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ON THE EFFECT OF INTERMETALLICS ON
THE ELECTRICAL AND THERMAL CONTACT
RESISTANCES THERMOELECTRIC
MATERIAL - METAL

It is shown that the electrical and thermal contact resistances thermoelectric material (TEM) - metal in
structures with anti-diffusion layers increase significantly, if transient contact layer consists of a sublayer
of intermetallic and a sublayer of TEM-intermetallic composite. In a couple of bismuth telluride-nickel,
NiTe; is a dominant intermetallic. With a total thickness of transient layer of bismuth telluride-nickel
ditelluride of 40 um its electrical resistance will vary in the range from 1.28:10° to 3.46:10° Ohm-c?,
and thermal —in the range from 0.131 to 0.195 K-cm?W. Over time, this layer can grow and, for
instance, with a total thickness of 200 wm its electrical contact resistance will vary in the same
temperature range from 6.40-10%to 1.73-10° Ohm-cm?, and thermal — in the range from 0.655 to 0.975
K - cm® /W. This growth significantly affects not only the consumer characteristics, but also the
reliability, life and durability of thermoelectric energy converters. In addition, it is shown that nickel
ditelluride - bismuth telluride composite is not a highly efficient thermoelectric material, but the
dimensionless thermoelectric figure of merit of the bismuth telluride - high-conductivity metal clusters
can become significantly higher. The boundary thermoelectric figure of merit of such a composite was
found. Bibl. 9, Fig. 5.

Key words: contact resistance, nonstationary diffusion, intermetallic, thermoelectric material, doping,
metallized composite, percolation threshold, nanoclusters, optimal composition of composite, boundary
dimensionless thermoelectric figure of merit, high-temperature superconductivity.

Introduction

It is known that the electrical and thermal contact resistances TEM - metal have a significant
impact on the consumer properties of thermoelectric energy converters, especially under conditions of
miniaturization. But if contact structures, and, consequently, transient contact layers, are created by
soldering, the possibility of lowering these resistances is significantly limited by the formation of
intermetallics, which have significantly lower electrical conductivity and thermal conductivity than
"pure” metals. It should be noted that nickel itself diffuses into bismuth telluride and alloys based on it
relatively slowly [1]. On the other hand, during the manufacture and aging of contact structures,
tellurium intensively diffuses into nickel, forming due to thermally activated reactions at the interface,
layers of nickel telluride, among which nickel ditelluride NiTe, dominates [2]. The thermoelectric
properties of nickel ditelluride formed in this way have not been studied. However, the thermoelectric
properties of specially prepared alloys of the Ni-Te system of various compositions were studied
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[3, 4]. Therefore, in [3], in particular, it is noted that NiTe, at 300 K has an electrical conductivity of
7500 S/cm and a thermoEMEF of about 10 uV/K. Thus, to a certain extent, its properties are similar to
those of a metal.

It is the formation of this intermetallic that primarily causes a significant increase in the
electrical and thermal contact resistances of transient contact layers. Moreover, intermetallic layers are
able to grow under the influence of temperature, and, consequently, electric current. This leads to an
increase in the electrical and thermal contact resistances. In addition, intermetallics formed as a result
of interfacial reactions have significantly lower mechanical strength than alloys of the same
composition. Thus, the formation of intermetallics has a negative effect not only on consumer
characteristics, but also on the reliability, life and durability of thermoelectric energy converters.
However, the purpose of this paper is mainly to study the temperature dependences of the electrical
and thermal contact resistances of transient layers formed by intermetallics.

Calculation of contact layer structure

The distribution of intermetallic molecular clusters in TEM will be found from the equation of
nonstationary diffusion which in the case of zero intensity of the source is given by:

on . o%n
a e ®

where N —concentration of intermetallic clusters at depth X from TEM-metal interface, t—time,
D —diffusion coefficient which we consider independent of the coordinate, time and concentration of
intermetallic clusters. For the unambiguous solution of Eqg. (1) we make the following model
assumptions: 1) at the beginning of the process, a thin layer of cluster atoms of thickness & with

concentration Ng is created; 2) near the interface, concentration Ny is maintained all the time. Under

assumption 1, Eq.(1) has the following solution:

n(x,t)=n, {erf(z—\/xl:)_tj - erf(%ﬂ , )

where erf(...)—the so-called error integral.

But in order for assumption 2 to be satisfied, a layer of thickness & must change with time
according to the law o = 6Dt . It is this change that actually happens in many cases. In this case,
this is a layer of intermetallic. It follows from formula (2) that the actual contact structure consists of

two parts: a layer of intermetallic of thickness 6~/ Dt and a layer of TEM of thickness 6~/ Dt with
interspersed clusters of intermetallic, the concentration of which decreases to zero. This coordinate

distribution in the structure of total thickness 12~/ Dt is schematically shown in Fig.1.
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Fig.1.Distribution of intermetallic clusters in transient layer

This distribution is matched by distribution of the volumetric fraction of intermetallic in
transient layer normalized to transient layer thickness:

(A/7: JL—erf(3y)]
Ay Ji-erf@y)l+ (A7 erf(@y)

vi(y)=( 3
where A;, A, 7i, 7s — molecular masses and densities of intermetallic and TEM, respectively,

erf(z)—the so-called error integral. Assuming by convention a cluster of intermetallic to be
spherical, we define its minimum diameter. It is equal to:

dmin :3%’ (4)
7yiNa

where N 5 —Avogadro’s number, N, — the minimum number of atoms in a cluster required to

attribute to it the macroscopic properties of intermetallic as a whole. If a cluster comprises, for
instance, 10° atoms, then such macroscopic properties can be attributed to it with an accuracy of 0.1%.

Assuming A =312, y; =7750kg/m?, we obtain d;, =50.3nm. Hereinafter, we will assume that

the clusters have a diameter of 100 nm.

Calculation of the electrical and thermal contact resistances and discussion of the
results

Taking into account that in the context of the above approach a transient layer is considered as a
composite where the percolation effect occurs, its electrical conductivity o, and thermal conductivity

k. will be determined as [5, 6]:
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o, = 0.25{as (2-3v,)+0;(Bvy ~1)+/[0.(2-3v; )+ 7, (3v; ~1)F +80;0, } 5)

K, =0-25{m (2-3v, )+ &, (3v; =1)+ [ (2—3v, )+ &, (3v; ~)FF +8K;x, } ®)

The thermoEMF of transient contact layer will be determined as:

e 1 () + ety s v ()l
a.=%— : ()
[ )+ v )y

The electrical and thermal contact resistances will be determined for the formulae:

1d

rce:dj._y’ (8)
0C¢
1d

e =d]=. (©)
0 K¢

In addition, to these values we add the electrical and thermal contact resistances of intermetallic
layers proper.

Approximation of the necessary temperature dependences of the kinetic coefficients of TEM
and intermetallic on the basis of known general relations [7,8] according to the model assumptions
presented in [6,9] will be carried out in the following order.

According to known thermoEMF value o, of TEM at a certain temperature To from equation:

:E 2':1(770)_ } 10
(22 e|:|:0(770) Mo ( )

we determine the value 77, of reduced chemical potential of carrier gas at this temperature.

Using the condition of constant charge carrier concentration, from the equation

T1'5 FO5(77) 1 (11)

To1 ® Fo.s(’?o)

we determine the temperature dependence of reduced chemical potential 7 in given temperature

range.
From the relation

L(7)= (Kﬂ%(ﬂ) ) 4F12(77)} 12

e) | R(n) Filn)
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we determine the temperature dependence of TEM Lorentz number.
The temperature dependence of TEM electrical conductivity is determined as

_ T_ojlls Fo (U)Fo.s(ﬂo) 13
ol 2] Bl -

The temperature dependence of thermal conductivity is determined as:
To
Ks = GSLS(U)T + [KSO _GSOLS(UO)TO]?' (14)

In formulae (8) — (11), F, (77) denote the Fermi integrals that are determined by the following

relation:
o0

F(7)= [ X" [exp(x—7)+1]"dx. (15)

In conformity with [3], the NiTe; intermetallic will be considered as metal, and its electrical
conductivity will be assumed to be inversely proportional to temperature:

oi =0io(To/T), (16)

and its thermal conductivity, in accordance with the Wiedemann-Franz law, will be considered mainly
due to free charge carriers, independent of temperature and equal to:

K = (72k2/362 Jor T, (17)

Moreover, taking into account the scattering of charge carriers in the intermetallic at the cluster
boundaries, the values of electrical and thermal conductivity of the intermetallic "bulk sample™ will be
multiplied by the following correction factor:

KC=1.5H (doT/1gTo Wi+ X2 —2xy

0-1(d T /1Ty W1+ X2 —2xy +2

In this formula, dC —cluster diameter, IO — mean free path of electron in the intermetallic at a

xzdydx. (18)

temperature of T

Note that we use this correction factor exclusively for transient layer with clusters. We consider
the intermetallic layer to be solid, and, therefore, for it we assume the correction factor equal to 1.

Results of calculations of the temperature dependences of the electrical and thermal resistances
of bismuth telluride-nickel in the presence of intermetallics in transient layer are given
in Figs. 2 and 3.
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Fig.2. Temperature dependences of electrical contact
resistance of transient contact layer 40 um thick: 1,2 —
prior to levelling the concentration of intermetallic
clusters excluding and taking into account charge
carrier scattering at the boundaries of clusters, 3,4 —
after levelling the concentration of intermetallic
clusters excluding and taking into account charge
carrier scattering at the boundaries of clusters
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Fig.2. Temperature dependences of thermal contact
resistance of transient contact layer 40 um thick: 1,2 —
prior to levelling the concentration of intermetallic
clusters excluding and taking into account charge
carrier scattering at the boundaries of clusters, 3,4 —
after levelling the concentration of intermetallic
clusters excluding and taking into account charge
carrier scattering at the boundaries of clusters
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When plotting, it was assumed that To=300 K, 05=200 pV/K, 05=800 S/cm, «s=1.4 W/(m-K),
Gio=7500 S/cm, 1o=5 nm.

The plots show that for the total thickness of bismuth telluride - nickel ditelluride transient layer of 40
um its electrical contact resistance will vary in the range from 1.28 - 10 to 3.46-:10° Ohm-cm?, and thermall
- in the range from 0.131 to 0.195 K - cm? / W. Over time, this layer can grow, and, for example, with a total
thickness of 200 pm, its electrical contact resistance will vary in the same temperature range from 6.40-10°
to 1.73:10° Ohm-cm?, and thermal - in the range from 0.655 to 0.975 K-cm%W. This growth has a
significant impact not only on consumer characteristics, but also on the reliability, life and durability of
thermoelectric energy converters. Note also that after levelling the concentration of clusters in transient layer,
the electrical and thermal contact resistances somewhat decrease in comparison with the non-uniform
distribution, which is dictated by the processes of nonstationary diffusion; therefore, this levelling can be
considered to be a positive factor. The scattering of charge carriers at the boundaries of clusters as a whole
increases the electrical and thermal contact resistances, although only slightly.

During the calculations, we had to assume that the intermetallic in the contact layer has the same
properties as the alloy of the corresponding composition. But this is a very significant approximation,
because the conditions of formation of this intermetallic due to interfacial reactions in the contact layer are
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radically different from the conditions that occur during the direct fusion of nickel with tellurium. This
difference can only lead to an increase in the electrical and thermal contact resistances compared to their
calculated values.

Can nickel ditelluride-bismuth telluride composites serve as thermoelectric materials?

To answer this question, the dependence of the dimensionless thermoelectric figure of merit of
the aforementioned composites at a temperature of 400 K on the volumetric content of nickel
ditelluride in them was calculated, which is shown in Fig. 4.

ZY
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Fig.4. Dependence of the dimensionless thermoelectric figure of merit of nickel ditelluride-
bismuth telluride composites at a temperature of 400 K on the volumetric
content of nickel ditelluride in them

When plotting, it was assumed that the thermoEMF of nickel ditelluride is equal to 10 pV/K and
does not depend on temperature. The plot shows that when the content of nickel ditelluride is
approximately 50 vol.%, the thermoelectric figure of merit increases by approximately 20% compared
to pure bismuth telluride. Then it rapidly decreases to the small value inherent in pure nickel
ditelluride. But this is true only when our hypothetical material is really a composite and the nickel
ditelluride in it has the properties of an alloy of appropriate composition. Only in this case, you can
consider the feasibility of manufacturing and using such material, also taking into account the other
aspects mentioned above.

On the boundary opportunities of “metallized” thermoelectric composites

Note that even at first glance a slight increase in thermoelectric figure of merit of the above
hypothetical composite compared to pure TEM, shown in Fig.4, is possible mainly because the
addition of highly conductive, and hence highly thermally conductive, impurity to the original TEM at
a fairly large interval of the volumetric content of the impurity has relatively little effect on the
thermoEMF of the composite as a whole. Therefore, assuming that the thermoEMF of an impurity is
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small or even equal to zero in absolute value, it makes some sense to investigate the effect of this
impurity on the thermoelectric figure of merit of the composite with increasing electrical conductivity.
The results of this study are shown in Fig. 5.
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Fig.5. Dependence of thermoelectric figure of merit of metal impurity-bismuth telluride
composites on the volumetric fraction of impurity at a temperature of 400 K and the value of impurity
electric conductivity at 300 K in S/cm: 1 — 7500, 2 — 75000, 3 — 5-10°, 4 — 5-10".

From the plots we see that with an increase in the electrical conductivity of a metal impurity,
firstly, the percolation threshold becomes sharply expressed, and secondly, the maximum
thermoelectric figure of merit of the “metallized” composite rather quickly tends to the maximum
attainable value. Obviously, the boundary value of thermoelectric figure of merit of a "metallized"
thermoelectric composite at a certain temperature T is equal to:

al(T)o,T 3e?al(T)
LTmax =73 2 - 2
(72 /3Xk/e) ol (ﬂk)

(19)

It is important that this formula includes the thermoEMF of semiconductor TEM at a given
temperature, but the electrical conductivity, thermal conductivity, hence the Lorentz number, of metal.
It is clear that this approach correctly reflects physical situation if and only if the semiconductor and
metal, when incorporated into the composite, whatever its composition, retain their inherent
macroscopic values of the kinetic coefficients, including their temperature dependences.

Then, substituting, for instance, os (400) = 235 puV / K, we obtain ZTmax = 2.236, which more
than twice exceeds the thermoelectric figure of merit typical of traditional alloys based on
Bi(Sb) — Te(Se) system. An even more striking result can be obtained by taking as TEM, for example,
zinc antimonide, for which the thermoEMF can be considered equal to, say, 700 uV / K.

Then the maximum value of thermoelectric figure of merit of a "metallized" thermoelectric
composite based on it is 19.8, while, as usual, alloys of the Zn-Cd-Sb system have more than 1 -2
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orders of magnitude lower thermoelectric figure of merit. Thus, the question arises about the
technological feasibility of manufacturing such metallized composites, rather than just alloyed with
metal impurities materials, which, unlike composites, obviously will not have such advantages, their
stability, durability and the possibility of being used for creation of thermoelectric energy converters
taking into account the specificity of their operation.

It should be noted that the reactions between metal and TEM components with the formation of
intermetallics with relatively high electrical resistivity are a significant obstacle to significantly
increase the thermoelectric figure of merit and efficiency of TEM both by doping them with metal
impurities and by creating "metallized" thermoelectric composites. Based on the results of the study,
we can formulate the following list of requirements for materials suitable for obtaining highly efficient
"metallized" two-phase thermoelectric composites:

1) the semiconductor TEM must have the highest possible absolute value of thermoEMF in the
operating temperature range;

2) the metal must have the lowest possible electrical resistivity and either not react with the
components of the TEM, or form with them intermetallics, the electrical conductivity and thermal
conductivity of which would differ as significantly as possible from the electrical and thermal
conductivity of the TEM upward,;

3) the thermoEMF of a metal or intermetallic under these conditions is not critical can be small
in the absolute value.

However, even if these requirements are compatible with each other and technologically
feasible, the composite must still have such thermal and mechanical properties and such compatibility
with other materials that would allow it to be used to create specific devices.

In connection with all of the above, the reader may ask what will happen if, instead of metal
impurities, specially made granules based on high-temperature superconducting ceramics are used.
At this stage, the author is not ready to give a well-argued answer to such a question. There are two
reasons for this. The first is that superconductivity, for example, at room temperature has not yet been
achieved. The second reason is that the traditional concepts of thermoelectric figure of merit and
efficiency of TEM, no matter how “good” or “bad” it is, have a certain meaning, not least because the
charge transfer in it is described by Ohm's law. And in the superconducting state, Ohm's law is
applicable only to the "normal", that is, not the superconducting part of the material. The
electrodynamics of the superconducting part is fundamentally different. And, as can be seen from Fig.
5, there is no urgent need for unlimited electrical conductivity of the "metal™ part of the composite. On
the other hand, superconducting ceramics, as a component of TEM, may be useful in creating high-
quality cooling materials and devices, especially miniature ones, for cryogenic temperatures, but this
issue requires special thorough research, which is not the subject of this paper.

Conclusions

1. It is shown that the formation of intermetallics in the TEM-metal transient contact layer
significantly increases the corresponding thermal and electrical contact resistances.

2. Conditions of high figure of merit for two-phase "metallized" thermoelectric composites are
established and requirements to materials from which it is expedient to make them are
formulated.

3. In general, the boundary value of the thermoelectric figure of merit is found for “metallized”
thermoelectric composites.

ISSN 1607-8829 Journal of Thermoelectricity N5, 2019 13



Gorskyi P.V.
On the effect of intermetallics on the electrical and thermal contact resistances thermoelectric material - metal

References

1.

Lan Y.C., Wang D.Z., Chen G., Ren Z.F. (2008). Diffusion of nickel and tin in p-type
(Bi,Sb),Tes and n-type Bix(Te,Se); thermoelectric materials. Appl. Phys. Let, 92, 101910, 1-3.
Chen L., Mei D., Wang Y., Li Y. (2019). Nickel barrier in Bi,Tes based thermoelectric modules
for reduced contact resistance and enhanced power generation properties. J. of Alloys and
Compounds, 796, 314-320. (http://www.elsevier.com/locate/jalcom).

Zhuze V.P., Regel A.R. (1955). Elektricheskiie svoistva sistemy NiTe-NiTe, [Electrical
properties of system NiTe-NiTe; alloys]. Zhurnal Tekhnicheskoj Fiziki — Technical Physics,
25(6), 978 [in Russian].

Chizikov V.M., Schastlivyi V.P. (1966). Tellur i telluridy [Tellirium and tellurides]. Moscow:

Nauka [in Russian].

Snarskii A.A., Sarychev A.K., Bezsudnov L.V., Lagar’kov V.N. (2012). Termoelektricheskaia
dobrotnost” obiomnykh nanostrukturirovannykh kompositov s raspredelionnymi parametrami
[Thermoelectric figure of merit of bulk nanostructured composites with distributed parameters].
Fizika i tekhnika poluprovodnikov — Semiconductors, 46, 677-683 [in Russian].

Gorskyi P.V., Mytskaniuk N.V. (2019). On the temperature dependences of thermoelectric
characteristics of thermoelectric material-metal transient layer with regard to percolation effect.
J.Thermoelectricity, 3, 5-22.

Goltsman B.M., Kudinov I.A., Smirnov I.A. (1972). Poluprovodnikovyie termoelektricheskiie
materialy na osnove Bi,Tes; [Semiconductor thermoelectric materials based on Bi,Tes]. Moscow:
Nauka [in Russian].

Lifshits E.M., Pitaievskii L.P. (1979). Fizicheskaia kinetika [Physical Kinetics]. Moscow: Nauka
[in Russian].

9. Gorskyi P.V., Mytskaniuk N.V. (2019). On the temperature dependences of thermoelectric
characteristics of thermoelectric material-metal transient layer without regard to percolation
effect. J.Thermoelectricity, 2, 5-23.

Submitted 17.10.2019
Topewknii ILB.Y2 ook. iz, mam nayx
Yucruryt Tepmoenexrpuxkn HAH i MOH VYkpainn,
ByJ1. Haykw, 1, Yepnisii, 58029, Ykpaina
YepHiBenpKrii HAlIOHAIBHUI YHiBepcuTeT iMeHi FOpis deapkoBiya

ByJ1. Komrobuncekoro 2, Yepnisii, 58012, Ykpaina
ITPO BILIUB IHTEPMETAJIIIIB HA EJIEKTPUYHHAM TA TEILIOBUIA
KOHTAKTHI OIIOPU TEPMOEJEKTPUYHUMN MATEPIAJI - METAJI

14 Journal of Thermoelectricity Ne5, 2019 ISSN 1607-8829


http://www.elsevier.com/locate/jalcom

Gorskyi P.V.
On the effect of intermetallics on the electrical and thermal contact resistances thermoelectric material - metal

Tlokazano, wjo enexmpuuHuti ma menio06uULl KOHMAKMHI onopu mepmoenexmpudnuii mamepian (TEM )
Meman y CHpYKmypax 3 aHMUOUQY3UHUMU wapamyu icmomHO 3pOoCmaioms, SAKWO Nepexionutl
KOHMAKMHUI Wap CcKiadaemsvcs 3 niowapy inmepmemanioy ma niowapy xomnosumy TEM —
inmepmemanio. Y napi menypuo sicmymy — nikeny maxum oominanmuum inmepmemanioam € NiTez. 3a
3a2aMbHOI  MOBWUHU NEPexiOHo20 wapy menypuo eicmMymy-oimenypud Hixemo pisHoi 40 mrwm
enexmpuynutl KOWMaKmuutl onip sminioemvcs 6 inmepsani  6i0 1.28:10% 0o  3.46:10° Om-ca?, a
mennosuii — 6 inmepéani 6i0 0.131 0o 0.195 K-cm*/Bm. 3 uacom yeii wiap modice pocmu, i, HANpuKaao, 3a
sazanvroi mosuunu 200 MKM 11020 eleKmpPUuYHULL KOHMAKMHUL ONIp 3MIHIOEMbCA Y MOMY CAMOMY
memnepamypHoMmy inmepsani 6i0 6.40-10° 0o 1.73-10° Om-cr?, a mennosuii — 6 inmepeani 6i0 0.655 0o
0.975 K-cm?/Bm. Lle 3pocmanms icmommo éniusac He quwie Ha CHOJNCUGYT XApaKMEPUCIuKY, d ii Ha
HAOIIHICMb, 006206IYHICIb MA PECYPCHY CIMIKICIMb MEPMOSTIEKMPUYHUX NePemBOPHO6aYie eHepeil.
Hopso 3 yum nokazamo, wo Komnosum Oimenypuo HiKemo — mewpuo  GicMymy He €
BUCOKOEPHEKMUBHUM — THEPMOCTEKMPUYHUM — MAMepianom, —ane 0e3pO3MIpHA  MePMOeNeKmpUiHa
ehexmueHicmes KOMRO3UMY Meaypud GicMymy — 6UCONIeKMPONPOBIOHI Memaiesi Kiacmepu Modice
cmamu icmomno  Oinbwiolo. 3HaldeHo epanuuHy 0e3pO3MIpHY  EePMOeNeKmpPUUHy egheKmueHicb
maxkoeo komnosumy. bion. 9, puc. 5.

KnrouoBi ciioBa: KkoHTakTHMI Omip, HecTalioHapHa AWQys3is, IHTEpPMETANl], TepMOECICKTPHYHMUIT
Marepia, JeryBaHHs, METATI30BaHNUI KOMITIO3HT, TOPIT MEPKOJIALI], HAHOKJIACTEPH, ONTHMAIBHUN CKJIa[]
KOMIIO3UTY, TpaHM4Ha 0e3po3MipHa TEpMOEIEKTpHYHA e(EeKTUBHICTh, BHCOKOTEMIIEpaTypHA
HaJIPOBITHICT.

Topcexkuii IL.B.Y2 0ok, ¢uz. mam nayx

Uucturyr Tepmosnexrpuuectea HAH 1 MOH Vkpaunsi,
yi. Hayku, 1, YepnoBusl, 58029, Ykpanna
2YepHOBMIIKMI HAMOHAIBHBIA yHUBEpCUTET uMeHH IOpus PepkoBrya
yi1. Komrobunckoro 2, Uepnosusl, 58012, Ykpauna

O BJIMSAHUUN UHTEPMETAJUINIOB HA JIEKTPUYECKOE U
TEIIJIOBOE KOHTAKTHBIE COITPOTUBJIEHUA
TEPMODJIEKTPHUECKUAN MATEPHAJI - METAJLI

Toxkazano, umo sneKkmpuyeckoe u meniogoe KOHMAKMHble CONPOMUGLEHUST MEPMOINEKMPUUECKUTL
mamepuan (TOM) — memann 6 cmpykmypax ¢ awmuOu@@y3uoHHbIMU CAOAMU CYUECMBEHHO
603pacmailom, eciu nepexoOHblil KOHMAKMHbLL CLOU COCIMOUM U3 NOOCI0S UHMEPMEMAIIUOa u
noocnos xomnosuma TOM - umwmepmemaniud. B nape mennypud eucmyma - HuKeib MAaKum
domunanmuwim unmepmemaniudom senssemes NiTex. [lpu obwei monwyune nepexooHo2o Clost
MeTypuo sucCMyma-oumennypuo uuxens paenou 40 mxm 6 memnepamyprnom unmepegane 200 —
400 K e2o anexmpuueckoeoe KOHMAKMHOE CONPOMUGLIEHUE UBMEHAEMCs 6 UHmepeane om
1.28 - 10 00 3.46 - 10 Omcm ?, a mennosoe - 6 unmepeane om 0.131 oo 0.195 K-cu?/Bm. Co
8peMeHeM 3MOom CIOU MOdcem pacmu, u, Hanpumep, npu obuet monwure 200 mrm e2o
INEKMPUYEcKoe KOHMAKMHOE CONPOMUGNEHUE USMEHIeMCs 6 MOM Jice MeMnepamypHom
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unmepeane om 6.40 - 10° 0o 1.73 - 10° Omcm 2, a mennosoii - ¢ unmepsare om 0.655 do
0.975 K-cm?/Bm. Dmom pocm cywecmeéenno 6ausem He MOAbKO HA NompebumenscKue
XapakmepucmuKu, HO U HA HAOEHCHOCNb MEPMOIIEKMPUUECKUX npeobpazosameinetl IHepeUul.
Hapsody ¢ smum nokasano, 4mo Komnosum OUmenypuo HuKeus - meiiypuo GUCMyma He A6isAemcs.
8bICOKOIPexmusHbIM MepMOINIeKMPULECKUM mamepuanom, HO bespasmepHas
MepMOodIeKMpU4ecKas apghexmugnocme KOMno3uma menypuo sucmyma -
8bICOINEKMPONPOBOOHBIE MEMANIUYECKUE KIACTHEPbl MOJICEm CMAamb CYujecmeenno Ooabule.
Haiidena npedenvnas  bespasmepras — mepmodnekmpuieckas  dQ@exmugHocms — maKozo
xomnozuma. buén. 9, puc. 5.

KaroueBble cj10Ba: KOHTAKTHOE COIIPOTUBIICHHE, HECTaMOHAapHas Tu(dy3ust, HHTepMeTaTH B,
TEPMORJICKTPUYECKUH ~ Marepuall, JIeTMpPOBaHWE, METAJUIN3UPOBAHHBI KOMIIO3UT, IOpPOT
MEePKOJSINNY, HAHOKJIACTEpPhl, ONTHMAJIbHBIM COCTaB KOMIIO3WTa, MpeAenbHas Oe3pazMmepHas
TepMoaJieKTpryecKas 3h(HEeKTHBHOCTD, BBICOKOTEMIIEPATYPHAs CBEPXIIPOBOAUMOCTb.
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