed
in thefirst sign after the comma, then in the second one -
in the second sign. Reduced density of pressed samplesis
due to the growth of microhardness of ingots with the
addition of tin and silver, which reduces the possibility of
their sealing at the application of pressure. So for a non-
annealing sample (PbsSn,Ag,Tey) the microhardness is
103.3 HV, wheresas for PbTe - =~ 35 HV (Measurement
was carried out at a load of 300gf, load time of 10
seconds. It is aso worth noting the decrease in the
microhardness of the sample after annealing on the air at
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770K, 15 min to 93.5 HV). Such a conclusion, in
particular, is confirmed by the fact that, unlike the pure
PbTe, the porosity of the pressed samples of solid
solutions (PbisSnAQ, Tey) ishigher (Fig. 1).

II. Thermal conductivity mechanismsin
pressed materials on the basis of lead
telluride

It is known [9] that, in monocrystalline materials, the
fundamental mechanism of phonon scattering is a
phonon-phonon  interaction that determines the
dependence k ~ 1/ T. In the pressed samples, the effect
of scattering on the grain boundaries will also be
significant. Moreover, according to [10], the weak
temperature dependence of heat conductivity, which is
observed for most of the studied samples of different
compositions, indicates that the main mechanism
defining the character of k (T) is scattering on defects,
and, regardless of the type of defects.

For temperatures above =~ (450-500) K, in some
samples the growth of the coefficient of thermal
conductivity is observed. Similar dependencies, but more
clearly expressed as aresult of awider temperature range
of measurement, were obtained in [11] and [12], and in
both works the increase of the thermal conductivity with
increasing temperature above the extreme point was
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Fig. 1. Microfilms of the sample surface Pb14Sn,AQ,T € (a) and PbTe (b) after annealing
at temperature 770 K 15 min) (image size — 460x460 nm?)

231



V.V. Prokopiv, I.V. Horichok, T.O. Semko, O.M. Matkivskiy, R.O. Dzumedzey, H.D. Mateik, O.P. Konevych

explained by the effect of bipolar conductivity.
According to [13] for bipolar thermal conductivity

— Snsp 2
k —TpT(an +a,)

For temperatures below = (700-750) K it is possible
to carry out the theoretical calculation of the coefficient
of thermal conductivity based on the dependence [14]

k=3c,v )
here Cy— specific heat capacity, vs — speed of sound, | -
length of freerun of phonons. Sincel = v, then

k =3¢, vt @

Given the dependence of these parameters on the
frequency —

Wo

k= 3Qp, (WVs(W)’t W

(©)
here wp — Debye frequency.

In the case of high temperatures (T> TD, TD -
Debye temperature), as well as neglecting the difference
between phase and group velocities—

oy (W) = 3kw?
\% 2p2V§ (4)

The relaxation time is determined by the mechanism
of scattering of phonons. The most important mechanism
is the phonon-phonon scattering, namely U-processes for
which tisdefined as:

M3 —
PO L) B T
v 2 kvYignT )
where, M — given mass of atoms of the matrix, V—
atomic volume, y — Gruneisen parameter.

However, under the conditions of the realization of
this mechanism of scattering of phonons, it isimpossible
to explain the obtained experimental data (Fig. 2). In our
opinion, a significant decrease in the coefficient of
therma conductivity is provided by active scattering of
phonons at the boundaries of the grains. According to
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Fig. 2. Dependence of the coefficient of thermal
conductivity on temperature; points - experimenta data
for pure PbTe pressed under pressure 1.5 GPa and
annealing at 770 K; upper curve - calculation based on
the assumption of domination of U-processes in the
scattering of phonons, lower curve - taking into
account U-processes and scattering on the boundaries
of thegrains.
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[14], the rdaxation time for thismechanismiis

W) =—R,

Vs (8)

here L— grain size, Py — a coefficient that takes into

account the nature of the material (for example, for

InGaAs Py = 1,3-10°%). For our samples, taking the

average particle size equal to 200 um, the satisfactory

correlation of the theoretical curve k (T) with the

experimental data is reached at the value Ps = 0.2:10"
(fig.2).

An additional reduction in the thermal conductivity
observed for solid solutions of the Pb (Sn) -Ag-Te
system [5] can be explained as the redlization of
scattering mechanisms at point defects and on the
boundaries of the incluson of additiona phases. In the
case of the first of them, the relaxation time will be
determined as

T m MmO ek 160
tm(w)_vwgqfigi mE+6ilfigi I @
For another
k® 413
t.(W=——ox—D_
D( ) W4h3 3NiR2 (8)

here f; — atomic particle of impurity atoms, m/m — ratio
of atomic masses of impurity and matrix atoms, ri/r — the
ratio of the atomic radiuses of the impurity and matrix
atoms, Ni— concentration of inclusions of the additional
phase, R —their radius.

Assuming that in the Pbl4Sn4Ag2Te20 solid
solution about 30% of the cationic atoms are occupied by
an impurity whose atomic massis two times smaller than
the mass of the matrix atom, the calculated curve k (T)
implies much lower therma conductivity than is
experimentally observed. Therefore, it can be assumed,
and this assumption is confirmed by the data of X-ray
diffractometry, that only tin atoms are soluble in cationic
sublattice in full, and most of the introduced silver forms
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Fig. 3. Dependence of the coefficient of thermal
conductivity on temperature; points - experimenta data
the sample PbSnAQ.Tey, upper curve -
calculation based on the assumption that the U
processes are dominant in the scattering of phonons
and scattering on the grain boundaries, the lower curve
- taking into account U processes, scattering at grain
boundaries and dispersion at impurities in the amount
of 30 at.%, average curve - taking into account U-
processes, scattering along the grain boundaries and

scattering
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the additional phases [5]. By adopting such a model, the
calculated curve correlates with the experimental data
much better (Fig. 3).

Conclusions

1. The temperature dependences of the thermal
conductivity coefficient on the pure lead telluride are
characterized by two sections. up to 500 K the
experimental data are interpreted in the framework of the
model of scattering of phonons on phonons (U-
processes) and phonons at the boundaries of the grains; at
higher temperatures, the bipolar component of the
thermal conductivity is determining.

2. For solid solutions of PbSnAgTe, additional
factors that reduce the thermal conductivity coefficient
are scattering of phonons at point defects, the
concentration of which in the samplesis rather high, and

solutionsin comparison with samples of pure PbTe.
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MexaHi3MH TeIUIONPOBIIHOCTI Y MPECOBAHMX TEPMOCJIECKTPUYHHUX MaTepiajiax
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IMpoananizoBaHo ¢akrop, 10 BIUIMBAIOTh HAa BEIMYMHY KoeQillieHTa  TEIUIONPOBIIHOCTI
TEPMOEJNEKTPUYHHUX MaTepialliB Ha OCHOBI TENypUIy CBHHIIO OTPUMaHHMX METOIOM IPECYBAaHHS IIOPOLIKY.
[pencrasieHo Mozenb Ta BU3HAUCHO ii MapaMeTpH, IO SIKICHO 1 KUTBKICHO IOSICHIOE TEMIIEPATYPHi 3aJIe)KHOCTI
koedinienra terutonposignocti PbTera PbSnAgTe.

KurouoBi ciioBa: ruiroMGyM Temypua, TBEp/ii pO3UMHHU, TEIUIONPOBIAHICTb, IPECYBAHHS.
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