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Conceptions of the development of structure in thick-film resistors in the
course of firing [1] can be verified by measuring the dependence of the critical
coefficients of the percolation theory on firing temperature. The deviations
of critical coefficients from the theoretical values are theoretically explained by
the assumed formation of impurity states in the glass, as a result of diffusion
of Ru during the firing. The estimated activation energy of the diffusion
should amount to about 1.5 eV.

INTRODUCTION

Thick-film resistors are composite materials containing glass and a conductive
pigment as the main components. Screen printing on insulating substrates (mostly
Al,@; — based ceramics) and firing in a tunnel kiln are the basic technological
operations used in the manufacture of TFR. The present paper is the second
of a series devoted to the effect of firing temperature on the basic properties
of resistor films. Similarly to the previous paper [1], the experimental work was
also carried out on model films prepared from pastes containing only glass and
a conductive pigment in its inorganic component. The experimental results are
not therefore affected by the presence of additional modifying oxides which are
added to commercial pastes in order to adjust the temperature coefficient of resi-
stance and to improve the long-term stability of parameters. The resistivity of
the films can be controlled over a wide range through concentration of the con-
ductive component in the paste. This is why the dependence of area resistivity Ra
on volume concentration v of the conductive component is of decisive signific-
ance.

Several theories describing the Ry — v relationship in heterogeneous systems
of conductive and insulating particles, or of conductive particles in a matrix
of an insulating medium, have been published in recent years [2—7]. Applicability
of the individual theories is restricted by the limit concentrations of the conductive
components and by the type of the structure (morphology) of the heterogeneous
system. The present paper is concerned with the application of the percolation
theory on the Ry — v dependence of thick-film resistor systems.

The following equation is provided by the percolation theory for the conductivity
of the resistor lattice [8]:

@=A"@p—pe). (1)
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The range of validity of this relation amounts approximately to pe < p £ pe + 0.2,
where p is the probability that an arbitrary lattice site is occupied by a conductive
particle (in the so-called site problem), or conductive connection of neighbouring
sites (in the so-called bond problem). The critical probability (percolation limit),
Pe, is defined so that within the limits of an infinitely large specimen it holds
for p £ pe that G = 0, and for p > p. that @ > 0. The value of p. depends on
the type of the lattice and on the respective problem, i.e. if the site problem or
the bond problem is considered [9]. The critical exponent, », depends solely on the
number of dimensions of the specimen in the mathematical percolation theory.
The applicability of the percolation theory on TFR specimens was experimentally
verified in [10—12] on the assumption that probability p can be put equal to volume
concentration of conductive component ». On designating the critical concentration
v¢, which corresponds to the percolation limit (conduction threshold), the concentra-
tion dependence of area resistivity over the range v¢ < v £ v¢ + 0.2 is given
by the equation

Bo=A4 (v — ve)7 (2)

Experimental verification [10—12] provided a very satisfactory qualitative agree-
ment with equation (2); however, the experimental values of the critical coefficients
did not correspond to the theoretical values obtained by computer modelling.
The critical concentrations in TFR specimens are mostly much smaller (0.02—0.10)
than the theoretical ones (0.12—0.31) [9], and on the contrary, the critical expo-
nents for TFR were much higher (2—7) than the theoretical value for 3D systems
(1.6 ~ 1.7) [8, 13]. The extremely low values of ¢, of specimens with a segregated
structure agree well with the theory suggested in [15]. In the present part of the
study, the authors will attempt to explain the disagreement between the experi-
mental values of critical coefficients for thick-film resistors and the theoretical
ones. However, the main purpose of this paper is to demonstrate the effect of firing
temperature on the values of critical coefficients anrd their relationship with the
structure of the films and the properties of initial materials.

SPECIMENS AND EXPERIMENTAL METHODS

The preparation and shape of specimens and the experimental methods were
described in detail in [1]. The present paper is concerned with the study of model
materials using the Bi;Ru,0; conductive component at BET specific area of
5 m2 g-1. A paste based on RuO, with a BET specific area of 8.9 m? g-1 was used
in one experiment only. These conductive components were combined with three
types of glasses, whose composition and basic properties are listed in Table I.
The ground frit of glass 4 was classified according to grain size in the same ways
as in [1].

In the experiments described below, use was made of glass frit fractions with the
following BET specific areas (ratio of mean sizes of conductive and glass grains
respectively): 0.51 (0.052), 0.78 (0.080),2.24 (0.230) m2 g-1. The percolation coeffici-
ents were calculated from equation (2) adjusted to the form

lgRy=1g A4 — plg (v — ve). (3)

The computer method was based on finding the critical concentration v, at which
the linear regression gave the minimum standard deviation.
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Table 1
Chemical composition and properties of glasses
al Composition (wt. %)
desi iy ; \ ' toC ta°C | ST°C
esignation | PbO | sio B;0; ALO; | |
| ‘
‘ r
A4 66 32.5 — 1.5 490 525 790
B 69 22 7.5 1.5 425 462 595
c 57 28 12 3 467 498 705

ST = sintering temperature, fg — dilatometric transformation temperature,
tq — dilatometric softening temperature.

EXPERIMENTAL RESULTS

The values of percolation coefficients were measured on concentration series
of specimens fired at peak temperatures between 4560 and 900 °C. The condition
ve < v £ ve + 0.2 was maintained during the computer processing of the results.
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Fig. 1. Percolation coefficients ve,  in terms of the peak firing temperature of films based on Bi;Ru204
and three grain size fractions of glass A with the respective surface areas (m? g—!) of;, a — 2.24,
b—0.78, c — 0.51.
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Fig. 1 shows a plot of critical coefficients », and y under peak firing temperature
ty of Bi;Ru,0; — based specimens with three different grain sizes of frit A in the
initial paste. The glass granulometry appears to have the greatest effect on the
critical concentrationyin the region of the low firing temperatures. The effect
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Fig. 2. Percolation coefficients vs. peak firing temperature of films based on Bi;Ru,0; and glasses
B and C. [ |

of granulometry diminishes gradually with increasing #. Within the framework
of measuring errors, the critical exponent y does not depend on the mean particle
size of glass particles in the paste. Fig. 2 shows the plot of percolation critical
coefficients vs. firing temperature for films with the Bi,Ru,0; conductive compo-
nent and glasses B and C, whose frits were not classified according to particle
size. The dispersion of experimental points around the regression curve 3 is apparent
from the typical course shown in Fig. 3, exhibited by specimens made from Bi,Ru,0,
and unclassified frits of glass 4, fired at a peak temperature of 850 °C (v, = 0.0721,
py = 3.07).
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Fig. 3. An example of the dependence of planar resistivity on volume concentration of the conductive
components, plotted according to equation (3) for films based on Bi,Ru20, and unclassified frit of glass A
(v = 0.0721, = 3.07).

THEORY AND ITS EXPERIMENTAL VERIFICATION

The quasihomogeneous structure, as defined in the previous paper [1], is char-
acterized by a roughly uniform distribution of conductive particles throughout
the glass matrix. Calculation of the theoretical value of critical concentration
for the conductive component is based on the following assumptions:

(i) The shape of conductive particles can be approximated with the use
of effective spheres with a constant diameter d, defined by equality of the volume
of this effective sphere and the mean volume of the conductive particle.

(i) The conductive particles are distributed at sites sc of the lattice jointly
with fictive particles of glass having the same diameter d (lattice parameter d).

(iii) The space of the lattice between the spheres is filled with glass (Fig. 4).
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Fig. 4. Model for deriving the critical concentration in a gquasihomogeneous structure of TFR

3
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The critical concentration corresponding to the site problem in the sc lattice is
ve(sc) = 0.307 [8, 9]. The packing of empty lattice space with glass (transition
to a structure with conductive spheres distributed throughout the glass matrix)
can be calculated with the help of so-called packing fraction of spheres, which
amounts to f = 0.5236 for the sc lattice. The following equation then holds for
the critical concentration of the conductive component:

Voo = Ve(sc) f. (4)

On substituting into this equation, one finds veo = 0.161, which is the critical
concentration of the conductive component in a structure characterized by direct
contacts between the conductive grains. It appears [14, 9] that the product v, f
is virtually constant (independent of the lattice type), and is dependent only on the
number of dimensions. In 3D systems, it varies between 0.144 and 0.165 [9].

In studies [1, 16] the present authors suggested a model of electron transport
in TFR based on assumed existence of impurity states in glass, consisting of Ru
atoms that have diffused from the conductive grains into the glass in the course
of firing. Transport of electrons between the localized impurity states proceeds
by phonon assisted tunnelling, and the resistivity depends on the concentration
of impurities N according to the equations [17, 18, 19]:

0~ N-23 exp (gaN-1/3), (5)

where a1 is Bohr’s radius of the impurity centre and n = 1.78 [18]. From the
symmetry it follows that the minimum concentration of localized states, Nmin,
lies at half the distance between the surfaces of neighbouring conductive particles.
If this minimum concentration falls below a critical value N, at which the proba-
bility of tunnelling is already negligible, the resistivity will increase to a value
having the order of the resistivity of glass. The critical concentration of the impurity
states N corresponds to the critical concentration of the conductive compo-
nent, v..

The following relationship can be used for the concentration N of diffusing Ru
atoms in the first approximation:

X2
N=N o I
o €Xp ( 1D 1) (6)
where z is the distance from the surface of the conductive particle, D = D, exp
(Eait/kT) is the coefficient of diffusion and 7 is the time which is regarded as
a constant in the case of firing in tunnel kilns. To simplify the problem, Ny is con-
sidered to be constant.
The approximate equation (6) is applicable for very low concentrations of N
only. On designating the distance between the surfaces of neighbouring conductive
particles s, it is possible to write:

2
Namin = No exp (_ s 4). (7)

At the critical concentration of the conductive pigment, v = v;, Nmin = Ng
and to this corresponds the critical distance between the surfaces of neighbouring
conductive particles, §. This means that the critical concentration of impurities N
occurs at the distance §/2 from the surface of the conductive particles.
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The theoretical value of critical concentration in the given model will again be
seeked with the help of the percolation system of sites in the sc lattice, but using
the effective diameter of conductive particles and that of the fictive glass particles
equal to d + §. The number of conductive particles in a unit volume for the case
o = 0 will be designated n¢ and n for § > 0. The following equations then hold
for the critical concentration in the individual cases:

veo = (m[6) d3nee  for 6 = 0, (8)
vee = (n/6) (d 4 8)3n,  for 8 > 0. 9)

Comparison of the two equations yields]the relationship

e _ (1+_5_)—3, (10)

Neo

The critical concentration v, at § > 0 (for diffusion of Ru into the glass) is given
by the equation

e = %d%c (11)

which jointly with (9) and vco = 0.161 gives the following equation after simple
rearrangement:

% = (0161w, 1)1/3 — 1. (12)

In the given glass-conductive component system, N is considered to be constant,
and thus it follows from equation (7) and from the expression for the temperature
dependence of the coefficient of diffusion D that

42 Bait
6P exp KTy const. (13)
and hence
lndﬁ = const. — Ldff (14)

where T is the firing temperature in Kelvins.

Using equations (14) and (12) it is possible to determine the activation energy
of diffusion, Hg;s.

The firing shrinkage of films was utilized for testing the model in the form of the
sc lattice. This shrinkage, due to filling the empty spaces in the lattice during the
first stages when a quasihomogeneous structure is formed, proceeds solely in the
direction of thickness. The other two dimensions are fixed by adhesion to the
substrate. From this it follows that the ratio of film thickness measured after
firing (¢; = 850 °C) and after the lacquer components have burnt out (¢ = 450 °C)
should be just equal to the packing factor f(sc) = 52.4 9%, according to the given
model. The fired film should of course be virtually free of pores, and this is actually
the case [1]. The experimental values of shrinkage in the direction of thickness,
established for various glass-conductive component systems, are on the average
50.3 4+ 2.9 9,, which is a very satisfactory agreement with theory.
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Experimental verification of the theoretical value of critical concentration
v¢o according to equation (4) encounters two major problems:

(i) The different grain sizes of the conductive component and the glass frit
are responsible for deviations from the assumed quasihomogeneous structure
of fired films in the direction towards the transient structure or a segregated
structure [1].

(ii) In the last stage of formation of a quasihomogeneous structure in the
course of firing it is necessary to consider beginning diffusion of Ru into the glass,
which cannot be neglected [1]. For this reason it is possible to determine, on the
curve of the v¢(fy) dependence, the point which would best correspond to the
assumptions formulated in the derivation of equation (4).

The former problem can be resolved by extrapolating the experimental dependence
of critical concentration on the ratio of mean sizes of conductive and glass grains
{a) [4, 15, 20]:

vyl = Cy + O Cay~t (15)

where C, and C; are constants. The way of determining e from specific area measure-
ments is described in [15]. The value of v; is determined by extrapolation at
{a) = 1. The resolving of the other problem is much more difficult and there
is probably no objective method for establishing vy (<a)) from the relationship
ve(ér). As the best estimate it is possible to consider the values corresponding to
the peaks of the curves w¢(ft), lying at the boundary of the firing temperature
range, over which the conductive particles become redistributed and wetted with
glass, and the region where the diffusion has the prevailing effect on the electrical
conductivity of the films [1]. The uncertainty of determining the correct value
of veg is due to a certain overlapping of the two neighbouring regions of structural
development. Experimental verification was carried out by means of the results
of measuring the critical concentrations in films consisting of the Bi,Ru,0; system
and classified fractions of glass 4 (Fig. 1). Extrapolation of the v values towards
<ay = 1 is shown in Fig. 5 and provides veo = 0.172, which is a value quite well
corresponding to the theoretical one when taking into account the approximations
employed.
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Fig. 3. Extrapolation of critical concentration vemax towards the value (o) = 1.

The dependence of critical diffusion lengths d on the absolute firing temperature
according to equation (14) for 3 types of films based on RuO; or Bi,Ru,O; and
glasses A, B and C are plotted in Fig. 6. The corresponding values of the activation
energy of diffusion are 1.55 eV (glass A), 1.58 eV (glass B) and 1.50 eV (glass C).

296 Silikaty &. 4, 1988



The Effect of Firing Temperature on the Properties of Model Thick-Film Resistors; 1I'

tn(J)

0~ _

g 9 10 Mah
107 (K]
Tt

Fig. 6. Critical diffusion distance § vs. firing temperature according to equation (14); a — RuO: +
+ glass A, b — RuO; + glass B, ¢ — Bi2Ruz20, - glass C.

DISCUSSION

The mechanisms involved in the structural development of TFR [1] obviously
also determine the courses of the relationships of the critical coefficients at the:
peak firing temperature (Figs. 1 and 2). For this reason the curves vc(f) and
Ry(tr) are similar. The differences in the positions of the extreme layouts are
given by the dependence of the critical exponent on firing temperature and by the
fact that the R(#z) curves were obtained at concentrations of the conductive
component which were substantially higher than the critical one. The properties.
of the glass employed, characterized e.g. by the temperatures fg, g and ST (cf.
Table I) are projected into the dependence of the critical coefficients on the firing
temperature, similarly to the course of Ru(#) [1], particularly as regards the shifts
of the curves towards the higher or lower firing temperatures. The development
of structure (morphology) of the films, as described in the previous paper [1], gives
a key to the explanation of the forms of the vc(#%) and y(#) curves, and above all
the difference between the experimental values of the critical coefficients measured
on TFR, and the theoretical values provided by computer simulations [8, 9, 13].

In the range of the low firing temperatures, where the sintering of glass grains
is the controlling mechanism of the film structural development, the size of the
conductive and glassy particles in the paste has a significant influence. The ratio
of mean diameters of these particles, <a), is the concrete parameter used in the-
relationships for critical concentrations. At (a) ({1, a typical segregated structure
with the conductive grains distributed at the boundaries of larger glass grains.
is formed in the firing temperature region considered [1, 15]. From the standpoint
of the percolation theory this type of segregated structure is characterized by low
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values of critical concentrations and also in that the critical exponent corresponds
to the theoretical value for 3D structures (within the framework of measuring
errors). The theory of critical concentration in segregated TFR structure was
formulated in [15]. An increase in the peak firing temperature leads to the
transient structure and eventually to the quasihomogeneous one [1]. An ex-
planation of the low ¢, values in TFR specimens with a quasihomogeneous
structure was attempted in the paragraph above. If the paste employed contains
larger glass particles (very small value of the {a) ratio), the relatively short time
of firing is not sufficient for satisfactory homogenization of the system comprizing
the conductive component and glass, and the films fired at the usual temperature
of 850 to 900 °C remain in the region of the transient structure. Evidence for this
is provided by the micrographs shown in [1] and the courses of the v¢(¢,) relations-
hips at increasing firing temperature for specimens with various ratios of particle
sizes in the paste (curves a, b in Fig. 1). The fact that the curve ¢ (for the smallest
value of {a)) lies below the other two course, over the intire interval of firing
temperatures indicates (in agreement with the micrographs in [1]) that the transient
structure survives to a temperature of up to 900 °C.

In the first approximation, the critical concentration of the conductive compo-
nent in specimens with a transient structure can be calculated as follows: The to-
tal volume of film regions containing solely glass without any conductive pigment
shall be designated V; (the residue of larger glass frit particles), the remaining
volume with an approximately quasihomogeneous distribution of conductive
particles in the glass is designated V,, and the volume of the conductive component
proper will be V3. The mean concentration of the conductive component is there-
fore

v=V3(Vi+ 7)1 (16)

and the effective concentration in the region of volume V, (providing the electrical
conductivity of the film) is equal to

Vet = V3/V2. (17)

The effective critical concentration veer corresponds to the theory outlined in the
previous paragraph. For the critical (mean) concentration of the conductive
component in the specimen with a transient structure, one obtains the following
relationship from equations (16) and (17):

Ve = Veet (1 + w)! (18)

where w = V,/V,. Fig. 1 and equation (18) indicate that in the specimen prepared
from paste with a frit having a specific surface area of 0.51 m? g-! (curve ¢) by
firing at 900 °C, the regions free of the conductive phase (having the volume ¥;)
take about 23 9, of the film volume. In this estimate it was assumed that specimens
prepared from paste containing frit with a surface area of 0.78 or 2.24 m2 g-1,
fired at the same temperature, have a quasihomogeneous structure.

In conclusion, let us attempt to explain why the critical exponent values estab-
lished experimentally in the quasihomogeneous structures of TFR deviate from
theory, which specifies y = 1.6 = 1.7 for the 3D systems. The mathematical percola-
tion theory, leading to equation (1) or to equation (2) with respect to TFR, assumes
a constant resistivity between the conductive grains (spheres) in the neighbouring
lattice nodes, which is therefore independent of the concentration of the conductive
component. In our model of electron transport in TFR, based on phonon-assisted
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tunnelling between the localized impurity states in the glass, the resistance between
two neighbouring conductive grains depends on their distance and thus on the
concentration of the conductive component. The dependence of the distance
between conductive grains is associated with the concentration of impurity centres
Nmin introduced into the glass by diffusion at constant firing temperature and time.
For this reason, in the case of TFR with a quasihomogeneous structure, it is
necéssary to consider coefficient 4 in equation (2) as being dependent on the
concentration of the conductive component. The critical exponent is considered
to correspond to theory and is taken as being equal to 1.7. Equation (2) can then
be written in the form

Ry, = A(v) (v — ve)~L7. (19)

The resistivity of glass between neighbouring conductive particles is described
by equation (5). In agreement with the results described in paragraph 4, it is
possible to substitute Npyin from equation (7) into equation (5) for the concentration
of impurity states, thus obtaining the following equation after rearrangement and
in view of the assumed proportionality A(») ~ 0(Nmin):

In A(v) = const. 4 (247D)=1(0.89aN5!'3 — 1) exp (fi‘ —) s2. (20)
The following approximation was used in the above rearrangements with respect

to the very small distances between the surfaces of the neighbouring conductive
particles:

Egit Eait
2 -1 ki |} P 2 -1 .
exp [s (127Dp)1 exp ( Ty )] 1 + s2(127D,) exp( ka) (21)
In equation (20) the constant coefficient in the second term of the right side will
be designated o, thus obtaining an expression suitable for experimental verifica-
tion:

In 4(v) = const. + u(Tt) s2 (22)
where
EBaye
u(Te) = o esp () (23)

It now remains to find the relationship between the mean distance of the surfaces
of neighbouring particles in the conductive cluster and the concentration of con-
ductive particles in the film. The solution will be based on the homogeneous model
with particles distributed at all the nodes of the sc lattice on assuming that the
actual distance between the centres of these particles is proportional to the lattice
parameter of the model. The following equation then holds for the distance between
the surface of conductive particles:

$§ = const. [(Fﬂ—)w-— 1] d (24)

v
where d is again the mean value of the diameter of the conductive grains.

Equation (22) was verified experimentally bv measuring films of the Bi,Ru,0,
system with glass C. The specimens were prepared by firing at peak temperatures
over the interval of 650 to 850 °C. In Fig. 7 the coefficients A(v) are plotted for
the various firing temperatures in dependence on the squared ratio of distances
to the mean diameter of the conductive grain. The natural logarithms of the
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slopes of the lines in Fig. 7 are plotted in Fig. 8 in terms of reciprocal absolute
firing temperature according to equation (23). The activation energy of diffusion
of Ru into glass determined in this way, Eqir = 1.63 eV, is in satisfactory agreement
with the value of 1.50 eV obtained by another method in the previous paragraph.
The agreement is considered as evidence for the correctness of the given conceptions
suggested for the mechanism of electrical conductivity in TFR with a quasihomo-
geneous structure, and of their respective effects on the values of critical concentra-
tion and of the critical coefficient.

inA(y)
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1 i
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Fig. 7. Natural logarithm of coefficient A(v) vs. the squared ratio of the mean distance betweenthe
surfaces of neighbouring conductive particles and their mean diameter, plotted according to equation
(22) — BizRu;0, + glass C.

inp (T)— T T

0 | 1 1

L4 11
as % i

Fig. 8. Determination of the activation energy of diffusion according to equation (23) — the values
were taken from Fig. 7.
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CONCLUSION

The present study showed that the courses of the dependence of critical coeffi-
cients on firing temperature, as measured on TFR specimens, as well as the devia-
tions of the values from the theoretical ones, can be explained by means of the
mechanisms acting during the firing on the development of structure in the films,
and by means of conceptions of the electrical conductivity of TFR with a quasi-
homogeneous structure [1]. The suggested simple theory of critical concentration
of the conductive component and the concentration dependence of coefficient A4(v)
from equation (20) allowed the activation energy of diffusion of Ru in high-lead
borosilicate glasses, used in TFR, to be estimated. The agreement of the Eagjr
values determined by the two methods is very satisfactory. There is the interesting
finding that deviations in the composition of the glasses employed have virtually
no effect on the value of

Fgair = 1.54 4+ 0.03 eV.

The author is obliged to B. Doskoéilové and B. Staré for technical assistance and to ing. J. Bursa
for his kind support and help.
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VLIV TEPLOTY VYPALU NA VLASTNOSTI MODELOVYCH TLUSTOVRST-
VYCH REZISTORU; II. KRITICKE KOEFICIENTY TEORIE PERKOLACI

Alois Kubovy
Vyzkumny dstav elektrotechnické keramiky, Pospisilova 281, 500 64 Hradec Krdlové

Préce navazuje na &lének [1], ve kterém byl navrZen model vyvoje struktury tlustovrstvych
rezistori (TFR), ktery je konzistentni s pfedstavou o mechanismu elektrické vodivosti ve vypéle-
nych vrstvich [16]. Tato prdce je vénovéna vlivu teploty vypalu na hodnoty kritickych
koeficientti (ve,) teorie perkolace. Jak bylo difve ukézédno [10—12], vztah (2) odvozeny
z teorie perkolace dob¥e popisuje priub&hy koncentrainich zévislosti plodné rezistivity v ob-
lasti koncentraci vodivé slozky blizkych kritické. Zmé&Fené hodnoty kritickych koeficientt
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vs8ak nesouhlasi s hodnotami vyplyvajicimi z matematické teorie. V é&lanku je uvedena pu-
vodni teorie kritické koncentrace vodivé slozky v TFR s kvazihomogenni strukturou a vysvétlu-
ji se odehylky kritického exponentu od teorie. Vychazi se z piedstavy [1, 16] o prenosu elektronti
mezi sousednimi vodivymi Gdsticemi aktivovanym tunelovéanim mezi lokalizovanymi pFfiméso-
vymi stavy ve skle, tvofenymi ionty ruthenia, které béhem vypalu vrstvy difunduji z vodivych
dastic. Obs teorie umoziuji nalézt aktivadni energii diftze Eatr Ru do skla vyhodnocenim expe-
rimentdlnich zavislosti ploné rezistivity na koncentraci vodivé slozky, ziskanych u sérii vzorkt
pfipravenych pfi riznych teplotich vypalu. Dobry souhias hodnot Egi; (1,53 eV a 1,50eV)
nalezenych u systému Bi;Ru,0; -+ sklo ¢ ob&ma metodami dokazuje spravnost pouzitych
predstav.

Zavislost kritickych koeficienttt na vrcholové teploté vypalu je ukézéna na nékolika pFikladech
(obr. 1 a 2), které soutasn® dokumentuji vliv parametri pouzitého skla (tab. I), resp. typu vodi-
vého pigmentu.

Obr. 1. Perkolaéni koeficienty v., 7 v zdvislosti na vrcholové teploté vijpalu vrstev na bdzi Bi;Ruz07
a tFi granulometrickych frakci skla A s BET mérnym povrchem (m2?g~!); a—2,24, b—0,78,
c—0,51.

Obr. 2. Zdvislost perkolaénich koeficientit na vrcholové teploté viypalu vrstev na bdzi Bi;Ru20; a skel
B, C.

Obr. 3. Priklad zdvislosti plodné rezistivity na objemové koncentraci vodivé slofky vynesené podle
vztahu (3) pro vrstvy na bdzi BiRu,0, a netFidéné frity skla A (ve = 0,0721, y = 3,07).

Obr. 4. Model pro odvozeni kritické koncentrace v kvazihomogenni struktuie TFR.

Obr. 5. Extrapolace kritické koncentrace vemax k hodnoté a = 1.

Obr. 6. Zdvislost kritické difuzni vzddlenosti na teploté viypalu podle vztahu (14),a — RuO, + sklo A,
b — RuO; + sklo B, ¢c — Bi,Ru;0; + sklo C.

Obr. 7. Zdvislost prirozeného logaritmu faktoru A(v) na kvadrdtu poméru stfedni vzddlenosti mezi
povrchy sousednich vodivijch &dstic a jejich stiedniho priaméru, vynesend podle rovnice
(22) — Bi;Ruz04 + sklo C.

Obr. 8. Stanoveni aktivaéni energie difuze podle vztahu (23) — hodnoty z obr. 7.

BJIHUAHUE TEMIIEPATYPHI OB/KIII'A HA CBOIICTBA MOJEJILHBIX
TOJICTOIIJIEHOYHBIX PESHUCTUBHBIX 3JIEMEHTOB;
II. KPHTUYECKUE BEJIMYMNHBI TEOPUU TIPOTEKAHUSA

Anonc KyGoBs

H ayurno-uccaedosamenvckuté uncmumym 34exmpomerHUuMeckott Kepamuru,
Mocnuwuaosa 281, 500 64 I'padey-Kpanose

Ilpenaaraemas pabora sBJIA€TCS NPOAOJIKeHHEM cTaThH [1], B KOTOPOIl OhIJIa peNIIokKeHa
MOj(eJIb Pa3BUTHA CTPYKTYpPHl ToJIcToILIeRO4HBIX pe3uctopoB (T FR), xoropas sBisgercs
KOHCHCTEHTHOH ¢ mpelcTaBileHueM O MeXaHH3Me OJIEKTDPONDOBOJHOCTM B O00KUraeMbIx
ciaoax [16]. Hdammas pabora IOCBAINeHA BINSAHMIO TeMIepaTyphl O0KHTa Ha BeJIMYHHBE
KPHTHUECKHX BeJIMYHH (vc¢) Teopun mpoTexaHusa. Kak y:ke Op110 nokasaso [10—12], oTHO-
1nenye [2], BEIBeJleHHOE M3 TeOPHH NPOTeKaBU A, XOPOUIO OIIHCHBAET XOJ KOHINEHTPanHOHHLIX
3aBHCHUMOCTeHl y[eJIbHOTO 1I0BEPXHOCTHOT'O CONPOTUBIICHHA B 00JIACTH KOHIEHTPAIMi Ipo-
BOJAINET0 KOMIOHEeHTa, 6JIM3KNMX KpHTHdeckoll BeamumHe. OHAKO H3MepeHHbIE BeJIMIHHE!
KPMTHUeCKUX BeJIMIMH He HAXOMATCA B COTJIACHM ¢ BeJIMYIHAMH, OCHOBLIBAIOMUMHUCS Ha
MaTeMaTHYeCKO# Teopnu. B craThe MpHBOANTCA HCXOAHAA TEOPUsA KPUTHUECKOH KOHIEHTpA-
1IN NPOBOJIAANET0 KOMIOHeHTa (nopora nporekaBua) B TFR ¢ KBasmogHOpOAHOIH CTPYyK-
TYpoii U 00BACHAIOTCA OTKJIOHEHHA KPHTHYECKOrO II0Ka3aTedd OT Teopuu. OCHOBOH ABJIA-
ercA mnpefcraBiieBne [1, 16] o mepeHOCe 3IeKTPOHOB MeMKIY COCEJHNMH HPOBOJIANIMMH
4acTHUIAMM AKTHBHPOBAaHHBIM TYHHeIINDOBaHNEM MeKIY JIOKAJIM30BAaHHBIMH I PHMeCHHIMH
COCTOAHMAMM B CcTekje, oOpasylolluMucs HOHAMH DYyTeHHs, KOTODHIe BO BpeMs 00:;kuTa
ciosr 1udpPyEANPYIOT M3 MpOBOAAINMX dYacTul. Obe TeopuH MpeACTaB;IAIT BO3MOMKHOCTH
ycTaHaBJINBATh 9HePruIo axTuBanun Auddysnu Enmp Ru B cTexslo, oneHMBasl dKCIEpPUMEH-
TaJIbHEIe 3aBHCHMOCTH Y/eJIbHOTO II0BEPXHOCTHOTO CONPOTHBIIEHHS OT KOHIIGHTPAIMH IIPO-
BOJ[AINEr0 KOMIIOHeHTa, IOJIydeHHHE Yy cepul 00pasIoB, IPHIOTOBIIEHHBIX IPH DPAa3HEBIX
TeMneparypax oO:kmra. Xopomee coriacue BeJmInH Fpymg (1,53 5B m 1,50 aB), ycrasoB-
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JieHHBIX y cucTeM Bi;Ru.0; + crexiio ¢ momMomisio 0GONX METOJOB ABJIAETCA CBHUIETENbCTBOM
NMPaBUILHO NMPUMEHSIEMEIX IIPe/ICTABIIEHNH.

3aBHCHMOCTE KPHTHYECKHMX BeJIMYMH OT NIMKOBOH TemnepaType OOKHra IIOKa3hBaeTcH
Ha BECKOJILKUX npumepax (puc. 1 m 2), KOTOphie OJ{HOBPEMEHHO MOKA3bIBAIOT BIIASHAE
mapaMeTpoB IpHMeBAeMOro crek;a (Tabi. 1) mim THnAa npOBOAAMEro MMIMEHTa.

Puc. 1. Kosgpgpuyuenmesr meopuu npomexanus ve, ¥y 6 3A8UCUMOCIMU OM NUK0BOU memnepa-
mypw 06xcuza caoes, cocmoswuzr uz Bi,Ru207 u mpex eparyasomempuveckux gparyuii
cmekaa A ¢ BET ydeavnoti noseprrocmuio (m2e~1): a — 2,24, b — 0,78, ¢ — 0,51.

Puc. 2. 3asucumocmdv kosdffuyuenmoe npomeraHua om nuKosoli memnepamypvl o06xcuza
caoes, cocmoswur us Bi:Ru,07 u cmexoa B, C.

Puc. 3. ITpumep 3zasucumocmu. y0easHo20 NOBEPTHOCMHO20 CONPOMUBAEHUR OmM 00BEMHOU
EOHYeHmpayuu npoeodswezo Komnowenma cozaacko omuouenuto (3) 0aa caoes,
cocmoswuz us BiRu:0, u necopmuposannoi gpummer cmekaa A (ve = 0,0721,
y = 3,07).

Puc. 4. Modeavr 0an 6viederua Kpumuueckoll KOMYEHMPAYUU 6 Kea3U20MO2EHHOU Ccmpyk-
mype TFR.

Puc. 5. Ixcmpanoasyus xpumuseckoli KOHYenmpayuu ve maxe ¥ ceausune {a> = 1.

Puc. 6. Basucumocmb rpumuneckozo Ouggyauorrozo paccmosnus & om memnepamypbi
obxcuea coeaacro omuowmenuto (14); a — RuOz + cmexao A, b — RuO2 + cmexno B,
¢ — BiRu07 + emekao C.

Puc. 7. Basucumocmb mamypawbrozo wozapumma gakmopa A(v) om xeadpama ommoureHus
cpedne20 paccmoaHus mexcoy noseprHOCMAMU COCCOHUX NPOBOOAWUT “aACMUY U UL
cpednezo duamempa, evinecenHas coeaacho ypaswenuto (22) — BiRu,0, 4 cmerao C.

Puc. 8. .npeae.i;nue snepeuu akmusayuu duggysuu coeaacrko omuowenuto (23) — eeaunir
us puc. 7.

SPECIALNI SKLA TVORI NOVOU GENERACI SKELNYCH MATERIALU
obsahujicich n&které specidlni ptimési a vykazujici vlastnosti vyuzitelné v perspektivnich tech-
nickych i jinych oborech. Skla jsou v mnoha pfipadech vyrédbéna bud syntetickou cestou, nebo
vyrobnimi technologiemi pouzivanymi pfi vyrob& keramiky, napf. slinovanim predtavenych
praskovych nebo chemicky upravenych skel, procesem sol-gel, chemickym napafovanim apod.
Specidlni skla zahrnuji kfemennd, kiemiCité, boritokfemicita, fosforeéna, germaniéitd, chalko-
genidové a iontova (halogenidové, nitridova, siranové, uhli¢itanova) skla a skeln& krystalické
hmoty. Tato skla jsou pouzivdna v telekomunikacich v podobé& optickych vliken vyrobenych
vétsinou z kiemennych skel dopovanych oxidy Ge a P. Kromé vefejnych telekomunikaénich
siti se pouzivaji optickd vldkna i pro spojeni mezi pocitaci, pro vojenské ticely (opticky Fizené
stiely), v 1ékafstvi (endoskopy i slozité diagnostické pfistroje), pro vyrobu optickych gyroskopu,
senzor( a Fidicich a kontrolnich zafizeni. Dali generace optickych vldken se bude vyrabét z fluori-
dovych a fosforeénych skel s obsahem t&zkych kovu. V elektronice jsou specidlni skla vyuzivana
jakoizolaéni a pasivaéni vrstvy, tlustovrstva dielektrika, rezistory a termistory, zatavové feritové
materidly, elektronické displeje apod. N&ktera z t&chto skel vykazuji spinaci a pamétové vlast-
nosti. Sklenéné kompozitni materidly se pouzivaji predevdim v leteckém pramyslu (napf. sklo
S-2 firmy Owens-Corning) k vyrobs nékterych konstrukénich prvku letadel, raketovych motort,
tlakovych nddob i nékterych druht sportovniho ndfadi. Kompozitni material vyuzivajici kfemen-
na vldkna se pouzivé k vyrobé desti¢ek pro tepelny &tit kosmickych raket. Mezi dalsi perspektivni
kompozitni materidly patii — sklo/Al;O;, kovovéd matrix zpevnéné kfemennymi vldkny a skla
zpeviiované ruznymi vlakny. Dalsi oblasti vyuziti specialnich skel je 1ékafstvi. Bioskla se pouzi-
vaji jako proteticky material v riznych léka¥skych oborech a ve stomatologii. Pfikladem tohoto
materialu je Ceravital. Kompozitni materidly na bazi skla nahrazuji zubni amalgamy, sklo-
keramické materialy se pouzivaji k pfipravé zubnich korunek. Mezi specidlni skla patii také
ochranné skla proti pusobeni rtg paprsku a y-zéfeni, skla pro ukladéni radioaktivnich materiala
a skla pro specidlni optické pouziti — laserova skla dopovana Nd nebo germaniéité skla propousté-
jici IC zAfeni. Do roku 1995 se predpoklédsa dalsi zvySeni objemu vyroby optickych vléken
(ze 41,8 Y, celkové vyroby specialnich skel v roce 1985 na 57,6 %, v roce 1995) na ukor specidlnich
skel pro elektroniku.

(Glass Ind., 68, 1987, &. 2, s. 8—10)
Fryntovd
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