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On the basis of microscopical examinations and resistivity and Seebeck’s
coefficient measurements, a model of the development of structure (morphology)
of thick-film resistors (T'FR) during their firing has been suggested. The model
differs from those published so far particularly in that formation of a narrow
band of localised impurity states, resulting from diffusion of Ru from the
conductive grains, is considered instead of sintering of conductive grains in
the last stage of structural development.

INTRODUCTION

Perfect knowledge of the effect of technological conditions on the properties of
fired films is one of the prerequisites for continuing application of thick-film resistors
(TFR) in hybrid integrated circuits (HIC) in view of the increasing demands on their
-parameters. The firing of the films is one of the decisive technological operations.
The present study is the first of a series of several papers in which the authors strive
to formulate a complex conception of the effect of firing parameters, particularly
its peak temperature, on the properties of thick-film resistors. The additional papers
will deal with the effect of firing temperature on the critical coefficients of the percola-
tion theory, the effect of repeated firing on the properties of model resistor films
and finaly with the relationships between the parameters of the glass frit employed
and the behaviour of films in the course of firing.

b Similarly to other types of thick layers, thick-film resistors are created by screen
printing on insulating, particularly alumina substrates and subsequent firing in
a tunnel kiln. After firing, the TFR represents an inequilibrial heterogeneous system
based on two essential inorganic components, namely the conductive pigment and
the glass. The initial pastes for screen printing also contain an organic vehicle. The
conductive component mostly consists of oxidic compounds of ruthenium, namely
RuO;, or oxide compounds with cubic pyrochlor structure, particularly Bi,Ru,0,
or Pb,Ru,;06. The glass introduced into the paste in the form of a finely ground frit
belongs typically to the system of high-lead silicate or borosilicate glasses. The
inorganic component of commercial pastes used in the manufacture of HIC or
potentiometers further contains modifiers, i.e. oxides of metals which adjust the
course of the temperature dependence of sheet resistivity, or improve its long-term
stability.

The sheet resistivity of typical TFR depends on volume concentration of the
conductive component and varies over the range of 10 to 107 Ohm 0O-1, which at
a film thickness of 15 um corresponds to resistivities over the interval of 1.5 X 104 to
1.5 x 102 Ohm . m.
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The properties of TFR are closely associated with their structure (morphology),
i.e. with the arrangement of conductive and insulating (glass) grains in the film, or
conductive grains in the continuous glassy matrix. The literature describes essentially
two different types of TFR morphology. The first type described in [1, 2] was found
in films based on RuQ, and is characteristic of segregation of conductive pigment
particles at the grain boundaries of the substantially larger sintered glass particles.
This type of arrangement of conductive particles is called segregated structure.
Approximately homogeneous distribution of conductive particles in the glass matrix
was observed in [3] with TFR based on ruthenates with a pyrochlor structure. This
type of arrangement is called quasihomogeneous structure. In this type of morpho-
logy, the distribution of conductive particles throughout the glassy matrix is often
approximated by sc lattice arrangement with the latice parameter according to the

equation [4]:
o \1/3
s = (W) .d, (1)

where v is the concentration of the conductive component by volume and d is the
mean diameter of its grain. In addition to this, the two basic types of TFR structure
can be combined with another type of segregation resulting from sedimentation of
conductive grains towards the substrate [5]. The chemical reactions between the
conductive component and glass, taking place during the firing, are discussed in [6].
According to this study, with the use of high-lead glasses and the Bi,Ru-0O- conductive
pigment, the firing reaction produces the mixed ruthenate Bi, ;Pb,Ru;0;_z)2, and
decomposition of Bi;Ru,0, yields Ru0;, while the bismuth oxide enters the glass.
In the case of systems based on RuO, it is assumed that firing brings about formation
of Ph,Ru,04 particularly at the surface of conductive grains.

The development of structure during firing and the mechanisms involved are
described in [7—9, 15]. The structure is assumed to develop in the following stages [9]:

1. Sintering of glass and wetting of conductive particles.

2. Rearrangement of conductive particles and formation of the conductive lattice.

3. Sintering of conductive particles in the presence of glass.

4. Growth of the larger conductive particles at the expense of the smaller ones
(Ostwald ripening).

However, the sintering of conductive particles was not proved directly [7—9],
being only indicated by the growth of conductive grains observed at high temperatures
and after relatively long periods of time. The effect of the firing process on the proper-
ties of TFR was the subject of several additional studies [10—12]; however, a complex
conception of the structure of TFR and their properties has still been lacking. More-
over, some conceptions of the structural development, e.g. those suggested in [7—9],
and in particular the process of sintering of conductive grains, are in disagreement
with the results of other measurements [13]. A new conception of the development
of structure in the course of firing will therefore be suggested in the present and
subsequent articles.

MATERIALS
To simplify the subject matter, use was made of specimens prepared from model

resistor pastes containing only the glass frit and the conductive pigment in its
inorganic component. The model films containing either Bi;Ru,0; with a surface
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area (measured by the Brunauer—Emmet—Teller method, BET) of 5m2g-1,
or Ru0; with a BET surface area of 8.9 m2 g-1, were studied. Similarly, only one
of the two glasses (4, B), whose composition and surface area are listed in Table I,

Table 1
Chemical composition and BET specific area of the powdered glasses
Glass Composition (wt. %) Specific area
designation | o (m2/g)
PLO J‘ Si0, B0, ALO;
!
A 66 32.5 — 1.5 1.05
| B 69 | 22 7.5 1.5 2.10

were used in the experimental films. After grinding, a part of glass A was air classified
in the Multiplex-Zickzacksichter 100 MR instrument made by Alpine Ausberg Co.
The particle sizes of 3,5 and 10 um were chosen as sorting limits. The classification
produced 4 grain size fractions with BET surface areas of 2.24, 1.17, 0.78 and
0.51 m2 g1 respectively. The value of specific area in brackets is given behind the
letter A in the designation of the respective classified frit. The lacquer vehicle em-
ployed was based on ethylcellulose and terpineol. The type SA 305 08 substrates
from TESLA Hradec Krélové Concern Corporation contained 969, Al,O;. The
specimens of films for resistivity and Seebeck’s coefficient measurements were of
rectangular shape 12 X 2 mm? in size and 15 to 30 pm in thickness according to
the maximum temperature of the firing cycle. The firing of the films was carried out
in a tunnel kiln with a soaking time of 9 minutes at the maximum temperature. The
maximum firing temperatures were chosen from the range of 450 to 900 °C.

EXPERIMENTAL METHODS

The structure (morphology) of the films was studied by optical microscopy in
reflected light and by scanning electron microscopy (SEM). Polished surfaces of the
films were examined, in the case of SEM, after selective etching according to [16]
to achieve suitable contrast between the conductive component and the glassy matrix.
The dependence of porosity on firing temperature was evaluated quantitatively by
the automatic image analyzer IBAS-SEM-TPS made by Opton Corporation, in
combination with an optical microscope.

The DC resistivity was measured with the Metra MI1T 291 multimeter at room
temperature. The thermoelectric voltage as well as the voltage of Pt—PtRh10
thermocouples for the determination of the temperature difference were measured
with the same multimeter with an accuracy better than 1 pV. A correction for
thermoelectric voltage of the Pt leads was carried out in the calculation of Seebeck’s
coefficient ogps.
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EXPERIMENTAL RESULTS

In the present part, the results will be given of studying the morphology by optical
and scanning electron microscopy, examination of the microstructure of crystalline
components by X-ray diffraction and by area resistivity measurements at room
temperature on specimens fired at various peak temperatures ¢, from the interval

of 450 to 900 °C.
Morphology of the films

The development of the morphology of films in the course of firing can be seen
in Figs. 1 and 2 which are optical micrographs (magn. 500 ) of films (glass 4
conductive component with volume concentration v): glass A 4 Bi,Ru,0; (v =
= 0.1470) and glass B + RuQ, (v = 0.1480). On the micrographs the conductive
component is white, glass is grey and the pores are black. Fig. 3 shows the effect
of frit grain size on the structure of films based on Bi,Ru,0; (v = 0.1802) fired at
peak temperatures of 600 and 850 °C respectively. All the four sorted fractions of
glass frit 4, dealt with in the paragraph on experimental materials, were used in the
preparation of pastes for printing these films. A more detailed view of the TFR
structure, particularly of the mutual movement (redistribution) of conductive grains
in the course of firing is demonstrated by scanning electron micrographs (magn.
2500 <) of the B + RuO, films (v = 0.1481) fired at several peak temperatures

(Fig. 4).
The structure of crystalline components

X-ray diffraction on the fired films proved the formation of admixtion bismuth-lead
ruthenates [6] in films based on the Bi,Ru,0; conductive component, with both
types of glass, A and B. After firing, the combination of Bi,Ru,0; with glass 4
showed a small amount of RuO, which, however, was not found in the combination
with glass B. The amount of Pb entering the lattice of Bi;Ru,0s increases with
firing temperature, as indicated by the dependence of the lattice parameter on firing
temperature v in Fig. 5. The value of the lattice parameter of Bi;Ru,0; is given

a{nm)
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Fig. 5. Dependence of the lattice parameter of the pyrochloric structure of the conductive component
in the Bi;Ru0y films with glass A on firing temperature.
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Fig. 6. Dependence of area resistivity on firing temperature of films a — Bi;Ru,05 with glass B
(v = 15.69 vol. %), b — RuO, with glass A (v = 13.68 vol. %), ¢ — RuO; with glass B
(v = 14.81 vol. 9).
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Fig. 7. Area resistivity vs. firing temperature of Bi;Ru,0; films with sorted glass A particle size
Jractions; a — A(2.24), b — A(1.17), ¢ — A(0.51).
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as @ = 1.0288 + 0.00095 nm [15], and 1.0299 nm [14], and measurements on 8 dif-
ferent samples of the powdered compound Bi,Ru,0-, carried out at our Institute,
yielded the value a = 1.0290 + 0.0002 nm [17]. For Pb,Ru,06, the same authors
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Fig. 8. The effect of concentration of the BiRu,0, conductive component on the course of dependence
of area resistivity on firing temperature of films containing glass A(0.51).

found ¢ = 1.0254 nm [17], and a = 1.0253 4 0.0002 nm [18]. Ruthenium oxide
only was found in RuQO, — based films, and no formation of Pb,Ru,0s was observed
contrary to the results of [6].

Area resistivity

The dependence of area resistivity on peak temperature was studied for two main
reasons. In the first place because it is the basic parameter of TFR and in the second
the course of the E(t,) relationship was shown to supplement very suitably the
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structural examination described above. The results of measuring the courses of
R(t,) for three different systems of model TFR are plotted in Fig. 6. The shape of the
dependence is essentially determined by processes taking place in the formation of the
film structure, and the positions of the individual peaks on the ordinate of firing
temperatures are closely associated with the properties of the glass. The actual
shape of the dependence R(t,) is also affected by additional parameters, above all
by the grain size of both components and the concentration of the conductive pig-
ment. Fig. 7 demonstrates the influence of the glass frit grain size and Fig. 8 that of
the concentration of the conductive components over the wide interval from 8.25 to
67.2 vol. %, of Bi,Ru,0; with glass 4 (0.51). Both parameters, as indicated by the
diagrams, affect particularly the values of area resistivity at both extremes (minimum
and maximum) and at the same time also influence the position of extremes along
the firing temperature ordinate.

DISCUSSION

The mechanisms taking part in the development of the TFR structure considered
on the basis of microscopic examinations and electrical measurements do not essen-
tially differ from the concepts published earlier {7—9, 15] as regards the initial stages
of firing. However, the present authors have a quite different idea of the final stage
during which the structure of the resistor film is formed and which decisively
influences the mechanism of charge transport in TFR. In the simplest way, this idea
of the development of TFR structure can be described by the following steps:

a) sintering of glass,

b) wetting of the conductive particles with glass and their rearrangement under
the effect of capillary forces,

¢) diffusion of Ru from conductive particles into glass.

In Fig. 9 the individual mechanisms acting during the formation of the film
structure are schematically adjoined to the individual sections of the dependence
of area resistivity on firing temperature. A similar course is exhibited by the rela-

togRy
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Fig. 9. Schematic attribution of the mechanisms controlling the structural development of TFR to
sections on the curve describing the dependence of area resistivity on firing temperature.
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tionship between the resistivity measured in the course of firing during the passage
of the specimen through the kiln [15]. The division into the individual sections in
Fig. 9 is only approximate, as the neighbouring mechanisms very likely overlap.

The development of structure in the course of firing begins by the burning out of
the organic vehicle, which takes place virtually completely at temperatures of up to
450 °C. The course of the next two stages of structural development depends above
all on the properties of the glass employed (viscosity, surface tension), grain sizes of the
two components and to a lesser degree on the concentration of the conductive

pigment.
a) Sintering of glass

The sintering of glass frit is effected by Newtonian viscous flow as shown e.g. in
[7—9]. In the initial stages, the rate of sintering expressed as a time change in
shrinkage, is given by equation [20]:

i (_A_{'_) = i sy D, (2)
where AL|L, is the relative change in the distance between the centres of neighbouring
particles, y,v is the solid-vapour interfacial energy, 5 is viseosity and D, is the mean
diameter of the glassy particles. The films show shrinkage virtually in the direction
of thickness, as the other two dimensions have been fixed by adhesion to the sub-
strate since the initial stages of firing. The course of shrinkage is indicated by the
initial part of the dependence of film thickness on firing temperature in Fig. 10.
Comparison with the course of relationship between area resistivity and firing
temperature (Fig. 9) shows a connection between the glass frit sintering and decreas-
ing resistivity in region 4. The sintering of glass is likewise well discernible on the
micrographs. The process of sintering is virtually restricted to this region 4. The
sintering of glass and film shrinkage result in a compression of the conductive pigment
grains and thus in reduced contact resistivity between them, in an increase in the
density of conductive particles in the regions between the glass grains and thus in
an increase in the electrical conductivity of the film. The granulometric composition
of the glass grains remains virtually unchanged in this region and the conductive
pigment is distributed among them or over their surface. In materials with mean
glass particle size substantially larger then the mean size of conductive grains this
stage of firing leads to a typical segregated structure, as defined in the introduction
(Fig. 3). The resistivity value at the minimum of the area resistivity vs. firing
temperature curve depends on the volume concentration of the conductive component
as well as on the ratio of mean dimensions of the glass grains and the conductive
ones. The larger the ratio, the smaller the resistivity of the film with a segregated
structure [19], as also demonstrated by Fig. 7. According to equation (2), the grain
size of the glass grains likewise affects the rate of sintering. This is why the position
of area resistivity minimum shifts towards the higher firing temperatures with incre-
asing mean glass grain diameter (with decreasing BET of the specific area). According
to the present concept of the consequences of glass sintering, the conductance of
electric current through a specimen is provided by direct contacts between the con-
ductive grains. This is also in agreement with the sign of Seebeck’s coefficient of
films prepared at firing temperatures corresponding to the resistivity minimum,
which is identical with the sign given for Bi;Ru,0, (Fig. 12). In studies [14, 21],
the Seebeck’s coefficient value of Bi,Ru,0; is given as & = —7 pVK-L
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b) Wetting of conductive particles and their rearrangement

The viscosity of the glass melt decreases with increasing temperature to such a degree
that in the relatively short time of firing the surface of conductive grains is wetted
and moreover, the capillary forces drive the glass melt between the conductive grains,
thus changing their arrangement in the film [22]. The height & to which the liquid
phase penetrates between the solid particles is given for the time-independent contact
angle @ by equation (3) according to [23]:

h? = 7‘;:11 cos 6.t (3)
Y

where r  is the capillary radius,
yLv is the solid-liquid interfacial energy.

The mechanism of wetting the surface of conductive particles with glass melt and
the effects of capillary forces are responsible for the transition from the segregated
structure to a quasihomogeneous one. On the micrographs, this development shows
best on specimens with larger glass grains in the paste (Figs. 1 through 4). In agrement
with equation (3) a better homogeneity of conductive particle distribution is achieved
by firing at the same temperature with films of lower viscosity. According to their
definitions, the segregated and quasihomogeneous structures are limit cases of the
TFR structure. However, morphology of a number of fired films represents a transi-
tion between these limit cases and is characteristic particularly of glass regions free
of conductive pigment and resulting from the larger glass grains in the paste. This
type of structure will be called intermediate structure. With many films, this inter-
mediate structure persists up to relatively high firing temperatures (Figs. 1 and 3),
in dependence on the glass frit grain size distribution and the parameters of the
glass. Deviations from an ideal distribution of conductive particles in the glassy
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Fig. 10. Relative film thick and volume percent of pores vs. the firing temperature of films;
a — Bi,Ru;07 with glass A, b — glass A free from the conductive component.
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matrix of the film forming the intermediate structure affect the concentration de-
pendence of resistivity, particularly the value of critical concentration, the percolation
limit [25].
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Fig. 11. Viscosity of glasses A and B vs. temperature [27].

The percolation limit is that concentration of conductive paticles at which the
opposite sides of the specimen become conductively connected.

The stage of structural development discussed in this paragraph is often ac-
companied by liberation of gases from the melt and formation of bubbles, as seen
in the diagram in Fig. 10 and the micrographs in Figs. 1 and 2. The liberation of
gases, the ascent of bubbles towards the layer surface and their growth due to joining
of smaller pores and an increases in gas pressure inside the bubble, all take place
with decreasing glass viscosity at rising temperature of firing. The growth of bubbles
results in an increase in the film volume, which means an increases in thickness,
ag demonstrated by Fig. 10. The similarity of the courses of the pore content (Fig. 10)
and area resistivity (Figs. 6 through 8) on firing temperature is due to the fact that
the formation and growth of pores depends above all on the viscosity of the glass
just as on the wetting of the surface of conductive particles. The presence of poresin
the film cannot cause the resistivity to increase by several orders as a result of change
in the geometrical factor in the expression for resistivity. For the sake of illustration,
Fig. 13 shows an example of pore distribution. The individual micrograpths taken
at one and the same point of the specimen were obtained during gradual dimini-
shing of the film thickness by grinding.
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¢) Diffusion of Ru from conductive particles into glass

In contrast to studies [7 through 9, 15, 23] the present authors do not consider
sintering of conductive particles as a necessary prerequisite for the conductivity of
TFR with a quasihomogeneous or intermediate structure, for the following reasons:

1. In the studies quoted, no evidence was presented for the sintering of conduc-
tive particles during the firing of TFR; conversely, in [9] it is concluded that no
direct evidence by microscopic methods is possible owing to the small dimensions of
the conductive particles.

2. The low critical concentrations of the conductive phase (low values of the
conduction threshold), found with TFRs of quasihomogeneous or intermediate
structures [25] would require arrangement of the conductive particles in chains, and
this is in disagreement with the effects of the mechanism discussed in article b).

abs.
v/K)

N

Fig. 12. Absolute Seebeck’s coefficient vs. firing temperature of BiRu,04 films with glasses A and B.

3. The change in the sign of Seebeck’s coefficient (Fig. 12) indicates to a change
in the decisive conductivity mechanism.

4, The results of measurements of the frequency dependence of complex condue-
tivity components agree very well with the theory based on the assumption of trans-
port within the narow band of localized states near the Fermi level [13].

In the suggested model of the development of TFR structure the basic idea is
therefore that at higher firing temperatures there is a non-negligible diffusion of
Ru from the surface of conductive grains into the glassy matrix, and thus localized
impurity states are formed in the disarranged structure of glass, which allows transport
of electrons by phonon-assisted tunnelling [13]. RuO; is not a glass-forming oxide,
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and dissolves therefore very little in glasses [9, 26). The creation of concentration
of localized states satisfactory for transport of electrons by the mechanism mentioned
results from the small distances between the conductive grains.

CONCLUSION

As follows from the account given above, the development of the structure of TFR
in the course of film firing can be described to take place in the following three
steps:

1. The sintering of glass.

2. The wetting of conductive particles with glass melt and their spreading by
capillary forces.

3. Diffusion of Ru into glass and formation of a narrow band of localized im-
purity states.

The mechanisms given in points 1 and 2 agree essentially with the literature
[7—9], but the present model shows a basic difference from the results of the quoted
studies at point 3, describing the last stage of structural formation in most TFR
films: according to the suggested conception, formation of a band of localized levels
by diffusion of Ru into glass, instead of the earlier assumed sintering of econductive
particles into chains. Our model is supported by the results of measuring Seebeck’s
coefficient and the frequency dependences of impedance components [13].

The authors wish to express their thanks to Concern Corporation TESLA Lanskroun and
particularly to ing. J. Bursa for his support of, and interest in the studies in question. The authors
are also indebted to B. Diskogilova, B. Star4 for technical assistance and to V. Stefek for his
scanning electron micrographs.
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VLIV TEPLOTY VYPALU NA VLASTNOSTI MODELOVYCH
TLUSTOVRSTVYCH REZISTORU

1. Morfologie a mikrostruktura vrstev

Alois Kubovy, Ivo Havlas

Vyzkumny ustav elektrotechnické keramiky, 500 64 Hradec Krdlové

Cilem prace bylo vypracovéani modelu vyvoje struktury modelovych tlustovrstvych rezistortt
bshem jejich vypalu. Pouzité modelové pasty, na rozdfl od komerénich, neobsahovaly ve své
anorganické slozce kromé vodivého pigmentu a mleté sklenéné frity Zddné modifikujici oxidy ani
dalsi dopanty. Vliv teploty vypalu v tunelové peci byl sledovén v intervalu vrcholovyech teplot
od 450 do 900 °C s vydrzi 9 min. ne maximélni teploté. Byly studoviny pasty s kombinacemi
vodivé slozky Bi;Ru,0; nebo RuO; se sklem A4 nebo B, jejichz slozeni s BET mérny povreh uvadi
tab. I Cést vysledku byla ziskédna studiem vrsiev pripravenych se skelnou fritou slozen{ 4, kterd,
byla po mleti tf¥idéna na 4 granulometrické frakce.

Névrh modelu je podlozen mikroskopickymi vySetfenimi optickym i elektronovym rastro-
vacim mikroskopem a méfenim ploénych resistivit a Seebeckova koeficientu. Z vysledki experi-
mentd vyplynulo, Ze vyvoj struktury lze rozdélit do t#i kroku:

1. sintrovéni skla;

2. sméadeni vodivych dastic sklovinou a jejich rozdruZzovani kapildrnimi silami;

3. difaze Ru do skla a vznik tzkého pésu lokalizovatelnych prim&sovych stavi.

Uvedené vysledky se od dfive publikovanych praci [7 az 9, 15, 24] zdsadné 18 v bodé 3 tim,
ze se pfedpoklads misto diive uvadéného sintrovéni vodivych &4stic vznik pésu primésovych
hladin. Né& model je podpofen zejména vysledky mé&feni Seebeckova koeficicntu a d¥fve publiko-
vanych kmitoltovych zévislosti sloZek impendance [13].

Obr. 1. Odleéténé povrchy vrstev Bi;Ruy0, se sklem A pdlenych pri riznych vrcholovych teplotdch,
v = 14,70 0bj. Y%; a — 600°C, b — 700°C, ¢ — 900 °C.

Obr. 2. Odlesténé povrchy vrstev RuO, se sklem B pdlenych pfi riaznych vrcholovych teplotdch,
v = 14,80 obj. %; a — 500°C, b — 600°C, ¢ — 800 °C.

Obr. 3. Viiv velikosti zrna sklenéné frity A (rdzngm mérnym povrchem) na morfologii vrstev s vodivou
slofkou BiRu,0,, v = 18,02 obj. %, tv = 600°C; a — 2,2dm2fg, b — 0,78 m?/g,
c — 0,51 m¥g,
tyv = 850°C: d — 2,24 m2[g, e — 0,78 m2[g, f — 0,51 mjg.

Obr. 4. Mikrosnimky z rastrovactho elektronového mikroskopu vrstev RuQ, se sklem B pdlenych pii
ruznych vrcholovych teplotdch; v = 14,81 obj. Ys a — 550 °C, b — 600 °C, ¢ — 700 °C.

Obr. 5. Zavislost mittkového parametru pyrochlorové struktury vodivé slofky wvrstev Bi;Ru,0
se sklem A na teploté vypalu.

Obr. 6. Zdvislosti plodné resistivity na teploté vypalu vrstev o — Bi;Ru 0, se sklem B (v — 15,69
obj. %), b — RuO; se sklem A (v = 13,68 obj. %), ¢ — RuO; se sklem B
(v = 14.81 obj. ).

Obr. 7. Zdwislosti plo§né resistivity na teploté vypalu vrstev BizRuy0q s tFidénymi frakcems skla A;
a — A(2,24), b — A(1,17), ¢ — A(0,51).

Obr. §. Viiv koncentrace vodivé slotky Bi,Ru,0, na prabéh zdvislosti plodné resistivity na teploté
vypalu vrstev se skiem A(0,51).

Obr. 9. Schematické prifazent mechanismii #idicich vyjvoj struktury TFR vsekum na kfivee zévislosts
plogné resistivity na teploté vypalu.

Obr. 10. Relativni tloustky vrster a objemové procento péru proti teploté vypalu vrstev; a ~ Bi;Ru,0n
se sklem A, b — sklo A bez vodivé sloky.

Obr. 11. Zdvislost: viskozity skel A a B na teploté [27].

Obr. 12. Zdvislost absolutniho Seebeckova koef. na teploté vypalu vrstev Bi;Ru,0, se skly 4 a B.

Obr. 13. Mikroskopické snimky vrstvy Bi,Ru,04 se sklem A(0,51), ty = 700 °C, v = 18,02 obj. 9,
postupné odbrusované z puvodni tloustky 46,7 ym — na tl. 35 ym — b, 11,7 pm — ¢
a 6,8 um — d.
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A. Kubovy, I. Havlas:

BJIUAHUE TEMIEPATYPH OB¥HUTA HA CBOHCTBA
MOIOEJBHBIX TOJCTOHNJEHOUYHBIX PE3NCTOPOR

I. Mopdotorusa 1 MEKPOCTPYKTYpPa ¢JI0eB

Anone Ky6osui, HBo Tasintac

Hayuno-uccaedosamenvckull uncmumym saeKmpomexrHuteckoli kepasMuru
500 64 I'padey Kpaaose

Lesplo npepiaaraemoii paboTel ABAsieTcA Pa3pabOTKA PasBUTHA CTPYKTYPH MOAEAbHLIX
TOJICTOUJICHOYHEIX DE3NCTOPOB B TedeHHe WX oOura. lIpmmeHseMeie MoJeNbHBE HACTHI,
B OTJIHYME OT IacT, HAaXOJAMMHUXCA B IPOJaKe, He COJePKAT B CBOEM HEOIDAHAYECKOM KOM-
HOHEHTe, KPOMe IPOBOJAMIEr0 NUTMEeHTa M MOJIOTOM CTeKJIAHHOH (PHTIHI, HEKAKHE MOIH-
¢unupyponme OKCHAN M HAKAaKWMe NajpHedmme goGasku. Bimasme TemmepaTyprl ofmura
B TYHHEJLHOH Hedd HMCcCJIeL0BAJIM B MHTepBalle MAKOBHIX TeMIepaTyp B mpefedax or 450
10 900 °C ¢ BugepxKoH 9 MAH. Ha MAaKCMMAJILHOX TemmepaType. MccireoBalIi HacTh ¢ KOM-
OuHamuAMA mpoBoAamero xommoHeETa Bi:Ru:0; mam RuO, co crexsnoM A miam B, cocras
i BET yaensHas mOBepXHOCTE, KOTOPHIX mpuBoAuTcA B Tabm. I. YacTh pesysIbTaToB MO.TY-
TaJIM, MCCAeIYyA CJIOW, IPUTOTOBJICHHLIE ¢ NOMOMBIO CTeKIAHHOH (PHTTH cocTaBOM A, KO-
TOPYIO IOC/Ie IOMOJIA Pa3fesImia B YeThlpe IpaHyJIoMerpuieckne Qpaxiud.

Il pexnoxenue MOeTH OCHOBHIBAGTCH HA MEKPOCOKINYECKOM MCC/IETOBAHNM, IPOBOLUMOM
¢ NOMOIIBI0 ONTHYECKOTO M 3TeKTPOHHOTO CKAHMPYIONIEro MHKPOCKONA M HA M3MepPeHuu
[HOBEPXHOCTHOT'O Y/eJIbHOIO compoTupieHnda u kxoapdmmuenra Ceebewa. Ha pesynpraToB
3KCIIEPHMEHTOB CJIEYeT, YTO PA3BHTHE CTPYKTY DBl MOMKHO 10/|PA3{e;1UTh B TPH JTAalla:

1. cmexkaHFe cTeKJIa,
2. cMavLBaHNE MPOBOANX YACTHIL CTEKIOMACCOH M MX pasjelieHHe KaNnuIAPHEIMA ¢ HSIaMH,
3. audpdysua Ru B crexio m o6pazoBanme y3KOI MOJOCKH! JIOKAIM3OBAHHBIX NMPUMeECHbIX CO-

CTOAHMHE.

[TpuBOEMBlE Pe3yIbTATHl IPHHIMONANLHO OTTAYAOTCA B 3 MYHKTE OT [0 CHX NOP omy0.u-
KOBaHHLIX pabor [7—9, 15, 24] B TOM cMpIcile, 94TO BMECTO pPaHee NMPHBOAMMOIO CIIEKAHHA
OPOBOJALIMX YACTHI[ YUHTHiBaeTcs o0pasoBaHHe IOJIOCHL HPHMecHHIX ypoBHeid. Ilpepmo-
jJaraeMas HaMy MOeJNb JOKA3KIBAETCA HMEHHO De3yJbTaTaMu WM3MepeHHMdA KoapPuimeHTA
Ceebera ¥ paHee onyGIUKOBAHHLIMM YaCTOTHEIMA 3aBHCHMOCTAMM KOMIOHEHTOB MMIIeXaHCA
[13].

Puc. 1. Omnoaupocarnmbie noseprrocmu caoes Bi:Ruz04 co cmerkaom A, obmcuzaemviz npu
pasnuir nukoshix memnepamypax, v = 14,70 % no o6vemy; a — 600 °C, b — 700 °C,
¢ — 900 °C.

Puc. 2. Omnoauposannvie noseprrocmu caoee RuO; co cmeraom B, obwuzaemurx npu pas-
HUIT nukoseir memnepamypaz, v = 14,80 % no ob6vemy; a — 500 °C, b — 600 °C,
¢ — 800 °C.

Puc. 3. Bauanue paamepa aepra cmekaanroli gpummut A (¢ pasnoi ydeavhoil noseprHocnbio)
na mopgoaoeuto caoes ¢ nposodawgum romnouenmon BiRu,07, v = 18,02 % no
obvemy, tv = 600 °C; a — 2,24 m2fe, b — 0,78 m?[e, ¢ — 0,61 m?|e.

Puc. 4. Murpocvemru Uz CEAHUPYIOWE20 SAEKMPOHHO20 MUEPOCKona caoes RuO;z co cmer-
aom B, o6mcueaemuir npu pasnuir nurostix memnepamypax, v = 14,81 9% no o6wemy:
a— 350°C, b — 600°C, c —700°C.

Puc. 5. Basucumocmev pewemouroeo napamempa nRUPOTAOPHOL CMPYEMYPs Npoeodawyeeo
romnorenma caoee BiaRu207 co emeraom A om memnepamype o6xcuza.

Puc. 6. Basucusocms nogeprHocmHozo YO0eabHO020 CONPOMUBIEHUSL OM MEMREPAMYpbL 006-
wcuza caoes a — Bi;Rus07 co ecmeraom B (v — 15,69 Y% no o6wsemy), b — RuO; co
emeraom A (v = 13,68 % no obvemy), ¢ — RuO; co cmerkaom B (v — 14,81 % no
ob6vemy).

Puc. 7. Basucusmocmy nogeprrocmuo20ydeabHoeo CONDOMUBIEHUR OM MEMNEPAMY PbL 00HCULA
caoes Bi;Ru,07 ¢ pazdesennvimu Ppakyusnu cmekaa A; a — A(2,24), b — A(1,17),
c— A(0,561).

Puc. 8. Bauanue konyenmpayuu nposodswezo xomnonenma BiRu205 na 00 sasucumocmu
n06EPTHOCMHIO020 YOEALHO20 CONPOMUBAEHUS OM MEMNEPAMYPbL 06HCULA C.10€6 CG
cmekaom A (0,81).
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Puc. 9. Cxemamuueckan xoopOUHAYUA MeXARUIMOE, YNPAGARIOUWPUT DPASCUMUEM CIMPYEMYPY
TFP omnocumesbHo 0Mpe3roé HA KPUGOL 3a8UCUMOCIU NOEEPTHOCMHO20 YIeabH020
CONpPOMUGAEHUS OM Mmemnepamype 06xcu2a.

Puc. 10. Omuocumenorivie moswgurb, c10€6 U RPOYEHM NOP N0 06HEMY OMHOCUMELDHO MEMNE-
pamypul ob6ucuza caoes; a — BiaRu05 co emexaom A, b — cmexrao 4 6ea nposodawyeeo
EoMnoHenma.

Puc. 11. Basucumocms easkocmu cmewos A w B om memnepamypw [27].

Puc. 12. Basucumocmo abconiommozo rospuyuenma Ceebera om memnepamyps. obxacuza
caoee BoRu, 07 co emesaamu A u B.

Puc. 18. Murpocronuueckue cvemru caos Bi;Ruy07 co cmewnaom A(0.51), t, = 700 °C,
v = 18,02 % no ofvemy nocmencHro OMROAUPOSAMHbIE ¢ UCTOOHOU MOMYUIBL
46,7 um do moswgurvy 35 pm — b, 11,7 ym — ¢ u 6,8 pw — d.

SPEVNOVANIE KERAMIKY NA BAZE S8isN, POUZITIM SiC VISKROV
sa ukazuje ako jedna z moznosti pripravy vyspelej keramiky s vysokou lomovou hazevnatostou.
V praci japonskych autorov K. UENA a 8. SODEOKA (Yogyo-Kyokai-Shi, 94 (1986) 981)
sa uvadza, %e keramika s obsahom 15 hm. ¢, 8iC viskrov mé koeficient lomovej htZzevnatosti
Kie = 7,2 MN m~%2, pridom keramika na baze &istého Si;N, dosahuje maximélnych hédnot
Kjc = 6,3 MN m~34, Mikroskopické pozorovania naznacujd, Ze Sirenie trhlin v takejto dvoj-
komponentnej keramike je éasto zabrafiované viskrami .a trhliny sa presmerované do medzi-
vrstvy medzi matricou a viskrami. Tento odklon trhlin je moZné prisudit existencii napéti
spOsobenych rozdielnou tepelnou roztaZnostou matrixu a viskrov.

P. Sajgalik

NOVA TECHNOLOGIA SPEKANTA — PAS (Prossure Assisted Sintering) je eko-
nomicky vyhodna technolégia kompaktacie na hodnoty blizke teoretickej hustote. Jedna sa
o nizkotlakovii modifikédciu vysokoteplotného izostatického lisovania, vhodna pre vyrobky
pragkovej metalurgie. Princip spodiva vo vyuZiti tlaku pri optimalnych éasovych a teplotnych
parametroch (patent USA 4591482). PouZivany tlak plnu yje v rozmedzi 7—14 MPa. Vyhody
9t charakterizované podstatne niZ§ou cenou zariadenia, kratS$imi Sasmi spekania, nizkym roz-
ptylom hutnosti vyrobkov, tvarovou presnostou po spekani, nizkym alebo chybajiicim mnoz-
stvom prisad ¢o vedie k vysokym parametrom vyrobkov pri ich niZ$ej cene. Podrobnosti moZno
ziskat na adrese: Gorham International Inc., P. O. Box 8, Gorham, ME 04038, USA. (Refrac-
tories and Hard Metals, str. 133, september 1986).

Z. Pdnek

ELEKTRONICKY PRUMYSL OBJEVIL NEKTERE MENE ZNAME PIE-
ZOELEKTRICKE MATERIALY. Nikdo neupir4 prvenstvi kfemennym krystalim jako
nejroziifendjsimu piezoelektriku, ale nékteré keramické a polymerni materidly nynf porostou
v odbytu rychleji. Celkovy trh piezoelektrickych vyrobka v USA se odhaduje na 418 mil. §,
do r. 1995 se planuje rist o 5 %, rodn& na hodnotu 644 mil. $. Nejrychleji poroste vyuziti poly-
merti a kopolymerti v Sele s polyvinylidenfluoridovymi filmy. Dnesni trh &inf jen 2 mil. $, béhem
pristich 10 let v8ak poroste o 34 % rocné. Je to spojeno s novymi aplikacemi {infradervené de-
tektory, velkorozmé&rné zobrazovade, senzory v oblasti optovldknovych elektrickyeh poli).
Pomaleji poroste odbyt piezoelektrické keramiky. Dne3ni trh 63 mil. § dosdhne do r. 1995 vyge
148 mil. §, ale rist je velmi z4visly na vojenskych investicich (elektroakustické generatory signalu,
senzory elektrostatického napdti, detektory pro ultrazvukovy pfenos obrazu). K¥emenné krystaly
si zachovaji rozhodujiei vliv na trhu, ro&ng porostou asi 0 3 % na 471 mil. § v r. 1995. V USA
je nyni 84 spole&nosti, které vyrabsji a doddvaji piezoelektrické krystaly a soudastky, a 22 spo-
le@nosti, které vyrabsji piezoelektrické keramické materidly a prvky. Jen 5 americkych firem
se nyni podili na obchodu s piezoelektrickymi polymery a kopolymery.

Eletronic Chem. News 2, 1987, &. 4. 7)
Douskovd

Silikaty &. 2, 1988 123





