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MECHANICZNO-AKUSTYCZNE I STRUKTURALNE BADANIA PROCESOW DEGRADACJI IZOLATOROWEJ PORCELANY

Presented paper aims to estimate the resistance of porcelain C 130 type to aging degradation processes during long-lasting
period of exploitation. The objects of investigation were specimens made of high mechanical strength aluminous porcelain of
C 130 type. This kind of material is used in the production of reliable electrotechnical elements such as insulators of overhead
power lines. In case of the insulators not only high mechanical strength but especially elevated durability as well as operational

reliability are required.

The paper comprises the results of microscopic, ultrasonic as well as acoustic emission (AE) measurements of samples
subjected to slowly increasing compressive stress. It concerns problems connected with exploitation, production technology and
ultrasonic measurements of specially prepared samples of porcelain. The samples prepared for examination were divided into
three groups: first — without any defects, second — with faults of smaller or medium intensity, and third — containing numerous
defects in structure. The acoustic parameters of not loaded samples and the ones loaded to various values of compressive
stress were measured. Moreover, some of the specimens were additionally subjected to 200°C temperature action. This enabled

verifying the insulator material resistance to temperature increase as a result of leakage currents.

The analysis of the obtained results revealed that the mechanism of ultrasonic wave propagation in porcelain of C 130
type is different from that in the case of typical aluminosilicate ceramic materials. This is the consequence of the effective
reinforcement of the material structure by densely dispersed corundum and mullite phases in glassy matrix. Measurements
of the attenuation coefficient offer better possibility to estimate the structure degradation of the porcelain material than ve-
locity of ultrasonic wave propagation. Subsequently, the effect of the structural defects, introduced into the material, on the

mechanical-acoustic behaviour and on the strength of the samples was presented.

The occurrence of the pseudoplasticity effect, directly proportional to the presence of technological defects in the structure
of the material, was observed. The acousto-mechanical measurements were completed by microscopic analysis of the porcelain
material. The phases’ content was recognized. There were described the structures of samples belonging to three groups
containing technological defects and with different advancement of material degradation. Presented results enable to drawn
up conclusions concerning the resistance of the ceramic material to the aging degradation processes development during long

term exploitation.
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Praca ma na celu ocen¢ odpornosci tworzywa rodzaju C 130 na procesy degradacji starzeniowej podczas wieloletniej
eksploatacji. Obiekt badan stanowi porcelana wysokoglinowa rodzaju C 130 o duzej wytrzymalo$ci mechanicznej. Tworzywo
tego typu stosowane jest do produkcji odpowiedzialnych elementéw elektrotechnicznych jak izolatory napowietrznych linii
energetycznych. W przypadku tych wyrobéw wymagana jest nie tylko duza wytrzymatos¢, lecz przede wszystkim wysoka

trwalos¢ i niezawodnos¢.

Przedstawiono wyniki badafi mikroskopowych, ultradZwigkowych oraz emisji akustycznej (EA) prébek poddanych wolno
narastajacym napr¢zeniom $ciskajacym. Omoéwione zostaly zagadnienia eksploatacyjne tworzywa, technologia wytwarzania
oraz badania ultradZwigkowe specjalnie wytworzonych prébek porcelany. Przygotowane probki materiatu podzielone zostaly
na trzy grupy — ksztaltki pozbawione wad technologicznych, prébki zawierajace defekty strukturalne o mniejszym lub Srednim
nasileniu oraz ksztaltki posiadajace liczne wady. Mierzone byly parametry akustyczne prébek nieobciazonych oraz po przyto-
zeniu naprezen Sciskajacych o réznej wartosci. Kilka prébek bylo ponadto poddanych dziataniu temperatury 200°C. Miato to

na celu sprawdzenie odpornosci tworzywa na temperature, podwyzszong w wyniku pradéw uptywu.

INSTITUTE OF FUNDAMENTAL TECHNOLOGICAL RESEARCH, POLISH ACADEMY OF SCIENCES, 00-049 WARSZAWA, 21 SWIETOKRZYSKA STR.,POLAND
ALEKSANDER KRUPKOWSKI INSTYTUT OF METALLURGY AND MATERIALS SCIENCES, POLISH ACADEMY OF SCIENCES, 30-059 KRAKOW, 25 REYMONTA STR., POLAND



642

Pomiary ultradZwigkowe wykazaly, ze mechanizm propagacji fal w porcelanie rodzaju C 130 jest odmienny niz w ty-
powych glinokrzemianowych materiatach ceramicznych. Wynika to z wystepowania gesto rozlozonych ziarn korundu oraz
sieci drobnych igtowych krysztaléw mulitu w matrycy tworzywa wysokoglinowego. Badania ultradZzwickowe i mikroskopowe
potwierdzily wazna role tych faz w strukturalnym wzmocnieniu materialu oraz wysoka odporno$¢ osnowy na powstawanie
i propagacj¢ peknieé. Stwierdzono, ze pomiary wspélczynnika tlumienia dajg lepsza mozliwo$¢ oceny stopnia degradacji
materialu w poréwnaniu do predkosci propagacji fal ultradZzwigkowych.

Zasadnicza czg$¢ pracy stanowig badania wplywu wprowadzonych do materiatu wad struktury na charakterystyke mechani-
czno-akustyczng oraz wytrzymato$¢ mechaniczng probek poddanych wolno narastajacym obcigzeniom Sciskajacym. Wyniki ba-
dan mechaniczno-akustycznych skorelowane zostaly z analiza mikroskopowa struktury prébek o réznym stopniu zaawansowania
procesu degradacji materiatu. OkreSlono wptyw defektéw technologicznych o réznym stopniu nasilenia na postgpujacy proces
rozwoju mikropeknigé oraz szczelin. Dokonano oceny wplywu poszczegdlnych faz tworzywa na przebieg procesu degradacji
struktury czerepu. Na podstawie przedstawionych badari sformulowano wnioski odnosnie odpornosci tworzywa na rozwdj
proceséw degradacji starzeniowej podczas wieloletniej eksploatacji.

1. Introduction

Aluminous porcelain of C 130 type of high me-
chanical strength is at present widely applied in the pro-
duction of reliable electroinsulating elements. This ma-
terial is used to produce line insulators HV and EHYV,
HV post insulators, medium voltage (MV) line and post
insulators of increased mechanical requirements, trac-
tion insulators and hollow insulators of high parameters
[1-3]. In the case of these products, besides high me-
chanical strength, a long period of exploitation without
breakdown is required. For several years there has been
observed increasing tendency for the production of C
130 kind material, decreasing production of the quartz
porcelain C 110, and to some extent also of aluminous
material of C 120 type. This is the result not only of
the present requirements concerning the short-term me-
chanical strength of the electroinsulating elements. It is
more important to guarantee the reliability of power sup-
ply, which is determined by the durability, i.e. by the
long-term mechanical strength of the ceramic material.
Evaluation of the operating time of the material is based
mainly on the analysis of the formation and development
of ageing effects in the structure of the ceramic body.

The essence of the process of ageing degradation is
a gradual expansion of the already existing microcracks
and the formation of new ones under the influence of the
structural mechanical stresses occurring in the material
body. They represent the sum of internal stresses and
stresses induced by the external factors [4, 5]. The inter-
nal stresses are created during the technological produc-
tion processes, particularly at the last stage of firing, i.e.
cooling. Then significant mechanical stresses are formed:
in micro scale — on the boundaries of quartz grains and
glassy matrix; in semi-macro scale — resulting from tex-
tural anisotropy and stresses in the macro scale between
the internal and the external areas of the insulator rod,
induced by the temperature gradient during the cooling
process. Only the compressive stresses on the bound-
ary between the ceramic body and glaze are intentional
and increase the strength of the element. An insulator in

operation is subjected to considerable exploitation static
stresses, as well as additionally — especially dangerous —
dynamic loads coming from the cable vibrations. These
stresses, when added to the intrinsic ones, accelerate the
ageing processes. An additional factor contributing to the
propagation of microcracks are the temperature changes
in the body, attaining within day and night even as much
as 45°C. In the case of the insulators of the older gener-
ation, long lasting periods of severe frost had a particu-
larly destructive influence on the material [6]. They were
responsible for sudden increase of failures on domestic
power lines during the sharp winter of 1986/87.

The most important factor responsible for gradual
degradation of the parameters of electroceramic mate-
rial are the local stresses occurring at the grains, the
interfacial boundaries and the alien inclusions in the ce-
ramic body. The surface defects, which have essential
influence on the strength of the samples, after correctly
realized glazing are no longer important. Internal stress-
es in the micro-areas are located in the brittle medium.
The only way of their relaxation is the increase of the
already existing or occurrence of a new microcrack. Re-
laxation of stresses is thus connected with decrease of
the mechanical strength of the material. However, the
insulator in operation is under constant external load.
As a consequence, the growth of microcracks causes
gradual reduction of the cross-section area of the rod,
which actually keeps up operational stress. Thus in the
material under load there are present the internal stresses
inducing constant increase of microcracks. Development
of microcracks causes the degradation of the parameters
of the material with the progress of time. As it is known,
about 30 years long period of exploitation causes about
18% decrease of the mean mechanical strength of in-
sulating material. The mechanical strength dispersion of
the exploited insulators is, besides that, about 2.5 times
greater than in the case of the new ones [7]. Degrada-
tion of the mechanical and electric parameters is of great
importance, because as a consequence it decreases the
reliability of power supply.



Experience obtained during exploitation of insula-
tors made of aluminous porcelain of C 120 type has
revealed a relatively quick development of the ageing
processes. This refers to objects being in operation for
some decades of years on domestic lines and power sta-
tions [5, 6, 8]. Occurrence of ageing processes in electro-
porcelain structure has been also confirmed by foreign
publications [4, 7]. The factor which has essential in-
fluence on the degradation of the material of this type
with the progress of time is the high content of quartz,
exceeding 20%. This component, existing often in the
form of large grains, causes serious internal stresses in
the porcelain body. Quartz phase sometimes shows also
weak joint with precipitates of needle-shaped mullite.
An additional problem is the dispersion of the prop-
erties, resulting from unsatisfactory repeatability of the
parameters of technological processes. It was observed
still in the nineteen-eighties.

In the case of material of C 130 type there is not
enough experience obtained during a longer period of
exploitation of the products. Although production of this
porcelain in the domestic industry began in the year 1979
(material denoted E-15), it became widely applied on-
ly in the nineteen-nineties [9, 10]. Aluminous materials
belonging to the triple system K,0-Al,03-SiO, have in
general a similar composition of raw materials. In spite
of that, the porcelains of C 120 and C 130 types differ
from each other significantly in structure and the me-
chanical parameters. The results, obtained up to now,
seem to indicate a different character of the develop-
ment of cracks in the material C 130 in comparison with
typical aluminosilicate materials (including porcelain of
C 120 type). This is the result of effective reinforcement
of the structure with the corundum and mullite phases.
For these reasons, the results of investigation, carried out
for other aluminosilicate materials, including the C 120
material [11, 12], cannot be applied to porcelain of C 130
type.

The presented paper constitutes a contribution in
estimation the resistance of 130 type porcelain to the
aging degradation processes during long-lasting period
of exploitation. It should broaden the knowledge con-
cerning the operational durability of the now produced
electroinsulating elements. Especially that the applied
composition of samples material did not differ from the
porcelain of the currently produced insulators. On the
other hand, a deaerating extrusion press of the older
generation was used in the preparation of the samples.
It caused the occurrence of structural defects found in
some of the performed samples. As a consequence, the
examined specimens were divided into three groups: first
— without any significant defects, second — with defects
of smaller or medium intensity, and third — containing
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numerous defects in the structure of the samples. The
research was intended to determine the influence of the
presence and the intensity of the defects on the acous-
tic and mechanical parameters of the samples. Besides
measurements at room temperature, there were carried
out tests at the temperature 200°C. The investigations
were aimed to test the effect of elevated temperature on
the properties of the material. In operational conditions
the increase of temperature occurs as a result of strong
leakage currents.

2. Preparation of the samples for investigation

Specimens destined for acoustic measurements were
prepared according to the technology typical for the pro-
duction of ceramic parts of the insulators of overhead
power lines. The laboratory deaerating extrusion press
of an old type was used for plastic formation of raw
ceramic material. The firing process of specimens was
carried out in a large BICKLEY chamber furnace. The
simplified scheme of the technological process of the
samples fabrication can be presented as follows:

Preparation components of raw material — produc-
ing of plastic mass — formation — drying — firing (sin-
tering) — final treatment.

Higher mechanical strength and smaller susceptibil-
ity of aluminous materials to ageing processes in com-
parison to classic 110 type porcelain are due to the
substitute of quartz by alumina. Application of greater
amount of Al,O3, when connected with optimal propor-
tion of other components of the mass and the production
technology (especially firing process) results in the con-
tent of a greater amount of mullite in the material. This
important phase occurs mainly in the form of precipi-
tates containing needle-shaped crystals, less frequently
— finer, scaly crystals. They improve the mechanical and
electric parameters as well as the resistance of the ma-
terial to ageing processes. Moreover, alumina dissolved
in the glassy matrix effectively increases its mechani-
cal strength by forming a skeleton — armament of fine
needle-like crystals. Higher mechanical strength and the
longer “life time” of C 130 type material in comparison
to C 120 one is the consequence not only of the greater
amount of Al,O3 content. First of all, this is the result
of the application of a special kind of alumina — the
so called ceramic — as one of the components of raw
material. The grains of corundum (a-Al,03), present in
great number in the structure of the material of C 130
type, efficiently play the role of dispersive strengthening.
Corundum phase considerably increases the short- and
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long-term mechanical strength and significantly slows
down the ageing processes development. In the compo-
sition of the raw mass there was applied high content of
ceramic alumina, which was the source of the corundum
grains. Metallurgical alumina used in the mass of 120
type (about 20%), during the firing process undergoes
reaction and is transformed into mullite. Thus it does
not create the corundum crystals. The composition of the
mass applied in this work was typical for electrotechni-
cal aluminous materials of 130 type [1-3]. It comprised
approximately 18% of kaolin, 22% of refractory plastic
clays, 20% of feldspar fluxes and 35% of ceramic alu-
mina. The cullet constituted 5% of raw ceramic mass.

The specimens were prepared in the form of cylin-
ders with the diameter ¢ = 9.7 mm. For the ultrasonic
measurements a group of samples with the length equal
also to 9.7 mm, was cut out from the specimens. To en-
able precise ultrasonic measurements in the transverse
axis of the samples, the lateral surfaces were ground
off on both opposite sides. In this way two parallel
planes with the accuracy of 0.1 mm were obtained. The
form and dimensions of the samples were conditioned
by acousto-mechanical tests which were performed apart
from ultrasonic measurements.

3. Ultrasonic measurements

Propagation of ultrasonic waves belongs to the me-
chanical wave phenomena with frequencies greater than
the upper limit of audibility of the human ear (above 16
kHz). Conditions of the propagation of acoustic waves
are determined by the properties of the medium in which
they propagate. In the case of solid bodies they depend
on their elastic parameters and the structural configura-
tion. This offers the possibility of non-destructive exam-
ination the properties of the medium. This is of special
value in the case of objects in which the optical methods
cannot be used in the investigation. The ultrasonic wave
is defined as the phenomenon of transferring a vibrating
motion.

In general, it can be said that all ultrasonic methods
applied in the investigations of ceramic and metallic ma-
terials are based mainly on accurate measurements of the
time of transition of the ultrasonic impulse through the
examined sample or object. The examined parameters
may be the velocity of various types of ultrasonic waves
(longitudinal, transversal, superficial, flexural) and the
damping of waves. In a solid, continuous, homogeneous
medium there propagate independently two plane waves:
a longitudinal wave at the velocity c¢; and the transver-
sal wave ¢y = 0.5 + 0.6¢,. The longitudinal wave is a
particular case of dilatational, vortex-free wave, consist-

ing in local changes of the density of the medium. The
transversal wave corresponds to the shear wave, consist-
ing in the formation of vortices without the change of the
density of the medium. In the description as the starting
point there must be taken the basic equation for the wave
propagation in a medium in the following form:

P (k1 L) erad divie + uv? 1
pm_( +§,u)gra ivu + uV-u, (D
where p denotes the density of the medium, u — shift-
ing of the medium, Lamé’s constants: K — modulus of
volume elasticity, and pu — shear modulus. For isotropic
media, in which ultrasonic elastic wave is propagating,
two simple equations of propagation, for longitudinal and
transversal waves, can be obtained.

In the technological applications the elastic prop-
erties of materials are defined by Young’s longitudinal
modulus of elasticity £ and Poisson’s number v. When
considering elasticity within the range of particles, the
pair of the elasticity moduli are called the Lamé’s co-
efficients. Lamé’s coefficients are derived directly from
the wave equations.

From the relations for ultrasonic waves propagation
there may be derived the velocities of the longitudinal
and the transversal waves for isotropic media, to which
the metallic and ceramic materials belong. These de-
pendences are defined in Lamé’s coefficients and in the
technical constants:
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After transformation of the above dependences formulae
for Young’s elasticity modulus and for Poisson’s number
are expressed in the form [13, 14]:

and
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where p denotes the density of the material, ¢; — velocity
of the propagation of longitudinal waves, cr — velocity
of the propagation of transversal waves.

When measuring the velocity of the propagation of
ultrasonic waves it is assumed that the medium is per-
fectly elastic. Then the potential elastic energy passes



without loss into the kinetic energy of the vibrating mo-
tion of the medium particles. In reality, however, mainly
as a result of dispersion at the wave reflection from the
heterogeneities and internal friction, part of the energy
is lost. In the case of multi-phase materials the effects of
diffraction and dispersion on the material heterogeneities
such as microcracks, pores, phase boundaries are sig-
nificant. Special importance have the areas of internal
stresses [13, 14, 15]. As a result the intensity of the wave
decreases with the distance, which means that it is damp-
ing. Accordingly, the amplitude of the registered signals
diminishes and their sinusoidal form is disturbed. In the
present study, there were carried out measurements of
the attenuation coefficient @. Its value depends on the
parameters of the microstructure, the physical properties
of the medium and the frequency of the ultrasonic waves.
The attenuation coefficient @ (in dB/cm) was calculated
from the formula [15]:
8,686 A

- l log Al ’ (6)
where A; denotes the amplitude of the impulse after
first reflection, A, — the amplitude of the impulse after
second reflection, / — distance passed by the impulse.
The value of damping is usually treated as a positive
quantity. Since A, is smaller than A; — a change of the
sign is applied.

-

Fig. 1. The block diagram of the set-up: 1,2 — transducers, 3 — materi-
al sample, 4 — digital oscilloscope, 5 — transmitting-receiving module,
A — key signal preliminary amplifier, B — voltage amplifier, C — con-
trolling and synchronizing system (timer), D — power amplifier, E —
key impulse generator

The ultrasonic measurements were carried out by
means of a specially constructed set-up for the inves-
tigation of ceramic elements, including those of large
dimensions (long rod-insulators). This measuring set-up,
constructed at the Institute of Fundamental Technolog-
ical Research of Polish Academy of Sciences (IFTR
PAS), comprises a transmitting — receiving module, digi-
tal oscilloscope Tetronix TDS 210, mechanical system of
co-axial holding down of ultrasonic heads to the sample
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and a set of ultrasonic transducers for longitudinal and
transversal waves. The scheme of measuring system is
presented in figure 1 and general view — in figure 2.

The technique of investigation is described in de-
tail in [16]. For better distinguishing of the damping
coeflicients of the material samples with various degree
of defectiveness, heads for longitudinal waves of higher
frequency equal to 10 MHz were used. The frequency
of standard transducers is in the range 4+6 MHz. In the
case of transversal waves the applied heads had the stan-
dard frequency equal to 2 MHz. For the reason of small
samples dimensions, as reliable can be recognized only
results of velocities measurements of not loaded samples
and specimens with low degree of defectiveness.

Fig. 2. View of a set-up for ultrasonic measurements of ceramic sam-
ples. The acoustic testing of a large corundum specimen is shown as
an example

On the basis of the measurements of ¢; and ¢y ve-
locities, general homogeneity of the material could be
estimated as satisfactory. The velocities of the longitu-
dinal ¢; and the transversal ¢y waves, measured along
the lengthwise axis of specimens, were in the range
7030+7060 and 4160+4180 m/s, respectively. The val-
ues of Young’s modulus E, calculated on the basis of
equation (4), were equal to 117-118 GPa (density of
the material p = 2.75 g/cm?®). In the crosswise direc-
tion of samples the dispersion of the registered acoustic
wave velocities was considerably higher, ¢; within the
range 6670+6770 m/s and ¢y in the interval 39304000
m/s, respectively. The values of Young’s elasticity mod-
ulus determined from these data were in the interval
104.5+108.5 GPa. The uncertainty of measurements for
¢y and ¢y was +20 m/s, whereas for the calculated val-
ues of Young’s modulus was about +1.5 GPa. Carry-
ing out of these measurements was difficult because of
small dimensions of the samples. The obtained values
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are evidently better than the parameters registered for
material C 130 of power system insulators. This is the
consequence of simpler production technology of small
specimens (parameters of formation, drying and firing).
The material of smaller samples as a rule demonstrates
greater density, lower porosity and smaller defects con-
tent in comparison to the material of HV insulators (scale
effect).

The values of the damping coeflicient @, measured
for all samples in the lengthwise direction, showed rel-
atively high values and significant dispersion — about
1.0+1.9 dB/cm. Damping in the crosswise direction of
the specimens was as a rule even higher — from 1.7
to over 3.5 dB/cm. Elevated values of the damping co-
efficient indicate the presence of non-homogeneities or
regions with internal stresses in the structure of the
majority of samples. They can be easier registered in
the crosswise direction. The effect of clearly marked
one-directional anisotropy is typical for ceramic ele-
ments formed using the plastic method and deaerated
in extrusion press.

It has been found that the defectiveness of the porce-
lain structure, even in a degree considerably affecting the
cohesion of the material, causes only a relatively small
reduction of the velocity of ultrasonic waves. This is due
to the presence of densely distributed corundum grains
in the porcelain structure and to the numerous fine, nee-
dle shaped mullite crystals dispersed in glassy matrix.
These two phases facilitate the propagation of ultrasonic
waves even in the case of strong degradation of the ma-
terial structure. The effect of this was only a moderate
increase of the damping coefficient measured even for
samples with high degree of defectiveness. It should be
emphasized that the factor which seriously troubled the
measurements and had a substantial influence on the ob-
tained results, especially of a coefficient, was the small
dimensions of samples. Hence the values of the ampli-
tude damping coefficient should be considered only as
approximate.

Samples belonging to the first group (without struc-
tural defects), after loaded up to 880 MPa, show the
values of velocities of wave propagation ¢, and cr on
almost unaffected level. However, the values and the dis-
persion of the damping coefficient were increased. In the
longitudinal axis the @ parameter ranged 2.5+3 dB/cm,
whereas in the crosswise direction it was equal to about
3 dB/cm. A greater increase of damping was registered
for a sample from the first group, loaded up to 1144
MPa. Value of damping coefficient in the longitudinal
axis was increased to about 4 dB/cm, and in the cross-
wise direction — to about 5 dB/cm.

In the case of a specimen from the second group
(smaller or medium structural faults), loaded up to 758

MPa, a clearly marked increase of a coefficient, to the
range of about 4.5+6.5 dB/cm, was observed. Besides
increase of its value, there should be noticed the great
dispersion of this parameter. Moreover, a stronger damp-
ing (about 6 dB/cm) was recorded in the crosswise di-
rection of the specimen. In the case of a sample from the
second group, subjected to stress of 250 MPa — after the
preliminary stage of structure degradation, a relatively
small increase of a coeflicient was observed. In the lon-
gitudinal axis it was higher than 3.7 dB/cm and in the
crosswise direction it amounted to about 4 dB/cm. Sim-
ilar effects were registered for a sample from the second
group, loaded up to the value of 824 MPa at tempera-
ture 200°C. The occurrence of defects in the structure
of the sample, mainly large pores, was also reflected in
the shape of the registered signals.

Ultrasonic investigations of a sample from the third
group (containing numerous defects in structure), load-
ed to the critical stress range — 747 MPa, confirmed
the presence of serious structural faults. In the longitu-
dinal direction of the specimen the measured value of
the damping coeflicient increased to 6+7 dB/cm. Car-
rying out of a reliable measurement in the crosswise
direction of the sample was not possible. This was the
consequence of strong deformation and the absence of
repeatability of the obtained ultrasonic signals.

Measurements carried out for porcelain of 120 type
and other aluminosilicate materials showed even higher
increase of damping coefficient of defected material [11,
12]. A distinct decrease — about 200 m/s — was found
also for the velocity value of longitudinal wave propa-
gation c¢;. Drop of ¢y value was a bit smaller. However,
these investigations were carried out using the standard
heads, of the frequency equal to 4.7 MHz, in case of the
longitudinal waves.

It should be said that the mechanism of ultrasonic
wave propagation in porcelain of 130 type differs from
that in the case of typical aluminosilicate materials. The
mechanism of the growth of defects during increasing
compressive load is also different. This is the conse-
quence of the effective reinforcement of the material
structure by corundum and mullite phases.

4. Mechanical-acoustic investigations

The method of acoustic emission is a valuable tool
when used for monitoring internal structural changes
in ceramic materials. This technique allows to ob-
tain numerous data concerning the dynamic process-
es occurring during change of mechanical, thermal or
thermo-mechanical stresses [17, 18]. This is the more
essential that AE signals appear already at the thresh-



old stresses when the generation of microcracks in the
material cannot be in practice detected by other methods.

Investigation of ceramic aluminosilicate and of
corundum materials allowed to state that the number of
AE events is a good measure of the intensity of cracking
which constitutes the microscopic process of the destruc-
tion of a sample [18, 19]. The correlation between the
velocity of a fissure growth and the rate of AE events
is particularly useful. Recording of this AE descriptor
allows to monitor the destruction process of the material
under mechanical load. The events rate and the energy of
AE signals, however, are not in general a linear function
of changes of the mechanical or thermal stresses. The
velocity of these changes is an additional factor influ-
encing the acoustic activity, which is difficult to define
quantitatively. The measurement of the AE events rate
as a descriptor, at a slow increase of mechanical load
(of the order of 107> mm/min) allows, however, to make
the AE investigations almost independent of the influ-
ence of other factors on the degradation process of the
material. This has been confirmed by the authors during
the investigation of porcelain and cordierite materials
[11, 20, 21].

Mechanical-acoustic tests were carried out using
specially constructed two-channel measuring system —
figure 3. The mechanical channel contained testing ma-
chine INSTRON 6025 with computer control. The steel
base on which the sample was placed functioned simul-
taneously as an acoustic waveguide. In the investiga-
tion the velocity of the traverse of the machine equal
to 0.02 mm/min was applied. Simultaneously with the
measurement of the load acting on the sample, in the sec-
ond channel AE descriptors were recorded. The acoustic
measurement path contained a broad band transducer
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WD PAC type (passband 80+1000 kHz), preamplifier,
AE analyser constructed at the Institute of Metallurgy
and Materials Science of the Polish Academy of Sci-
ences and a computer. Six seconds time interval of sum-
ming up the signals, total amplification equal to 88 dB
and the threshold voltage of the AE analyser (discrimi-
nation level) 1.19 V were applied. The rate of counts, the
events rate and the energy of AE signals were recorded.
As it has been mentioned above, the most valuable infor-
mation for the evaluation of the examined processes of
material degradation is offered by AE events rate. Hence
the registered courses of AE activity were analysed by
means of this descriptor.

Mechanical-acoustic measurements confirmed sepa-
ration of the examined samples into three groups. The
degree of defectiveness of the structure of a porcelain
material has a significant influence on the acoustic char-
acteristics of a specimen subjected to increasing mechan-
ical load. Recognition of the stages of material structure
degradation was possible on the basis of comparative in-
vestigation using microscopic and ultrasonic techniques.

Four samples, denoted as the first group, during
the whole process of compression at room temperature,
showed low AE activity. These specimens did not con-
tain any technological defects of structure. For these
samples the occurrence of the stage of continuous AE
activity was not observed. Only single signals at differ-
ent stress values unique for each sample were recorded.
These signals had as rule small amplitude. Strong AE
effects appeared only in the short interval, directly pre-
ceding the destruction of the specimen. This interval was
called the critical one. The destructive stresses for two
samples from the first group, which were loaded till com-
plete destruction, were 1225 and 1251 MPa. Samples,

Fig. 3. Scheme of a double-channel measuring system for mechanical-acoustic investigation of the ceramic samples: 1 — specimen,
2 — traverse of the testing machine, 3 — steel base, 4 — testing machine, 5 — computer controlling INSTRON machine, 6 — AE transducer,

7 — preamplifier, 8 — AE analyser, 9 — computer recording AE descriptors
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belonging to this group, loaded at the temperature
200°C, showed most often a similar acoustic character-
istics and their mechanical strength were equal to 990,
1120 and 1353 MPa. In the case of these specimens,
however, the occurrence of AE signals of different in-
tensity and responding to diverse levels of stress was
observed. Figure 4 shows the typical course of the rate
of AE events as a function of compressive stress for a
sample from the first group, loaded at room temperature.
Figure 5 shows the dependence of AE RMS rate (root
mean square) versus stress for a sample loaded at the
temperature 200°C. Its destructive stress value was the
highest from among all the examined specimens — 1353
MPa. In the case of this sample worth to note was low
acoustic activity in a wide range of stresses and a critical
AE stage of high energy and short duration.
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Fig. 4. Course of the rate of AE events as a function of compressive
stress for a sample from the first group, which became destroyed at the
stress 1225 MPa. Investigation was carried out at room temperature

From among 6 specimens of the second group, 5
samples were examined at room temperature and one at
the temperature 200°C. These samples contained techno-
logical defects which resulted in decrease of mechanical
strength of the material. In the case of these samples a
noticeable initial stage of acoustic activity was observed
which occurred within the range from about 20 up to
over 230 MPa. The continuous AE effect of the initial
stage for some samples of second group disappeared al-
ready at the stress of about 100 MPa. The amplitude
of AE signals for particular samples was differentiated.
Generally, it can be stated that the amplitude of signals
was on a level typical for other aluminosilicate materi-
als as porcelain C 120 type and cordierite [11, 20, 21].
After the preliminary stage of AE activity there were
registered only single signals, mainly of low amplitude.
Only at stresses exceeding 600 MPa some of the sam-
ples generated the signals of stronger amplitude. A high
level of AE activity was registered at stresses preceding
from a few to some tens of megapascals the failure of
the sample. This relatively short stage of acoustic ac-

tivity, defined as a critical one, was characterized by
less differentiated and a considerably higher intensity in
comparison to the preliminary stage.
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Fig. 5. Course of the rate of RMS AE events as a function of in-
creasing compressive stress for a sample from the first group tested
at the temperature 200°C. The destructive stress was equal to 1353
MPa
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Fig. 6. Course of AE events rate as a function of compressive stress
for a sample from the second group, which was destroyed at 881
MPa. Investigation was carried out at room temperature

The strength of three destructed samples of the sec-
ond group, measured at room temperature, was 713, 881
and 918 MPa. The increase of the stress for one sample
examined at the temperature 200°C was stopped at the
value equal to 824 MPa. It was probably close before the
sample failure. Figure 6 presents the typical course of
the rate of AE events, as a function of the compressive
load, for a sample from the second group (0. = 881
MPa), examined at room temperature. Figure 7 shows
RMS AE rate for a sample loaded at the temperature
200°C, up to the stress value equal to 824 MPa. In the
case of this specimen the numerous signals appearing
in a wide range of stresses were registered. The acous-
tic characteristic of the sample was similar to that of a
specimen from the first group, loaded at the temperature
200°C — Figure 5. This is evidence of easier cracking
and separation of quartz grains from the matrix at higher



temperature. The parameters of the matrix, determining
the mechanical strength of the whole sample, however,
did not show any change. The corundum grains and the
precipitates of mullite remained well coupled with the
matrix, which demonstrated high resistance to cracking
process. Thus, increased temperature had no essential
effect on the final mechanical strength of the samples.
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Fig. 7. Course of the rate of RMS AE as a function of increasing
stress for a sample from the second group, loaded at the temperature
200°C. The increase of stress was stopped at the value of 8§24 MPa
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Fig. 8. Course of AE events rate for a sample from the third group
which was destroyed at the stress 604 MPa. The continuous acoustic
activity and the high level of AE effect can be observed

The samples, denoted as the third group, were char-
acterized by relatively high AE activity in a wide range
of stresses. In the case of these samples there were ob-
served three stages: the initial stage occurring up to about
200 MPa, the interval, defined as subcritical — differing
in the range and AE intensity of the particular samples,
and the final — critical stage, directly preceding the de-
struction of the specimens. The strength of the samples
compressed up to failure was 604 and 647 MPa. Figure
8 shows the course of acoustic activity for a specimen
which was destructed at lower stress. Serious structural
defects were responsible for a substantial reduction of
mechanical strength of the samples — about 50%. Al-
though the defects were serious in the scale of the rela-
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tively small dimensions of the specimens, their strength
was anyway high, exceeding the values obtained for sam-
ples of porcelain C 120 type [11, 20] and cordierite
material [21].

Samples from each of the three groups were re-
mained for ultrasonic and structural investigation. Two
samples from the first group, compressed up to 880 and
1144 MPa were taken for further ultrasonic and micro-
scopic investigation. In the case of specimens qualified
to the second group — one sample was loaded up to
758 MPa — to the occurrence of a strong AE activi-
ty which was the beginning of the critical stage. The
loading of the second one was stopped at 250 MPa —
after the preliminary stage of acoustic activity. Also a
sample examined at the temperature 200°C, for which
the compressing was stopped at the value 824 MPa, was
taken for ultrasonic and microscopic examination. From
samples of the third group, for further investigation there
was selected a specimen loaded up to stress equal to 747
MPa. This sample showed a strongly marked preliminary
stage and the sub-critical one. The stress was stopped al-
ready during the critical stage, close before reaching the
destructive value.

5. Microscopic investigation

Carrying out microscopic investigation of the sam-
ples of the material required careful preparation of the
areas of observation. Analysis of the structure required
the use of a special procedure of preparing the polished
sections. The specimens subjected to high compression
stresses had to be especially carefully cut and polished.
Due to the use of a special saw with finer graining of
disc the standard grinding of the examined surfaces was
not necessary. After cutting preparation procedure con-
tained slight etching in H,F, solution, rinsing, drying,
polishing using colloidal silica in presence of NaClO as
well as subsequent rinsing and drying.

The optical microscope (OM), coupled with the
computer image analyzer CLEMEX, was used. The ap-
plied power of the objective ranged from X 10 to x 20,
which corresponds to the resolution ranging from 0.3 to
0.1 pm.

Phase analysis of samples enabled to qualify the ma-
terial as a typical aluminous porcelain of high strength
C 130 type [1-3]. The investigated structure was very
similar to that observed in electro-technical engineering
products, e.g. insulators of overhead power lines. The
dominating crystal phase was fine-grained corundum,
in amounts of about 19%. It occurred in the form of
elongated grains, of a few micrometers in size. Quartz
grains with the diameter of 15+6 um occupied about
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8% of the surface of the polished sections. The actual
content of this phase, however, was slightly higher, be-
cause some part of quartz grains, was crushed out dur-
ing the course of preparing the polished sections. The
grey background constituted the glassy-mullite matrix of
the content more than 65%. Fine-crystalline mullite was
hardly distinguished from the matrix. The glassy matrix
contained a lattice of fine needle-like crystals of mul-
lite. They formed its “armament” — substantial fibrous
structural strengthening of matrix. Greater, needle-like
crystals of mullite formed big precipitates, usually of
regular shape. Their size was of the order of 50100
um and they represented about 25% of the material. The
spatial distribution of mullite precipitates was often in-
homogeneous. The porosity of the samples varied in the
range from 0.9 to 2.2%. Thus, it was lower than in the
case of typical material of 130 type. The size of pores
did not exceed 10 m, most often their size was in the
range 2+5 wm. They had a regular, rounded shape. In
the samples of the second, and especially of the third
group, the presence of large pores (above 20 um) and
usually of non-uniform distribution, was observed. They
occurred most often inside and in the peripherals of big,
macroscopic bands having characteristic dark colour —
Figure 9. The dark bands contained first of all the precip-
itates of mullite. The presence of the bands, together with
non-uniform distribution of the phases inside them, is re-
garded as a textural defect. In the neighbourhood of the
bands there were also observed characteristic fissures. It
should be emphasized that the revealed defects were of
big dimensions, especially in comparison to small size
of the samples.

Mo B e
Fig. 9. Image of the structure of the material of a sample from the
third group magnified 50x. The textural defect is clearly visible as a

dark band

Grains which fell out during surface preparation rep-
resented a few percent of the polished sections. This

effect appeared especially in samples which were sub-
jected to compressive stresses. Presence of textural in-
homogeneities was the consequence of incorrect opera-
tion of the deaerating extrusion press. The differences in
the occurrence and the intensity of the structural defects
in the samples resulted in diverse mechanical-acoustic
characteristics and the mechanical strength of specimens
belonging to different groups.

Investigation of sample from the first group, loaded
up to the value of 1144 MPa, revealed the presence of
more substantial cracks only in its central part. Length of
cracks was about 250 um and they occasionally branched
out. However, they were rather few and they could not
be regarded as critical defects. There was also observed
the presence of peripheral cracks around quartz grains
as well as inside and around of some precipitates of
mullite — figure 10. High, exceeding 1200 MPa, strength
of specimens of the first group was consequence of their
homogeneous structure. The content of big pores was
not higher than 0.3%, there were no textural defects or
fissures. For samples of first group distribution of crys-
tal phases and pores in the glass-mullite matrix could be
recognized as correct. AE activity, registered in a wide
range of stresses for samples from the first group, exam-
ined at the temperature 200°C, was not enough strong
— figure 5. It was mostly connected with propagation of
peripheral and inner cracks of the quartz grains.

Fig. 10. Structural image of the peripheral part of a sample from the
first group, loaded up to 1144 MPa, magnified 500x. Cracks of a big
precipitate of mullite are visible

The effects of structure degradation observed in a
sample from the first group, loaded up to 880 MPa, and
in a specimen from the second group, loaded up to 758
MPa, were similar. In the peripheral areas of the sam-
ples were observed only cracks around the quartz grains
and — considerably less often — around the precipitates of
mullite. Bigger quartz grains contained also inner cracks.



In the central part of the specimens stresses were cumu-
lated. They induced more serious effects of degradation
in the form of longer, occasionally branching out cracks.
They were growing up through all phases of the ceramic
material. The cracks were observed also inside some of
mullite precipitates.

In the material of a sample from the second group,
loaded up to 758 MPa, the content of big pores was
greater than 0.5% and their distribution was not uniform.
The same concerned also the precipitates of mullite and
quartz grains. A small number of elongated fissures were
also present. These defects were the basic source of in-
tensive generation and growth of microcracks during the
preliminary stage of AE. Nevertheless, strong structural
reinforcement hampered their further growth. At suffi-
ciently high stresses (of about 700+-900 MPa) rapid in-
crease of the arrested cracks took place. It resulted in
AE activity of the critical stage. Figure 11 shows the
structure of the central part of the described sample from
the second group. Big precipitates of mullite and long
cracks are well visible.

Fig. 11. Image of the structure of the central part of a sample from
the second group, loaded up to the beginning of the critical stage of
AE (758 MPa), magnified 100x

It should be marked that the structural defects of
samples from the second group, considerably favoured
the formation and growth of cracks. Their threshold en-
ergy was not high and the effects of the propagation of
these cracks corresponded to the preliminary stage of
acoustic activity of the samples. Such cracks were ob-
served in specimen from the second group after loading
up to 250 MPa. Separation of part of the quartz grains
from the matrix and inner cracks in some, especially
bigger grains, was observed there. In the case of mullite
precipitates, the peripheral cracks were definitely less
frequent.
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In the case of the sample from the second group,
loaded up to 824 MPa at the temperature 200°C, the
presence of only few microcracks in the neighbourhood
of structural inhomogeneities was observed. The periph-
eral and inner cracks in the precipitates of mullite were
rarely observed and only in the central part of the spec-
imen. Numerous AE signals, registered in a wide range
of stresses, corresponded to degradation of the quartz
phase. It was found that a definite majority of quartz
grains, independently of their size, underwent crushing
out during preparation of the polished sections. Dark ar-
eas of various size and shape represented about 12+15%
of the examined surfaces. At the most 2.5% of this
amount constituted the pores. Under the influence of ex-
ternal stress, at elevated temperature, the quartz phase
was almost completely damaged. The grains became
separated out from the matrix and cracked inside. The
occurrence of bigger cracks of subcritical size, which
propagate through all the phases of the porcelain, was
then not observed. The structure of the material of this
sample is shown in figure 12.

Fig. 12. Image of the structure of the material of a sample from
the second group, loaded up to 824 MPa at the temperature 200°C,
magnified 500x

Microscopic investigation carried out for many frag-
ments of the samples from the third group revealed the
presence of serious structural defects. They were the
more essential that the length of the observed dark bands
reached up to 1000 pum — figure 9, in the scale of the
sample size with the height and diameter of about 1
cm. Besides defects of textural nature (elongated, dark
bands) the effects of agglomeration, fissures and big
pores were observed. They were present most often at
the boundaries of dark bands and were the source of
significant internal stresses. The concentration of these
defects was considerably higher than in the case of sam-
ples from the second group and their distribution was
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more non-homogeneous. The mean content of big pores
with a diameter of some tens of micrometers was just
about 1.5%. The non-homogeneous distribution of big
pores as well as quartz grains and the precipitates of
mullite should be emphasized. Especially in the macro-
scopic areas of dark bands and in their neighbourhood
the concentration of big — of about 50 pm — precipitates
of mullite was found. Some of them were even longer
than 100 wm. They contained sometimes big pores in-
side (figures 9 and 11). On the other hand, corundum
phase was homogeneously distributed, in the form of
fine, elongated grains.

Investigation of a sample from the third group, load-
ed up to 747 MPa, revealed a considerable number of
cracks, especially inside and at the boundary of the dark
bands — figure 13. The generation and the development
of cracks occurred particularly in the areas of defect-
ed structure, characterizing strong internal stresses. The
cracks often initiated from the fissures and big pores.
Numerous cracks grew up already at moderate external
loading. The threshold energy of this process was low.
Hence, they were the source of acoustic signals in wide
range of stresses, starting from the preliminary stage of
AE activity — figure 8. Higher external loading generated
number of large cracks, especially in the central part of
the sample, where the stresses became cumulated. These
cracks, visible in figure 14, had already a subcritical
character and they propagated through all the phases of
the porcelain material.

Fig. 13. Structural image of the material of a specimen from the third
group, loaded up to the value 747 MPa, magnified 100x. Macroscopic
areas of a dark band with long cracks and places after crushed out

grains

Considerably reduced strength — even by 50% -
and high acoustic activity of samples of the third group
were the result of improper homogenization of the raw
ceramic body. Investigation revealed that the decrease

of mechanical strength is result of textural defects —
the macroscopic, dark bands and accompanying them
big pores and fissures. Non-homogeneous distribution of
quartz grains and the precipitates of mullite have a def-
initely smaller influence on the mechanical parameters
of the samples. On the other side corundum phase rep-
resented very effective, dispersive strengthening of the
porcelain material, being gathering of densely distribut-
ed energy thresholds for the elongating microcracks. Im-
portant is also high strength of the glassy matrix, result-
ing from a fibrous reinforcement with a network of fine
needle-shape crystals of mullite. Their role in the matrix
can be compared with function of reinforcement bars in
concrete. As a result, even the samples of the third group,
containing macroscopic structural defects, showed rela-
tively high, exceeding 600 MPa, compression strength.

Fig. 14. Structural image of the material of the central part of a
specimen from the third group, loaded up to the value 747 MPa,
magnified 100x

The mechanical parameters of the examined sam-
ples did not decrease at the temperature 200°C. It seems
that elevated temperature facilitates the processes of the
separation of quartz grains from the matrix and favours
their cracking inside. It has not any evident influence on
the glassy-mullite matrix and on its bonding with the
corundum crystals. Thus, elevated temperature does not
affect structural elements determining the strength of the
ceramic material. This confirms the effectiveness of the
dispersive and fibrous mechanism of strengthening of
aluminous porcelain C 130 type structure, also at higher
temperature.

6. Summarizing remarks

The object of complex mechanical-acoustic, micro-
scopic and ultrasonic investigations were samples made



of aluminous porcelain C 130 type. At present it is one of
the most important materials used in electrical engineer-
ing. It is widely applied for the production of elements
with required high durability and operational reliability
— first of all power lines insulators and hollow insulators.
The relatively short period of exploitation of products,
made of the material C 130 type, has not yet allowed
obtaining sufficient information about the processes of
aging degradation in the porcelain of this type. The used
method and results of investigation has an innovative
character. They demonstrate significant analogy between
the structural effects during long period of exploitation
and compressive stresses acting on the material in a lab-
oratory test of relatively short duration, carried out on
small specimens.

Part of the samples had contained technological de-
fects, mainly of textural character and of various degree
of intensity. This allowed examining the influence of
the defects on the process of structural degradation of
the material under increasing compressive stress. It was
found that the presence of areas of high internal stresses
favours the generation and propagation of cracks, which
causes the decrease of the strength of the samples by
some tens of percent. This refers to areas with disturbed
texture as well as containing fissures and densely dis-
tributed large pores. The non-homogeneities of the dis-
tribution of mullite precipitates and particularly of quartz
grains, which relatively easily undergo separation from
the matrix and internal cracking, are definitely less im-
portant. The mechanical strength of the material is de-
termined primarily by the properties of the glassy ma-
trix, containing a lattice of fine, needle-shaped crystals
of mullite and densely distributed fine grains of corun-
dum. Obtained results prove that all the stages of the
complex production technology of the material 130 type
have influence on its operational parameters. Particularly
important stages are: suitable selection of raw materials,
properly performed firing process, correct plasticization
as well as homogenization of raw ceramic body, espe-
cially during deaeration in extrusion press.

The effectiveness of dispersive and fibrous reinforce-
ment of the structure of aluminous porcelain C 130 type
was confirmed. It should be emphasized, that even sam-
ples containing significantly defected structure as well
as macroscopic faults, demonstrated high compressive
strength, exceeding 600 MPa. However, this means de-
crease of strength of about 50%, in comparison to speci-
mens without defects. The mechanical parameters of the
samples were not reduced at the temperature of 200°C
either. Results point at facilitated process of separation
of the quartz grains from the matrix and their crack-
ing inside at elevated temperature. Larger precipitates of
mullite easier undergo degradation either. All this, how-
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ever, has no evident influence on the factors determining
the strength of the material — the glassy-mullite matrix
and its joining with the corundum grains. It means that
even a considerable current leakage, which increases the
temperature of the material, should not have any greater
influence on the “life time” of an insulator.

Application of the mechanical-acoustic method en-
abled an evaluation of the homogeneity of the specimen
material, even without additional microscopic study. Us-
ing the ultrasonic technique was hindered because of
the presence of densely distributed corundum grains,
forming “channels” characterized by high velocity of
the wave propagation. The glassy matrix, containing the
numerous fine, needle shaped mullite crystals, also con-
stitutes a medium of relatively high velocity and low
damping of ultrasonic waves. As a result, even a high de-
gree of the structure defectiveness has a relatively slight
influence on the worsening of the acoustic parameters
of the material. The process of degradation of the ma-
terial structure is visibly reflected only in the increase
of damping. The decrease of the velocity of ultrasonic
waves propagation is small and it does not properly re-
flects the deterioration of the parameters of aluminous
material.

Samples of C 130 material, containing minimal
amount of internal defects and characterized by high
mechanical strength, correspond to a model of ideal brit-
tle body. The growth of microcracks, facilitated due to
the presence of inhomogeneities, is responsible for the
occurrence of pseudoplasticity effect. This phenomenon
was found in the samples of the second group and it was
distinct in the specimens of the third group. Increased
temperature facilitates internal cracking and the separa-
tion of the quartz grains from the matrix. Degradation of
the mullite precipitates is also facilitated but to a smaller
extend. These processes result in intensification of pseu-
doplasticity effect.
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