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THE INFLUENCE OF ORGANIC BINDERS AND
THEIR DECOMPOSITION PRODUCTS ON THE
MICROSTRUCTURE AND THERMOELECTRIC
PROPERTIES OF CONDUCTIVE MATERIALS
BASED ON SizN, WITH TRANSITIONAL
METAL CARBIDES ADDITIVES

06’exmom docnidcenis € popmysanis PyHKUioHarvHol 301U 6a2AMOKOMIOHEHMIO020 KePAMIUHO020 KOMNO3UMY
Ha ocnosi myzonaaskux desxucresux cnoayx. OOnum 3 Haubinbw NPOOIEMHUX MICUb € BCMANOBLEHHS BNAUBY MUNY
6indepa na gopmysanis GYHKUIOHAILIOT 301U NPULAOY.

Y x00i docridxcenns suxopucmosysaiu npomMuciosi nopouwku wimpudy kpemnio  — SisN, Baxuncvrozo
30600y nopowkosoi memanypeii (Asepbaiidncan) ma xap6iou zaguito ma uupxoniio Joneuvkozo 3a600y Xi-
miunux peaxmueie (Yepaina). Iomozenizayiss ma nodpiduenns wuxmu 30HCHIOGATUCS 6 NAAHCTNAPHOMY MIAUHI
muny Fritsch (6apaban i kyni SizN,) npomszom 40 xe6. ¢ emunosomy cnupmi. Konyenmpauyis nposionuxa gasu
BKIIOUCHNS 8 KOMNOSUUILIHUX mepmoerexmpooax cmanosuia 5—40 %. Y axocmi Gindepy 0ns 4bozo memoody
suKopucmano cnoiyxy xapooxcumemuiyemonrosa (KMI[) ¢ noednanui 3 niacmudixamopom — ziiuepunom uu
KayuyxkoM. 3pasku 6UzomoGAsinucs y 6uzasoi naacmun 100x7x6 mm. Jocaidncyeani 3pasku nimpuookpemmicaux
KOMNOSUUTTIHUX MAMEPIaNie Ompumani Memooom 2apsauozo npecysanis niozomoeienux Kepamiviux cmpivox is
3aCMOoCyB8antam iHOYKyiinozo Memooy nazpieanis npec-@popmi.

Bcemanosneno, wo 0ns 3pasxie i3 pesucmuenoio dobasxoro HfC, suzomogienux i3 6uKopucmanusim Kayuyxy,
empamu macu spocmaromv nponopyitno konyenmpayii HfC 0o xonuenmpauii domiwxu 27 %, a npu nodarwuio-
my s6invwenni xonyenmpayii HfC empamu macu snuxcyromvcs. Ipu suxopucmanni KMI], sax 6indepa, smpamu
macu cucmemu menui npubausno 6 1,3—1,6 pasu, npu mux jce NPaxmuuto 3aKOHOMIPHOCMAX 3Mil 6Mpam Macu
y sanescrocmi 6i0 xonyenmpauii Hf C. Tepmoenexmpopywiina cuna (mepmoEPC) 0pibroducnepcrozo xomnosumy
no modyio 6yaa euuyoio 3a mepmoEPC zpyboducnepcrnozo xomnosumy 01 6cix xKonuenmpauii. Maxcumanvie
snauenms mepmoEPC docsizano eequvunu 120 mxB/2pad y donopozosiii 301i, 60 mxB/2pad ons dpibrosepnucmozo
komnosuma ma 30 mxB/epad 0ist epyb03epHUCTOZ0 KOMNO3UMA Y 3aNopozosiil 30Hi, 8i0nosiono. [osedeno, wo
Komnozumu, ompumani 6e3 6indepa, i0pi3HAI0MbCS HEMUNOBUM NePedizoM KOHUESHMPAUTUHOT 3a1eHCHOCTNE 0OnopyY,
a mepmoEPC yux xomnosumie 0opisnioe nyao 3 mounicmio 00 noXuOKU excnepumenimny.

Kmwouosi cnosa: opzanivnuil 6indep, kap6io zaguiin, Kapoid yUpPKouin, 6UCOKOMeMnepamypHi QyYHKULoHa bHi
eneMeHmu, Kayuyx, KapoomMemuiyeaono3d, MiKpocmpykmypa QyHKUiOHAIbHOZ0 eleMeHmy.
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1. Introduction

The development of layered functional elements based
on a matrix of silicon nitride and a resistive functional
layer of a fine-grained composite of silicon nitride-tita-
nium nitride [1] led to the establishment of a number
of facts. Under certain conditions of high-temperature
compaction, a percolation cluster is formed, capable of
generating thermoelectric voltage and causing the pro-
cesses of charge movement under the influence of a local
temperature gradient, which can form the phenomenon of
a positive temperature coefficient of resistance (TCR) of
the resistive layer. Therefore, it is relevant to study the
effect of organic binders and their decomposition pro-
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ducts on the microstructure and thermoelectric properties
of nitride-silicon conductive materials with the addition
of transitional metal carbides.

2. The ohject of research
and its technological audit

The object of research is the formation of the functional
zone of a multicomponent ceramic composite based on
refractory oxygen-free compounds.

To study this phenomenon, a technological audit is
conducted, the purpose of which is to determine how such
a technological factor as the type of binder affects the
formation of the functional area of the device.
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The studies are conducted on the basis of the Institute
of Materials Science of the National Academy of Sciences
of Ukraine (Kyiv) using:

— industrial powders of silicon nitride p — SisN4 (Baku

Powder Metallurgy Plant, Azerbaijan) and o — SigNy

(H.C. Starck Inc., Germany);

— Transitional metal carbide powder: HfC and ZrC

(Donetsk Chemical Reagents Plant, Ukraine).

Homogenization and grinding of the charge is carried
out in a Fritsch planetary mill (drum and SisNy balls)
for 40 min in ethanol. The ratio of the mass of the balls
to the mass of the powder is 5:1.

The method of plastic molding of the tape on a spindle
machine is used. As a binder for this method, a carbo-
xymethyl cellulose (CMC) compound is used in combination
with a plasticizer — glycerin or rubber. For experiments,
samples are made in the form of plates of 100x7x6 mm.

The studied samples of nitride-silicon composite materials
based on SIALON are obtained by hot pressing of prepared
ceramic tapes using the induction method of heating the mold.

The disadvantages of the object of research in the existing
operating conditions include a large inertia, which manifests
itself in the fact that the manufactured functional devices
do not experience sharp peak temperature changes.

3. The aim and ohjectives of research

The aim of research is to determine the effect of the
thermal decomposition products of binders on the phase
composition of the conductive and semiconductor phases
formed in situ during high-temperature densification.

To achieve this aim it is necessary to:

1. Produce a binary composite system in the form of
a plate 100x7x6 mm using HfC, ZrC.

2. Determine the effect of binder and their decomposi-
tion products on the microstructure and thermoelectric
properties of silicon nitride conductive materials with the
addition of transitional metal carbides.

3. Establish a correlation between mass loss, porosity
and concentration of HfC, as well as thermoEMF, resis-
tance of materials HfC, ZrC and concentration.

4. Investigate the range of composite concentrations in
which non-linearity of resistance is manifested, depending
on the type of binder used.

4. Research of existing solutions
of the prohlem

High temperatures are a favorable factor for the thermo-
electric conversion of thermal energy into electrical ener-
gy [2]. At present, thermoelectric materials for operating in
the temperature range from room temperature to 400 °C
are widely known. Solid solutions based on BiyTes are
most widely used.

For the prospect of using thermoelectric generators in
high-temperature installations of aircraft and spacecraft,
this is not enough. It is known that the effectiveness of
thermoelectric conversion depends on two factors:

1) the maximum possible temperature difference bet-
ween hot and cold surfaces;

2) the values of thermoelectric figure of merit of ma-
terials of thermoelectrodes [3].

It is in this direction that research and innovation in
the field of thermoelectric materials are concentrated [4, 5].

Nanostructured is considered an effective way to reduce
lattice thermal conductivity by reducing the average mean
free path of phonons, which can lead to an increase in
thermoelectric figure of merit by a factor of at least 2 [6, 7].

In a number of publications, it is shown that the
generation of thermoelectromotive force (thermoEMF)
is observed in leading materials based on oxygen-free
compounds, which depends on the concentration of the
additive in the resistive material and its microstructure, as
well as the geometric dimensions of the active region [8].

In this regard, it is promising to develop new multi-
component high-temperature composite materials for thermo-
electric electrodes of machineless converters of thermal
energy into electrical energy, and to study the effect of new
phases. The consolidation of materials based on oxygen-
free compounds (sintering processes) is carried out in a
graphite inductor under the simultaneous action of high
temperature (up to 2000 °C) and pressure (up to 300 k /cm?).
Specimens are made from a fine mixture using organic
compounds — binders, which is a heterogeneous chemi-
cal-technological process, which is characterized by the
occurrence of chemical reactions [1]. In specimen speci-
mens during heat treatment by hot pressing (HP), in situ
chemical reactions are possible in the bulk of the specimen
between the components of the initial charge [9]. It is
possible to change the phase composition of the mixture
as a result of decomposition of materials of solid-phase
components of the composite, leading to the production
of not only the main, but also by-products [10]. This can
lead to a change in the concentration and composition
of the dispersed composite, an increase in the level of
imperfection of crystalline structures, and, consequently, to
a deviation of the real values of thermal power, electrical
or thermal conductivity of the composite from the calcu-
lated ones. However, the influence of organic binders and
their decomposition products on the microstructure and,
especially, the thermoelectric properties of silicon nitride
conductive materials with the addition of transitional metal
carbides are insufficiently covered in the literature, and
therefore will be considered in more detail in this work.

5. Methods of research

The industrial powders of silicon nitride p — SizNy
of the Baku Powder Metallurgy Plant (Azerbaijan) and
hafnium and zirconium carbide of the Donetsk Chemical
Reagents Plant (Ukraine) are used.

Homogenization and grinding of the charge was carried
out in a Fritsch planetary mill (drum and SisN; balls)
for 40 minutes in ethanol. The concentration of the con-
ductor of the inclusion phase in the composite thermo-
electrode is 5-40 %.

Specimens of samples for synthesis are collected accord-
ing to the method described in [1]. An original method
is developed for organizing the macrostructure of a gra-
dient composite. In elastic thick ceramic letters (thick-
ness 0.9-1.8 mm), holes (cavities) are cut from the charge
to obtain heat-resistant insulating material by stamp-
ing (Fig. 1). They then fit the pre-manufactured parts
of the thermal converter tightly. Carboxymethyl cellulose
and rubber are used as a binder. Such a ceramic assembly
is a specimen of a functional gradient composite, which
after heat treatment (sintering) turns into a completely
ceramic functional element.
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® Tahle 2
1 \Q Plasticizers and their main characteristics
Plasticizer Chemical Density, | Pyrolysis tem- C:0:H ratio
2 § Y formula g/cm® | perature, °C (mass %)
—— natural | [-LHLCH)= | g9 300 88.2-11.8
3 \ —~ S rubber =CHCH, ],
artificial [-CH,C(CH3) =
\ ® rubber —CHCH, I, 1.2 280 88.2-11.8
4 3
[E5H7Uz(UH]3_><
CMC  (OCH,CO0H)X], 1.59 170 436-50.9-5.45
®
5 \ NN glycerol | CHoOHCHOHCH.0H | 1.26 290 36-48-8
M
6 \ — — Table 3
> The amount of solid residue during the pyrolysis of various binders
7 The amount of solid residue, mass %
(E Pyraolysis conditions
@ rubber | CMC+glycerol | CMC | glyceral
8 \§ Heating from 20 to 450 °C | 42.02 11.32 57.75| 0.0
Heating from 20 to 600 °C 3.15 7.5 40 0
Fig. 1. The structural diagram of the gradient composite: Heating from 20 to 750 °C 0 - 29 0
1, 8 — contacts; 2, 4, 5, 7 — current lead zones; 3, 6 — resistive - S
materials of the care Heating from 20 to 1000 °C - - 16.5 -

Raw specimens of layers after molding have a density

From the results of X-ray spectral analysis of consoli-

of 54-74 % of the theoretical dependence on the method

of producing tapes (Table 1).

Tahle 1

The composition of the samples studied in the work

dated composites, it is found that the carbon and oxygen
content in the finished material was significantly different.
Moreover, the material obtained using CMC and glycerol
is characterized by a high content of both oxygen and
carbon (Table 4).

) Conductor The grain size Tahle 4
Eilml:le E:;:;EE Binder concentration, | of the conduc- The relati el in the i d ol
YP volume, % tor, micrans e relative content of elements in the sintered material
5i3N4-ZrC | Without binder | 5-40 3.34 Binder type
Volumetric Element Rubber CMC+glycerol
sample | S5i3N4-ZrC | CMC, rubber 5-40 3.34
(Fig. 1) C 90 125
S5i3N4-HIC CMC 5-40 polydisperse 0 B3 75
) ) . N 44 37
When studying the pyrolysis of the used binders, an 5 - 2400
open substrate with the test sample is placed in a labora- .

tory furnace and heated at a speed of about 15 deg/min.
The processes of thermal decomposition of binders are
controlled visually and photographed. Sintered samples
are subjected to finishing machining; for them, the values
of experimental density, open and closed porosity, and
weight loss are determined.

6. Research results

6.1. Binder pyrolysis process and its coniribution to
changing the composition of the consolidation environment.
The type of binder can also affect the loss of mass of the
mixture during sintering, the composition and properties
of the resistive composite. The calculations for the above
plasticizers, the ratio of carbon, hydrogen and oxygen are
given in Table 2. A study is made of the laws of thermal
decomposition of the binders used both in a normal at-
mosphere and in conditions close to the conditions that
occur during hot pressing.

Research results of the thermal decomposition of rub-
ber, a mixture of CMC and glycerol, as well as CMC and
glycerol separately on an open substrate when heated at
a speed of about 15 deg/min are shown in Table 3.

Let’s associate this phenomenon with the different course
of chemical reactions in the gas phase before the beginning
of the process of consolidation of the preform (Table 5).

Table 5

Chemical reactions that occur during the temperature treatment
of composite specimens

Binder-rubber:

[-CH2C(CH3)=CHCH,_],—C+H,. (1)
Binder-CMC:

[Cg02-H7(0H)2+(0CH,-COONa)]—C+Ho+Na. (2)
Glycerol:

HOCH,CH(OH)-CH,0H—CH,0HCHOHCHO—C+Hg; (3)
2Hy+0,—2H,0; C+0,=C0g; COx+C=2C0; (4)
9H,+2Nz—ENHz; SizN4+E6H20—35i05+4NHs (5)

For samples containing more than 3 % SiO, in the
charge, the formation of SiC occurs very weakly (1-1.5 %),
even when the optimum temperature of the hot pressing
process is exceeded. It is proved that an increase in the

;20
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temperature of the HP leads to a threshold increase in the
SiC concentration, and simultaneously with an increase
in the SiC concentration, the SiO, content also increases.
The interaction occurs in accordance with the reaction:

2SisN;+4COT=4SiC+2Si05+4N, T, (6)
2Si3N;+2Si09=4SiyONy. @)

Carbon release (in situ formation of SiC) occurs on the
surface of the pore in the presence of iron, which, appar-
ently, acts as a catalyst for the process [1], (Fig. 3). Sili-
con nitride, which has not reacted (Fig. 4), reacts with the
formed silicon oxide to form silicon oxynitride. Iron present
in the starting materials, like contamination by the material
of grinding media, melts at a temperature of 1500 °C (before
the start of the compaction process) spreads over the surface
of the pores, interacting with silicon nitride by the reaction:

2Si3N4+3Fe=3FeSis+4No. (8)

These processes occur both with a decrease in the amount
of silicon nitride in the reaction zone, and with an increase in
mass loss through the volatility of nitric oxide, which leaves
the reaction zone. This nitrogen can subsequently react with
certain carbides (HfC, ZrC), violating their stoichiometry
and forming carbonitrides HfC,Ny_,, ZrC,Ny_, or doping SiC
formed in situ, fundamentally changing its properties [10].

__7soo
T S-MAY-1 OBW1bL Fe No 7

'
rs.o000p EEE 15.0kU

+01 C-sS

v '/J\\C/M

i/
/

5P3 6.6

Fig. 2. The localization of carbon on the surface of the pores
of the specimen: a — according to local X-ray spectral analysis;
b — view of the leading cluster of thermoelectric composite

6.2. Mass loss and porosity for manufactured samples of
resistive materials. Based on the experimental results (Fig. 3),
it is found that for samples with a resistive HfC additive

made using rubber, the mass loss increases in proportion
to the HfC concentration to the impurity concentration
of 27 %. With a further increase in HfC concentration,
mass loss decreases. When using CMC as a binder, the
mass loss of the system is about 1.3—1.6 times less, with
the same practically regular patterns of changes in mass
loss depending on the concentration of HfC.

The porosity of the samples of the SisN4-HfC system,
as follows from the data shown in Fig. 5, b, practically
does not depend on the type of binder that is used, but
has a nonlinear dependence on the content of the conduc-
tive additive. At an HfC concentration of up to 15 %, the
porosity of the samples decreases with increasing impu-
rity concentration, at an HfC concentration of 15 %, the
dependence of porosity on the concentration has a mini-
mum, and with a further increase in the content of the
conductor phase, the porosity increases to 9-12 %, and
for the MgO activator by 2-4 % more than for Al,Os.

12

10

/_ﬁ_J/\’\.

Loss of mass, mass
(o)}

4
—4&— Rubber
2 —&— CMC
0
0 10 20 30 40
Concentration HfC, %
a
12
10
5\0 8
z
.g 6
2 4
5 —4—CMC
—— Rubber
0
0 10 20 30 40
Concentration HfC, %
b

Fig. 3. When using various binders of baked samples
of the SizN4-HIC-Alp03 system: a — mass loss; b — porosity

Too high dispersion of the additive, especially in the
presence of small amounts of oxygen (for example, as a de-
composition product of CMC), on the contrary, reduces the
intensity of the interaction. Thus, during the hot pressing
process, the total fraction of the liquid phase in the system
reacts, becomes small, and the main reaction product is
hafnium oxycarbonitride. Silicon carbide is not formed
in this case. Only those small particles that are in close
proximity to large particles participate in the process of
aggregation of additive grains, while the majority of very
small particles are statistically distributed in the volume
of inter-grain of the insulating phase.

In the presence of pyrolysis products of CMC, the
formation of the structure proceeds in the same way as in
the presence of rubber pyrolysis products with the difference
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that the size of the inclusions in the conductor is larger,
and in the zone surrounding the particle of inclusions,
there is no iron. In addition, the size of the area of haf-
nium penetration into the matrix is slightly smaller than
in the rubber sample.

As a result of electron microscopy studies of the micro-
structure of samples obtained with ZrC or HfC additives
and various binders, it was found that the microstructure
for these types of samples is qualitatively similar. Typi-
cal electron microscopic images of the microstructure are
shown in Fig. 4.

Fig. 4. General view of the distribution of inclusions of the conductor phase (dark image)
in a SizNy-based dielectric matrix for samples with an admixture of HIC: a — binder rubber;
b — carbomethyl cellulose; image of thin sections in scanning electron microscopy

To construct a model curve describing the concentra-
tion dependence of electrical conductivity, the equation
of the generalized theory of the effective medium is used,
however, it is supplemented by the introduction of the
coefficient M:

1fs
Ci —Owm

-1
c” +[(P—1)0%7

(o) -}

(Mc‘;)“+(1—1]c%;

c

+f =0, (9)

where M, — conductivity of the (ther-
mo) composite; 6; and o, — conduc-
tivity of the insulating and leading
phases, respectively; f, — volume
fraction of inclusions of the leading
phase; ¢. — critical volume fraction
of the leading phase (LP); s and ¢ —
percolation indices characterizing the
insulating and leading phases, re-
spectively.

The introduction of this coef-
ficient is justified by the fact that
the particles of the leading phase,
during the formation of an infinite
cluster, can completely arbitrarily
create many parallel and series re-
sistance compounds.

6.3. Thermoelectric properties of dis- 1E+09 1000
persed materials depending on the type & Ro 28-40
of hinder (materials of the SizN,-ZrG, 100000000 T " o Ro3-0
SizN4-HIC system). For all samples ob- 10000000 L ! + EPC 28-40
tained using binders, the value of the 7
measured resistivity in the direction 1000000 100
parallel to the pressing axis exceeded
the resistivity in the direction perpen- 100000 a0
dicular to the pressing axis by more 2
than an order of magnitude (Fig. 5). 10000 s
The parameters of the percolation ¢ §
equation for the systems under study g 1000 10 £
are calculated (Table 6). It is found & ;40 ;S’
that for the composite obtained in £ 3
the presence of CMC in the direc- 3 10 N
tion transverse to the HP direction, &
two leading clusters are formed. One, 1 1
two-dimensional, of small particles of 0 10 20 30 a0 50 60 70

a conductor with a threshold resis-
tance of about 1 Ohm-cm at a con-
ductor concentration of 2.5 %. The
second cluster is voluminous at a
concentration of 12 %. In the pres-

ConcentrationZrC, volum

Fig. 5. Results of measuring the resistivity of composite materials of the SizN4-HIC system
along (filled up marker) and across (empty marker) directions of hot pressing using carbomethyl

cellulose (triangle) and rubber (circle)

ence of rubber, 2 parallel clusters also Tahle 6
form in this plane: three-dimensio- MacLachlan model parameters for the 5izN,-HiC system

nal with a threshold concentration Model parameters

of 2.5 % and 9 % with almost the Measuring

same threshold support. Along the | Plasticizer | "o " pr Xe t

direction of hot pressing, the resis- Ohmem | ;5 1509 | ;=30-40 % | c=5-15% | c=3%0-40 %
tance at the percolation threshold

. HP 1.01 0.025 0.12 1.4 1.8

is 3600-7200 Ohm-cm and 2 three- CMC I

dimensional clusters are formed with LHP  |3610°° 0.025 0.12 2.15 2.9
percolation thresholds of 2.5 % and ||lHP 0.9 0.025 0.09 1.75 19

12 % when using CMC and 2.5 % Rubber .

and 4.5 % when using rubber. LHP 7.2-10 0.025 0.045 2.45 2.45
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As a result, the resistance of the cluster as a whole
will differ from the theoretical one, calculated on the ba-
sis of only the specific resistance of a particular material
and the geometric dimensions of the cluster. Taking this
factor into account allows to more accurately describe
the experimental data of the model curve.

The thermoEMF of a finely dispersed composite modulo
was higher than the thermoEMF of a coarse composite for
all concentrations (Fig. 5). The maximum value of thermo-
EMF reached 120 uV/deg in the subthreshold zone, and
60 wV/deg for a fine-grained composite and 30 uV/deg
for a coarse-grained composite in the postthreshold zone.
Let’s attribute this to the fact that according to structural
studies, the intensity of interfacial interaction to create
in situ ZrCN in fine-grained zirconium carbide is greater.

Fig. 6 shows the dependences of the resistivity of
SigsN4-HfC composites on the concentration obtained
using rubber and CMC as a binder, as well as without us-
ing any binder. As can be seen from Fig. 6, the composites
obtained without a binder differ not in the typical course
of the concentration dependence of the resistance, and the
thermoEMF of these composites is equal to zero accurate to
the experimental error. Composites made from rubber have
a positive thermoelectric coefficient in the suprathreshold
concentration zone of the additive, and a negative value
in the subthreshold concentration zone. At the percolation
threshold, thermoEMF passes through zero. Composites
made from CMC as a binder in the entire concentration
range have a positive coefficient of thermoEMF, but less
than this value in composites prepared using rubber.

The following fact indicates the in situ reaction of silicon
nitride with carbon monoxide. The nonlinearity of the com-
posite resistance, defined as the ratio of the resistances (at
currents of 30 mA and 100 mA), is more pronounced for
resistance in the direction of hot pressing. In the trans-
verse direction, it is characteristic only for composites with
a concentration of up to 20 % for the use of rubber and
up to 10 % for the use of carbomethyl cellulose.

1000

From this it is possible to conclude that in the direction
transverse to the direction of hot pressing, silicon carbide
is part of the lead cluster only in the range of indicated
concentrations. In the direction along the direction of hot
pressing, silicon carbide is included in the structure of
the lead cluster for both binders, and its effect on the
cluster resistance decreases with increasing additive con-
centration (Fig. 7).

1.7
1.6
15
14
13

1.2

R(30mA) | R(100mA)

11
1
0 10 20 30 40 50
Concentration HfC, volum
a

19
1.8
1.7
1.6
15
1.4
1.3
1.2
11

R(30mA)/R(100mA)

0 10 20 30 40 50
Concentration HfC, %
b
Fig. 7. Concentration dependence of the nonlinearity of resistance
of resistive composite materials of the SizN4-HIC system:
a — rubber; b — carbomethyl cellulose for resistances along the direction
of hot pressing (thombus) and across (square)

Factors that make an im-
15 portant contribution to the

N \0\ /\\ L,

functional characteristics of
resistive materials include
non-linearity of resistance,
additional release or absorp-

10

tion of energy at the metal-
pyramid-dielectric barriers,
and release or absorption of
energy by a metal-dielectric-

metal capacitor.

For SisN4-HfC composi-
tes obtained with or without

Resistivity, Ohm cm

0.1

a different binder, there is a
fundamental difference in the
resistance value at currents
of various sizes. Fig. 8 shows

ThermoEMF value, mV

o ¢ Ro=KMZ

® Ro=nho
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o E kmz

0 E kau o Eno

how the nonlinearity coeffi-
cient, calculated as the ratio
of the resistances measured at
currents of 30 and 100 mA,

0.01 T T T T T T
0 5 10 15 20 25 30

Concentration HfC, volum

Fig. 6. Dependence of thermoelectromotive force (thermoEMF) and resistance on HIC concentration obtained using
rubber, carbomethyl cellulose as binder, and also without using any binder

depends on the concentration
of the additive in composites
obtained without the use of
a binder, or when used as
a binder, rubber and CMC.
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Fig. 8. Concentration dependence of the coefficient of non-linearity of the resistivity of composites obtained without the use of a binder (filled circle),
or when used as a binder, rubber (filled square) and carbomethyl cellulose (filled rhombus)

Fig. 8 shows that composites that are formed without the
participation of a binder have significant nonlinearity at additive
concentrations of 30—35 vol. % and 10 vol. % using binder,
CMC, significantly reduces the range of composite concentra-
tions in which non-linearity is manifested, being limited to the
range of low additive concentrations (5—10 vol.%) Composites
made with rubber are characterized by the highest non-linearity,
which are characterized by a higher non-linearity coefficient
and a significant range of additive concentrations (5-25 vol.%).

7. SWOT analysis of research results

Strengths. Among the strengths of this research, it is
necessary to note the results obtained on the technological
factor of the formation of the functional zone of a binder-type
device. This statement is supported by the above results of
the analysis of world scientific periodicals in which these
studies were not conducted. Using the obtained data allows
to create thermoelectric converters with specified parameters.

Weaknesses. The weakness of this research is the insuf-
ficient study of percolation processes in the formation of the
microstructure of the functional zone of the device. There
is no explanation of the fact that in materials using rub-
ber as a binder, it is impossible to describe the course of
the concentration dependence of thermoEMEF, based on the
generalized theory of percolation.

Opportunities. Using these studies, it became possible
to manufacture thermoelectric systems such as HfC-SigNy,
ZrC-SisN; and determine the main factors affecting the
maximum value of the coefficient of thermoEMFE

Threats. Difficulties with further research are connected
with the fact that powders for experiments are purchased
abroad and their cost is fixed in US dollars. Due to the
unstable hryvnia exchange rate to the US dollar, a significant
increase in the cost of experiments is possible.

1. In the course of the study, it is observed that during
the burnout of the binders, rubber enriches the mate-

rial with carbon black, and CMC — with a concentrated
charred residue. An admixture of glycerin in the CMC
shifts the decomposition temperature of the CMC to the
low-temperature region and sharply accelerates its decom-
position. This makes such a binder promising for use in
resistive materials manufactured using in situ reactions.

2. It is established that the binder species determines
the morphology of the microstructure of the leading clus-
ter, namely:

— particles of the leading cluster with hafnium carbide,

obtained in the presence of CMC, and particles of the

leading cluster of zirconium carbide, obtained in the
presence of rubber, have the form of flakes arranged in

a plane in the direction of application of the HP force;

— particles of hafnium carbide obtained in the pre-

sence of rubber have the form of cylinders elongated

in the same direction;

— particles of the leading cluster of zirconium carbide

in the presence of CMC become similar spheres.

3. It is proved that the thermoEMF of a finely dispersed
composite was higher in modulus than the thermoEMF of
a coarse composite for all concentrations. The maximum
value reached 120 uV/deg in the subthreshold zone, and
60 uV/deg for a fine-grained composite and 30 uV/deg for
a coarse-grained composite in the suprathreshold zone, respec-
tively. This is due to the fact that according to structural
studies, the intensity of interfacial interaction to create in
situ ZrCN in fine-grained zirconium carbide is greater.

4. It is established that the composites obtained without
a binder differ in an atypical course of the concentration
dependence of the resistance, and the thermoEMF of these
composites is equal to zero accurate to the experimental
error. Composites made from rubber have a positive thermo-
electric coefficient in the suprathreshold concentration zone
of the additive, and a negative value in the subthreshold
concentration zone. At the percolation threshold, thermo-
EMF passes through zero. Composites made from CMC
as a binder in the entire concentration range have a posi-
tive coefficient of thermoEME but less than this value in
composites made using rubber. In this case, it is possible
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to use approximations of the percolation theory both for
describing the concentration dependence of resistance and
for the concentration dependence of thermoEME

It is shown that composites that are formed without
the participation of a binder have significant non-linearity
at additive concentrations of 30-35 vol. % (Rubber ap-
plication) and 10 vol. % (CMC application). The use of
CMC as a binder significantly reduces the concentration
range of the composite, where the nonlinearity of resis-
tance is manifested. Composites are the most nonlinear
in resistance; they are prepared using rubber.
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