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Abstract. The paper presents the results of high-temperature modification of stoneware
clays from Eeknica with fly-ash from the Turé6w power plant and phonolite from Opolno Zdroj.
The technique of the design of expesriments was adopted. It was assumed that the mathematical
characteristic of the object of studies can be approximated by a non-linear regression function
of the second order. This function was calculated by the method of regression analysis, using an
ODRA 1304 computer. The relationships were determined between the selected physico-mechanical
properties of burnt clays and the content of mullite, quartz, cristobalite and glass, and the batch
constituents and firing tempzrature. The resulting regression equations were interpreted graphically.
It appears that the rise in burning tempszrature is attended by an increase in mullite and glass
content and a deterioration in compressive strength due to the stresses generated at the
crystalline phase — glass boundary. It is the increase in mullite content rather than the
higher glass content that lowers the strength of ware. High glass content and high apparent density
increase the strength of ware. Optimum batch composition and firing temperature were determined
in order to obtain the ware with a compact texture. Bodies with best technological properties,
meeting the specifications for high-quality acid-proof stoneware, were obtained from mixes consi-
sting of clay modified with phonolite (20—40%) or fly-ash (30%) and phonolite (40%).

INTRODUCTION

The physico-chemical properties of clays depend on the kind and amount of the
constituent clay minerals and non-clay components (quartz, carbonates, iron mi-
nerals, sometimes feldspars). It is the latter minerals that determine the utility of
clays for the manufacture of ceramic ware of various kinds.

Clay minerals, especially smectites, impart plasticity and strength to clays in the
dry state and after burning. They are also responsible for drying and burning shrin-
kage which will cause the deformation and cracking of ware if a certain limit is
exceeded. This property of clays, however, can be controlled by an addition of sand.
To increase the plasticity of clays, surface active substances (polyelectrolytes), urea,
polyphosphates and other components are added.

In the manufacture of ceramic ware it is imperative that clays should have a re-
quired phase composition and texture after firing at a specified temperature. The
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content of mullite, cristobalite, quartz and other crystalline c_opstituents, as well
as that of glass phase, is of prime importance. The phase composition and the texture
of clays in the burnt state determine the properties of ceramic ware, such as apparent
density, water absorption and compressive strength. i

The present authors made an attempt to modify the phase composition, and
therefore the properties, of clays in the burnt state by an addition of substances
that are active at high temperatures and enter into reactlons.w1th the mineral com-
ponents of clays. In the unburnt state they have a tempering effect, the same as
quartz, diminishing the plasticity and shrinkage qf clays. Ely-ash from the Turovx
power plant in Turoszéw and powdered trachytic phonolite from Opolno Zdrdj
were used as modifying agents.

Fly-ash from Turoszéw consists mainly of mullite and g!ass phase. Its phase
and chemical compositions are close to those of burnt kaolinite clays. Fly-ash 'has
been used to-date as a component of stoneware mixes and engineering bricks
and has been found to promote the crystallization of mullite in these materials
(Paciak 1977, Ropska 1980, Tokarski 1969). It has, however, a very high melting
point, and its introduction in greater amounts as a batch component increases
markedly the water absorption (wt.%) and decreases the compressive strength of
ware (Antonowicz 1973). Fly-ash is a fine-grained substance in which grains < 60 pm
prevail.

Phonolite from Opolno Zdréj is a rock with low melting point (1370—1400°C).
Its melt has low viscosity due to the high sodium content. Owing to this property,
it is used as a batch component for the manufacture of stoneware because it decreases
water absorption (Lewowicki 1978 a). The stoneware acquires optimum properties
when phonolite is added together with fly-ash because then its strength increases
(Lewowicki 1978 b, 1979 a, b).

The aim of this paper was to investigate the effect of fly-ash and phonolite on
the properties of burnt clays and to find regularities controlling the changes
in their phase composition.

EXPERIMENTAL

Materials

Investigations were carried out on grey plastic clay of a refractoriness of 165 sP
from the “Irena’ mine at Leknica. The amount of < 20 pm fractions in the grain-size
composition of the sample totalled 70%, 26%; falling to the < 0.5 um fraction. The
chemical analysis of the untreated sample and the separated < 0.5 pm fraction is
presented in Table 1. As is evident from the analysis, the principal component of
the clay is clay minerals of the kaolinite series, with illite appearing as a subordinate
constituent. The intensities of basal kaolinite and illite lines in X-ray diffraction
patterns (Fig. 1).conﬁrm the predominance of kaolinite. Lines noted in the low-
-angle range testify to the presence of trace amounts of smectite and mixed-layer
minerals. Non—clay minerals are represented by quartz and small amounts of feld-
spars, calcite and dolomite. The diffraction pattern of a sample heated at 600°C
also points to the presence of trace chlorite.

The above quantitative ratios of clay minerals, both in the untreated sample
and in its finest fraction, have been confirmed by thermal analysis (Fig. 2). The DTA

curve with its two peaks, endothermic at 560°C and exothermic at 930°C, points to
the dominant content of kaolinite in the clay.
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Table 1
The chemical composition of clay (Irena mine at Eeknica), fly-ash (Turéw power plant) and
trachytie phonolite (Opolno Zdr6j)

Chemical e Fly-ash Phonolite
corr‘:zos:/tlon e teeated <05 pum (Turéw power (OpO]l.IO
iy sample fraction plant) Zdr6j)
loss of ignition 10.18 13.80 4.55 2.71
Si0, 53.70 45.00 50.93 60.45
Al,O3 29.10 34.90 33.85 20.29
TiO, 282 2.34 0.75 0.10
Fe,03 2.05 2.59 4.23 3.76
CaO 0.12 0.12 1.51 0.55
MgO 0.39 0.28 1.24 0.27
K,O 1.71 0.69 2.10 5.90
Na,O 0.10 0,07 0.85 6.30

Analyses were made at the Institute of Refractories, Gliwice.

The phase composition of clays was modified with fly-ash from the Turéw
power plant and trachytic phonolite from Opolno Zdréj. Their chemical constitution
is given in Table 1. All the chemical analyses were made at the Institute of Refra-
ctories in Gliwice.

It is generally known that fly-ash consists of spheroidal aggregates (micro-
spheres) made up of mullitized glass, irregular fragments of burnt clay, grains
of incompletely burnt coal, quartz and iron oxides.

Phonolite samples were collected from an abandoned quarry in Opolno Zdrdj.
Two varieties of this rock, differing in their macroscopic features, were distinguished :
dark-grey compact rock with light feldspar phenocrysts, and weathered, friable
variety of a light-grey colour with weathered cream-yellow feldspar phenocrysts.
According to Koztowski and Skiba-Wyderko (1966), the body of rock is made up

30° 250 200 5o 10° L
Fig. 1. X-ray diffraction patterns of clay from feknica
a — — sedimented sample, b — — — — glycerated sample, ¢ — . . . . sample heated at 600°C; K — kaolinite, I — illite,
S — smectite, MP — mixed-layer minerals, Ch — chlorite, Q — quartz, Kal — calcite, D — dolomite
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Fig. 2. DTA and TG curves for clay
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of feldspars, primarily sanidine, occurring both as phenocrysts and in the fine-
-grained ground- mass. The subordinate constituents are plagioclases, augite, mag-
netite, titanite, hydrated iron oxides and glass.

The refractoriness of phonolite varies from 118 to 125 sP. The softening and
melting points drop with grain size. Studies of two phonolite samples of different
grain-size in the heating microscope showed that their shrinking temperature varied
from 1250 to 1280°C and the softening point from 1370—1400°C. The melting
of samples took place at 1425—1440°C.
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Fig. 3. X-ray diffraction patterns of phonolite S S S gt b
and fly-ash from Tur6w power plant Y 02'52 2809 \as A.lS)L 578

F — phonolite, P — fly-ash, S — feldspars, Q — quartz, A 2 i

M — mullite 40 B 30 25 20 15 20
h h e
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The phase composition of fly-ash and phonolite is shown in Figure 3. Feldspars
predominate in the phonolite sample, their strongest lines appearing in the range
of 27—28° 20. The X-ray diffraction pattern of ash revealed mainly mullite and quartz
among its crystalline components.

Methods

It was assumed that the most expedient step in determining the effect of fly-ash
and phonolite and the properties of burnt clay from Leknica was to establish the
phase composition of samples fired at 1180, 1240 and 1300°C. Such temperatures
were chosen with the object of following the phase changes occurring over a wide
range of clay burning temperatures.

The second aim of the studies was to determine the immediate effect of the non-
-clay additives on the physico-mechanical properties of burnt clays, i.e. on their
apparent density, water absorption (wt.%) and compressive strength.

The resulting data on the phase composition were compared with the mechanical
properties of burnt bodies, and the relation ships between them were established
using the method of regression analysis.

The experimental procedure was as follows: The clay was dried at 110°C, broken
up in a crusher, and pre-set amounts of ash and phonolite of grain-size less than
0.5 mm were added. When the batch constituents were plasticized with make-up
water, plates with the dimensions of 80 x40 x 25 mm and cubes of 60 x 60 x 60 mm
were formed in a hand press. After drying at 110°C, the plates and cubes were fired
in an electric furnace at pre-set temperatures. The samples were placed in a muffle
to minimize the temperature variations inside the furnace chamber.

The samples prepared in this way were subjected to qualitative and quantitative
X-ray analysis and their apparent density, water absorption and compressive strength
were measured. Apparent density and water absorption were determined on plates,
while compressive strength and phase composition on cubes.

The phase composition of burnt clays was determined by means of internal
standard (Zewin, Zawialowa 1974). On the basis of preliminary qualitative analysis,
the following lines were chosen: mullite — 0.540 nm, quartz — 0.427 nm, cristo-
balite — 0.408 nm (5.40, 4.27, 4.08 A). The angle range of 7.5—12° 0 (CukK, ra-
diation) was scanned with the diffractometer stepped in angular inc;ements of
0.04°, using a system consisting of a goniometer — analyser —.clectromc scz_iler —
printer. At each point the number of pulses was counted for 1 minute. The printouts
were then transferred onto the graph paper, whereupon the background line was
established, the neighbouring lines of quartz and cristobalite were separated, and
the areas under the analysed lines were measured by means of a planimeter (Fig. 4).

The total intensities of respective analytical lines of standards — mullite, quartz
and cristobalite — were measured in a similar way. Experimentally the mass absorp-
tion coefficients of standards and samples were also determined, using the known

relation (Stgpniewski 1967):

S skl o
w*=—1In - (cm’/g) 1)
m I;
where: S — surface area of cell window, ;
I, — intensity of monochromatic beam passing through the empty cell,
I, — intensity of monochromatic beam passing through the cell containing
a sample,

m — mass of the pressed sample.

6 — Mineralogia Polonica S1
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Fig. 4. X-ray diffraction patterns serving as a basis for quantitative phase analysis of ceramic ware
XI—XI, XIV—XIV — numbers of batches according to computer programme; M — mullite, Kr — cristobalite, Q — quartz

The percentage composition was calculated from the formula given by Klug
and Alexander (1954):

Ly 15 .
Xi;= 7T MO0 )

io io

where: 7} — intensity of the analytical line of i-th phase of j-th sample,
Iy — intensity of the analytical line of the i-th phase standard,
pj -— mass absorption coefficient of j-th sample,
1, — mass absorption coefficient of the i-th phase standard,
x;; — content of i-th phase in j-th sample.

For lack of standards, the content of glass phase in samples was only estimated
from the raised background testifying to the presence of this phase. The band in the
range 0.35—0.45 nm was analysed (Stoch, Swiatek 1977), and the measurements
of the band height above the background are shown in Fig. 5 (the results are given
in mm). To_ determine approximately the percentage values corresponding to these
data, a similar measurement was made on a glass sample obtained upon melting
of phonolite. The maximum band height above the background was in this case
_60 mm, which corresponds approximately to 1009, of the phase, without taking
into account the mass absorption coefficient of glass. Relatively, every 10 mm may be
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Fig. 5. X-ray diffraction patterns serving as a basis for the determination of glass content in burnt
clay samples
Q — quartz, M — mullite, Kr — cristobalite

regarded as approximately corresponding to the formation of 157 of glass in burnt
samples.

)}z-ray analysis of phase composition was carried out with a TUR M-61 diffra-
ctometer, using filtered CuK, radiation. The instrument settings were: voltage
30 kV, tube current 25 mA, scanning speed 1°/min., chart speed 1200 mm/hr, number
of counts 18.10%, slits: at the tube 2 and 1 mm, at th;: detector 2. mm.

The physical properties of clays after burning, viz. total shrinkage, water ab-
sorption and apparent density, were determined on plates whereas compressive
strength was tested on cubes. Each result given in this paper is the mean of three
measurements.

MATHEMATICAL DESIGN OF EXPERIMENTS

The technique of design of experiments was adopted to acl}ieye the aim set
out in this pap%r (Gorockiewicz et al. 1982, Maficzak 1976, Polanski 1978). Basing
on the available data it was assumed that the unknown mathematical characteristic
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of the object of studies can be approximated with a sufficient accuracy by a second-
-order non-linear function in the form:

S Ss Ss
y = bo+ Z bs'xs+ Z bss'xszs+ Z bl'j“xij (3)
& s=1 s=1 i’ij<=j1

where: b,, b, — unknown regression coeflicients,
X, — input variables,
y — output variable. . j ; :
The function was calculated by the method of regression analysis, using an ODRA
1304 computer. The analysis included:
— the calculation of regression coefficients, .
— theestimation of the significance of regression coefficients and regression function,
— the estimation of the adequacy of regression function to the object of studieg.
The significance of regression coefficients and function was estimated on the basis
of Fisher’s test, using the method of rejection (Manczak 1976). Each regression
coefficient was tested by comparing the test value F (4) with the critical value F,, =
= Fo.05:1:N—x (Zielinskit1972).
R*-R*> N-K

F = —
R N IR2

(C))
where: R? — square of correlation coefficient for an equation with K terms,
R'? — square of correlation coefficient for an equation reduced by H
terms (H=1);
N — number of experiments.

If: F> F,, — the tested term is significant,

F< F,, — the tested term is insignificant.

The estimate of significance of the obtained regression function was checked
by comparing the value F calculated from equation (5)

R* N-K
~K-11-R? )
where: R* — square of correlation coefficient for an equation with significant

terms,
K — number of regression coefficients in an equation (number of terms),
N — number of experiments,
with the critical value F; ,s; K—1; N—K.
If F> F,, then the function is significant; if F < F,, — the function is insignificant.
The adequacy of the regression function to the object of studies was estimated
by comparing the value F,; calculated from relation (6) with the critical value
Fo.05; N—K;n—1.
Sf{ 2 SR

Fa - o S
Z) S‘% R

— . 2=
WK R ot ©)

N
where: S — residual variance — Shi= Z (yu_yu){
u=1

n

27 3 : 5 v
S?2 measuring error variance — S, = ' (y,—7,)%

o 4 et .
Yu — mean value of output variable obtained at a given measuring point
(experimental),
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94 — value calculated from regression equation,
Ya — value of output variable replications in the given experiment,
Va — mean value of output variable replications,
n — number of replications,
N — number of experiments.
If F,y < F,, then the function is adequate to the object of studies.

RESULTS

The first stage of investigation involved the determination of the dependence
of the phase composition and the physico-mechanical properties of burnt bodies
upon the batch components and firing temperature.

The computer programme was written on the basis of second-order plan (Mariczak
1976). It was assumed that the input factors vary over the range:

X, — ash content in the batch — 0—30 wt.%,

X, — phonolite content in the batch — 0—40 wt.%,

X; — firing temperature — 1180—1300°C.

The contents of mullite, quartz, cristobalite and glass in burnt samples are given

Table 2
Computer programme and quantitative phase composition (mullite, quartz, cristobalite and glass)
in burnt clay modified with additives

Input factors Output factors
Number

of experiment Coded Actual M (0] K Sz
Xl e, Sl 2 2 el el

1 - = 0 0 | 1180 | 21 24 7/ 22
2 — -+ - 0 40 | 1180 | 10 8 2 36
3 — = i 0 0 1300 | 531 15 10 30
4 + — — 30 0 1180 26 18 2 20
5 5 s - 30 40 | 1180 | 17 12 3 33
6 = S ar 0 40" |1 1300 (.17 23 1 37
7 + — + 30 0 %1 <3007 12 3 29
8 h AR ek 30 40 1300 17 6 1 30
9 — 0 0 0 20 | 1240 | 20 15 1 37
10 + 0 0 30 20 | 1240 | 24 11 1 27
11 0 — 0 15 04| 12408 | #¢31 22 5 30
12 0 + 0 15 40 | 1240 | 17 8 0 31
13 0 0 — 15 20 | 1180 | 18 13 1 30
14 0 0 ar 113 20 1300 24 v 1 40
15 0 0 0 15 2054|1240 | £19 11 1% 35
16 0 0 0 15 200 121240 | 19, 15 1® 3%
17 0 0 0 15 20 | 1240 | 18 10 16 36
18 0 0 0 15 20 | 1240 | 22 13 1% 34
19 0 0 0 15 20 '[21240. 1 /23 10 19237337

*Value rounded up to a whole number.
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Regression analysis

Table 3

of the dependence of mullite, quartz, cristobalite and glass content on the

components added to clays and on firing temperature

Nimber of Mullite Quartz Cristobalite Glass
regression
coefficient Significant regression coefficients
bo 21.44 11.74 0.814 85.27
b, 21 —2.6 —1.1 —2.3
b, —6.7 —3.4 —2.0 3.6
bs 839 —1.2 - 2.5
by2 1.875 — 1.625 —
b;s —3.125 —2.25 —0.375 —0.875
b.s — —3.0 —0.875 —2.375
b1 — 1.33 0.417 —2.204
b2z — 3.33 1.917 —3.704
bis —1.544 —1.67 0.417 —
Square of correlation 0.931 0.732 0.961 0.850
coefficient R?
Estimate of regression | F=26.76> F=3.41> R8s F=8.3>
equation Boos-6-12 — Bolos-6-10= Fo.05_8-10= Fo.os-8-11—
=3.00 =807 =8.07 =58101
significant significant significant significant
Residual variance S} 6.62 19.24 0.74 9.68
Measuring error 4.7 4.1 o® 1
variance S?
Estimate of regression | F,=1.41 < F.1=4.09< B a—S5<
function adequacy Fo.os_8_4= Boios - ta— H ol i —
=6.04 — (.15 =6.09
adequate adequate adequate

#* The value is a result of the limited sensitivity of measuring method.

in Table 2. From measurements and calculations (Table 3) the following regression
equations were obtained:

X (st X =) & ¢ qitial
KLy o Rl ke Ry Bt 0+3‘3Tw 1240 X,—15 X; 20+
15 20 60 20
X, —-15 T, —1 . 2
—3.125 L =120 44 T 1240 )
60 60
(o 2 L i
S Lo RIS MR 00 o ani0 0. | X415 T, R0

Xp—20
02F
20
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60

T,,—1240 K 2
P F At +].33<

o 20)2 ( T— 1240)2
B o7 A
20 60

' 3.33
15 +3.

®)

Xe—15 X b i
K= 084ty tezl? o220t B
15 20 15 20
XISl 0 40) X 0N 1740 K qISNG
()37 st E s N Ty o Al (8, . 2
15 %0 5 +0.417 ox i
Xp—20\? TSI OL N
+1.917 017 (A e aiie
( 20 ) ( 60 ) (&)
=115 Xe—) T 1240 R
ST=—85 73— e e 4 ol —0.875X—”—~”—1240+
15 20 60 15 60
Xp—20 T,—1240 X, 15\ Xp—20%"
=375 ST g i [ 2L —3.704
20 60 < 15 ) 20 o

where: M — mullite content, vol.%,

Q — quartz content, vol.%,

K — cristobalite content, vol.%,

Sz — estimate of glass content (raised background in mm),

X3 — ash content; wt. 7,

Xr — phonolite content, wt.%,

T, — firing temperature, °C.
Some examples of graphical interpretation of the regression equations are shown
in Figures 6—11.

From regression equation (7) and figures 6, 7 it appears that mullite content

in clays increases with firing temperature, the presence of phonolite in the mix
affecting adversely the formation of this phase. At low firing temperatures the amount
of mullite increases with the increasing ash content. With the rise in temperature,
from about 1240°C, mullite content decreases with the increasing ash addition,
especially when phonolite content is low.

M, %
M%
25
20
5
5
10
10
26 L5
1180 /1210 / 1240 1270 300 R, %
A %5 15 225 30

20

30

/f 3 ,‘40

Fig. 7. Plot of mullite (M) content vs. fly-ash
(P) and phonolite (F) content in the batch
after burning at 1180°C

Fig. 6. Plot of mullite (M) content vs. phono-
lite (F) content in the batch and firing tem-
perature (T)
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Fig. 9. Plot of cristobalite (K) content vs.
fly-ash (P) and phonolite (F) content in the
batch after burning at 1180°C

Fig. 8. Plot of quartz (Q) content vs. fly-ash
(P) and phonolite (F) content in the batch
after burning at 1180°C

Equation (8) and Figure 8 show that quartz content decreases with the increasing
firing temperature and phonolite content. The addition of fly-ash does not virtually
affect the amount of quartz in clays burnt at low temperatures, while at higher
temperatures the increase in ash addition results in the decrease in quartz content.

According to equation (9), cristobalite content in clays increases with rising
temperature. The addition of phonolite diminishes the amount of cristobalite in the
ware (Fig. 9).

As appears from equation (10), changes in glass content as a function of tem-
perature and the amount of ash and phonolite in the mix are similar to the variation
of mullite content vs. these parameters. In general, glass content in clays increases
with firing temperature (Figs. 10, 11).

The physico-mechanical properties of bodies obtained from mixes prepared
according to the programme are presented in Table 4. The following regression equa-
tions were derived from the measurements and calculations (Table 5):

R
Fig. 10. Plot of glass (Sz) content vs. phonolite

(F) content in the batch and firing tem-
perature (T)

Fig. 11. Plot of glass (Sz) content vs. fly-ash
(P) content in the batch and firing tem-
perature (T)
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Table 4

Computer programme and apparent density, water absorption and compressive strength of modified

clays after burning

WRRCY, Input factors Output factors*’

of experiment Coded Actual G iR N
X | X | X X% %% X0 Meime | MPa | %

1 - - 0 0 1180 2.34 63.9 0.75
2) i e = 0 40 1180 2.09 84.0 1.10
3 = ar 0 0 1300 2.08 3.2 0.55
4 =43 — - 30 0 1180 1.96 1.3 4.55
5 R + - 30 40 1180 2.01 46.3 10.04
6 =4 ot ar 0 40 1300 1.79 .7 0.68
7/ S = A 30 0 1300 1.95 ¥7.5 0.69
8 O + v 30 40 1300 2.10 70.7 1.44
9 — 0 0 0 20 1240 225 79.4 0.79
10 += 0 0 30 20 1240 2.00 45.9 4.04
11 0 — 0 15 0 1240 2.03 8325 0.85
12 0 + 0 1S 40 1240 2.04 51.9 4.75
13 0 0 = i lS 20 1180 2.05 59.3 3.58
14 0 0 -+ 15 20 1300 1.89 24.8 0.69
115 0 0 0 115 20 1240 2.08 41.4 1.98
16 0 0 0 15 20 1240 2,02 35.0 w158
17 0 0 0 [ 15 a[w=20 85 (E1040% 540 ga el g 0lg 1.95
18 0 0 0 | AsWilaio0s | 104081806 Hiia5H] 1.70
19 0 0 0 151,4[%20" & [S10408 [@olo7 i Sy 4te 1.45

* Mean of three measurements.

T, — 1240
0064

A5
G = 2.048—0.053
15 15

15

X =15, X020
dipdos SR

20

O e 0739<X”_15>2 0.0811 (X1=20) 1
i} 60 ; 15 : 20 e

X,—15 £—20 T, —~1240

X
N =1.97 +1.689 +1.062 %0

X . =00 X,—15 T,—1240
: —1.48 . =0
20 15 60 20
R s p 4w

RN T [

15 )

i : = ih6R9 ==
R, = 43.37—3.041 o

X,—15 Xp—20
15

X,—15 T,—1240
+12.955 . A e

4172 X0
S 20

2 ow Tw—-1240>2
Xy 60

G — apparent density, Mg/m?,
N — water absorption, Wt.J;,

+16.593<

where:

=597 0.72
60 i

Xp—20 T,—1240 X 20N&
7 GRS 015700 12
g 60 < 20 ) i

T,,—1240

S

+3.445-

)(,,-15)2+
15

(13)
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Regression analysis of the de

Table 5

strength of clays on modifying additives and firing temperature

pendence of apparent density, water absorption and compressive

R, — compressive strength, MPa,
X, — ash content, wt.%,

Xr — phonolite content, wt. %,
T, — firing temperature, °C.

The graphical interpretation of the regression equations is shown in figures
12—18.

From regression equation (11) and Figures 12, 13 it is evident that unmodified
clays fired at 1180°C have the highest apparent density. In general, apparent density
diminishes as firing temperature is raised. It can also be stated that ash or phonolite
added to clay decreases the density of ware.

N%

F Ko

F.°/;/'

Fig. 14. Plot of water absorption (N) vs.

2%

Fig. 15. Plot of water absorption (N) vs. firing

Significant regression coefficients
Number of regression ;
coefficient Apparent Compressive Porosity
density strength
bo 2.048 43.37 1.97
b, —0.053 —3.041 1.689
b, — 4.756 1.062
bs § —0.064 —11.689 —1.598
bi2 0.0925 3.445 0.72
Bis 0,08 12955 —1.48
953 — — —0.62
b1 0.0739 16.593 —
b,> —0.0811 —4.172 0.5722
b33 = —4,027 b
Square correlation coefficient 0.862 0.77 0.941
RZ
Estimate of regression equa- | F=9.47 F=4.18 H=125102
tion significance Foos 6 12=3:00" {"Folos s _10=—23-07" [ Folos 7211 — 3/01
significant significant significant
Residual variance 0.00426 281.35 0.82
Measuring error variance Se 0.161 64.13 13.31
Estimate of regression func- | F,,=0.027 F.a=4.39 F,,=0.07
tion adequancy Eolos 2iaeia—16:04 Hollo shits =646 Fo.05_7_4=6.09
adequate adequate adequate

G Mgfm?

Fig. 12. Plot of apparent density (G) of clay
samples fired at 1180°C vs. the amount of
additives : fly-ash (P) and phonolite (F)
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Fig. 13. Plot (_)f apparent density (G) of clay
samples modlxﬁed with phonolite (F) wvs.
firing temperature (T)

temperature (T) in samples having a constant
fly-ash content (30%) and variable phonolite
(F) content

phonolite (F) content in the batch and firing
temperature (T)

On the basis of equation (12) and Figures 14, 15 it has been found that there
is only a weak correlation between the water absorption of burnt samples, tempera-
ture and phonolite addition if ash content is very low (cf. Fig. 14). When the addition
of ash is substantial (Fig. 15), the dependence of water absorption upon firing tem-
perature becomes significant, the higher the temperature, the lower the water absorp-
tion. Phonolite addition also affects to a certain extent the water absorption of the
ware, this being the greater, the higher is the ash content. .

The highest compressive strength (equatiop 13) is obfcalned in the ware burpt
from pure clay or from clay with phonolite (Fig. 16). An increase in ash content in
the mix causes a rapid deterioration in the strength of samples fired at low tempe-
ratures (Fig. 17), irrespective of the amount of phonolite added. At the same time
the strength of samples fired at about 1240°C increases when the content of ash in
the mix is more than 15 wt.%. Further increase in strength is effected by adding
more phonolite to the clay (Fig. 18). 'y

Further investigations of the effect of the phasp composition and apparent
density of materials on their strength are presented in Table 6. The following re-
gression equation was derived:

R, = 201.57—1.587: M —13.86-Sz +3.6985= - G+0.25350 " G +0.08555z% (14)

where: R, — compressive strength, MPa,
M — mullite content, vol.%,
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Fig. 17. Plot of compressive strength (Rc) of
samples fired at 1180°C vs. fly-ash (P) and
phonolite (F) content in the batch

Fig. 16. Plot of compressive strength (Rc)
vs. phonolite (F) content in the batch and
firing temperature (T)
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Fig. 18. Plot of compressive strength (Rc) Fig. 19. Plot of com i

! S 5 i 195 pressive strength (Rc
vs. firing temperature (T) in samples hgvmg vs. apparent density (G) and qugrtz ((Qg
a constant ash content (30%) and variable content at the constant content of mullite

phonolite (F) content (20%) and glass (about 45%) in the ware

O — quartz content, vol.%,
Sz — estimate of glass content, mm,
G — apparent density, Mg/m?.

From equation (14)‘ and Figures 19—21 it may be inferred that when the density
of samples is low, the Increase in the percentage of glass and mullite is attended by
the decrease in strength, irrespective of quartz content. It has also been found that
the increased glass content affects the strength of ware in a less degree than the high
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Table 6

Regression analysis of the dependence of compressive strength on the phase composition and

apparent density of modified clays

cient

Significant regression bo by b, baa b bas
e
Crigs 201.57 | —1.587 | —13.86 | 3.698 | 0.2535 | 0.0855
Square of correlation coeffi- R?=0.895

Estimate of regression equa-

F=17.05 Fo.05-6-12=3.000

tion significance significant
Residual variance S2=72.92
Measuring error variance S: =64.14

Estimate of regression func-
tion adequacy

Fu=114 Fy05_9_4=06.00
adequate

Re,MPa

35

Sz,mm )40

A

Fig. 20. Plot of compressive strength (Rc) vs.

apparent density (G) and glass (Sz) content

at the constant content of mullite (20%) and
quartz (12%) in the ware

200 2 2% Mgfm?

Re,MPa

25

Sz,mm | Ao
»

Fig. 21. Plot of compressive strength (R¢) vs.

mullite and glass content in the ware at

a constant apparent density of 2.04 Mg/m?
and a quartz content of 16%

mullite content (Fig. 21). The ware shows high compressive strength also in the case
when it contains a large amount of glass phase but has high density as well (cf.

Fig. 20).

DISCUSSION

Studies were carried out on stoneware obtained from batches consisting of clay,
fly-ash and phonolite mixed in various proportions. Two out of the nineteen batches
were composed of pure clay. Their total shrinkage was 14.6); at an apparent density
of 2.34 Mg/m?®. Fired at 1180 and 1300°C, the samples in question (1 and 3) showed
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deformation due to excessive linear shrinkage. Burning at the maximum temperature
(1300°C) produced vitreous spots on the surface and inside the ware, as well as
cracks parallel to the basal planes. The strength of sample 3 was diminished negrly
by a half compared with the strength of sample 1 fired ata lower temperature (1180°C).

Though the modification of clay with fly-ash (samples' 4.9, 11).brought 'about
a decrease in shrinkage, it did not prevent the deformation or microcracking of
the ware. oass 3

The modification of clay with a phonolite addition (samples 2, 6, 9) and its
burning up to 1240°C eliminated deformation, made the ware compact and increased
its mechanical strength (samples 2, 9). However, burning at higher temperatures
produced a microporous structure, deformations, vitreous spots and surface .rough-
ness in the ware. Moreover, the compressive strength of the ware deteriorated
rapidly (sample 6). .

Bodies obtained from clays with additions of ash and phonolite (samples 8, 10,
12—19) and fired at temperatures up to 1240°C did not exhibit any deforma‘uon,
cracking or vitreous spots. Yet they showed a tendency to form a microporous
structure. At 1300°C (sample 14) a porous, locally bloated body formed, with the
surface made rough by numerous vitreous spots. Simultaneously the compressive
strength and apparent density of the ware decreased.

The macroscopic description of ceramic ware outlined above complements the
analytical interpretation of the results given in the preceding section of this paper.
The data obtained substantiate the statements of other authors that the modification
of clays with an addition of fly-ash attenuates the drying and burning sensitivity
of ceramic ware but increases its water absorption and decreases its apparent density.

Phonolite diminishes indirectly the apparent density of bodies, particularly
of those burned at highest temperatures (e.g. sample 14), due to the formation of
a substantial amount of liquid phase which shows a tendency to bloating.

Ash and phonolite added together to clays help to obtain compact ware of
high strength at relatively low temperatures. Bodies fired up to 1240°C do not show
any significant deformation, Sporadic vitreous spots appearing on the surface may
indicate that the firing temperature of batches containing 65% clay, 159 fly-ash
and 20% phonolite was too high (cf. Table 4, samples 14—19). These results have
been found to be reproducible both for strength, physical properties and the phase
composition of bodies.

The best parameters were obtained when clay was modified with a 20 wt.%, ad-
dition of phonolite and fired at 1240°C (cf. sample 9). From the studies of low-
-melting and stoneware clays (Lewowicki 1978 a, b, 1979 a, b) it appears that the
best strength and water absorption characteristics are obtained when clays are
modlﬁe'd with a.sh .and phonolite in the proportion: 50% clay, 309; ash and 20%;
phonolite. The rise in burning temperature is attended by the increase in glass phase
content and by a ch'flnge in quantitative ratios of crystalline phases.

From the regression eq}xation (14) it follows that with an increase in glass and
mullite content and the simultaneous decrease in apparent density, the strength
of ware deteriorates, while an increase in glass content accompanied by the increase
in apparent ‘densnty ensures the high strength of the ware.

The s;udles of other authors have shown that the effect of mullite on the strength
of ceramic ware is as follows: Secondary mullite crystallizes from the melt and en-
hances the mechanical properties of glass only if long (150—1000 pm), filamentous
;rysta‘ls are for’m.ed to give a compact fibrous texture. This can be accomplished
fy Ii;mg 3’1111’1(3;::1]1261‘5 (NaF, LiF) and appropriately programmed cooling schedules
ﬁ(::rd ]e ware after bu.rnmg (.Groszewa. et al. 1971). In the ware obtained from modi-

clays from Yeknica, it is needle-like secondary mullite of a crystal length up to
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25 pm that fills up isolated oval or less commonly, elongate pores or cracks in the
microporous glass matrix of the body. Such a structure was observed with a scanning
microscope in HF-treated samples.

Mullite ceramics owe their high strength to the presence of fibrous crystals making
up more than 707 of the body, cemented with glass phase. When the amount of
mullite monocrystals is small, a secondary crystalline phase, e.g. a-cristobalite,
crystallizes from the glass matrix, deteriorating the mechanical strength of the ware.
The mechanical testing of mullite ware has shown that the weakest points in the stru-
cture are the boundaries between glass and mullite. In polycrystalline ceramic ware
weak points are also the boundaries between phases with different coefficients of
tl;erlrrglgll)expansion, which generates stresses at the grain boundaries (Groszewa et
al. 5

The studies of the process of crystallization that takes place during the heating
of aluminosilicate fibres with a composition of kaolinite (Gaodu et al. 1977) have
shown that the principal phase is mullite which crystallizes intensely over a tempe-
rature range 1100—1200°C. This process is responsible for the deterioration in strength

and the increase in shrinkage, these being the greater the higher was the degree of
crystallization.

CONCLUSIONS

To summarize, it appears from the results presented in this paper that regression
analysis is a useful tool for the planning of ceramic properties. In view of the diffe-
rences in the mineralogical and chemical compositions of clays, their essential ce-
ramic properties should be checked for each variety separately and the optimum
parameters should be determined by way of the design of experiments. This applies
specifically to raw materials with variable technological properties, which are so-
metimes treated as waste in a given production technology. In such cases, the modi-
fication of raw materials would be an expedient procedure both from the techno-
logical and economic point of view.

Prior to the planning of experiments, certain ceramic properties of clays must be
determined, such as sintering range, strength, porosity and linear shrinkage. It has
been demonstrated that the main determinant of the optimum properties (high
strength, low shrinkage and water absorption) of ware obtained from Leknica clays
is their modification with phonolite added in an amount of 20—40 wt.7;. The re-
sulting ware with a strength of more than 70 MPa, water absorption of about 1 wt.%
and a total shrinkage of about 12, meets the specifications for acid-proof stoneware
of KW-1 grade, as well as those for special chemical stoneware of grade I (KS).

Bodies with a somewhat lower strength, but still above 60 MPa, and water
absorption of about 1.5% can be obtained upon the modification of clay with fly-ash
(30%) and phonolite (40%/. They also meet the specifications for chemical stone-
ware which has never been manufactured in Poland because the required parame-
ters cannot be obtained using the traditional production technology.

The modification of clays not only brings definite technological effects but also
makes it possible to save clay materials which are in short supply, and to utilize
fly-ash and trachytic phonolite that has not yet found any application.

Translated by Hanna Kisielewska
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Stanistaw LEWOWICKI, Ryszard GOROCKIEWICZ, Leszek STOCH

MODYFIKOWANIE WEASCIWOSCI TECHNOLOGICZNYCH
ILOW KAMIONKOWYCH DODATKAMI AKTYWNYMI
W WYSOKICH TEMPERATURACH

Streszczenie
Ity przydatne do produkcji materiatéw ceramicznych wypalone w okreslonej

temperaturze powin’r}y posiada¢ odpowiedni sktad fazowy i teksturg. Szczegdlnie
wazna jest zawarto$¢ mullitu, krystobalitu i kwarcu oraz fazy szklistej.
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Podjeto prébe modyfikowania sktadu fazowego a tym samym wiasciwosci itéw
w stanie wypalonym wprowadzajac do nich substancje mineralne, ktére w wysokich
temperaturach sq chemicznie aktywne i wchodza w reakcje ze skladnikami itéw.
Mpgq nimi by¢ poploly lotne i skaty bogate w alkalia. W stanie niewypalonym dzia-
faja one schudzajaco, podobnie jak kwarc, zmniejszajac plastyczno$é i skurczliwosé,

W pracy przedstawiono wyniki badan modyfikacji itéw kamionkowych z Eeknicy
popiotem lotnym z elektrowni Turéw i fonolitem z Opolna Zdroju w wysokich tem-
peraturach.

Cel pracy zrealizowano w oparciu o technike planowania eksperymentu. Zato-
zono, ze charakterystyke matematyczna obiektu badan mozna aproksymowac
nieliniowa funkcja regresji rzedu drugiego. Obliczenie funkcji wykonano metoda
analizy regresji z zastosowaniem EMC ODRA 1304. Ustalono zaleznosci wybranych
wlasnosci fizykochemicznych wypalonych itéw oraz zawartosci w nich mullitu,
kwarcu, krystobalitu i szkliwa od sktadnikéw masy i temperatury wypalania.

Otrzymane réwnania regresji zinterpretowano graficznie. Wynika z nich, ze
ze wzrostem temperatury wypalania wzrasta ilo$¢ mullitu i szkliwa oraz spada wy-
trzymato$¢ na $ciskanie na skutek naprezen na granicy faza krystaliczna-szklo.
Wzrost iloSci szkliwa wplywa w mniejszym stopniu na obnizenie wytrzymatosci
niz wzrost ilosci mullitu w tworzywie. Przy duzej ilosci szkta i wysokiej gestosci
pozornej wzrasta wytrzymalos¢ tworzyw.

Okreslono optymalny sktad mas i temperatury wypalania dla uzyskania tworzyw
o zwartej teksturze. Optymalne wlasnosci gwarantuja masy z badanego itu mody-
fikowanego fonolitem w ilosci 20—40% lub popiotem lotnym (30%) i fonolitem
(409;). Wihasnosci technologiczne wypalonych ksztaltek z tak modyfikowanego itu
odpowiadaja najwyzszym gatunkom kamionki kwasoodporne;.

OBJASNIENIA FIGUR

Fig. 1. Dyfraktogramy probki itu z Eeknicy
a— probka orientowana, b — — — — prébka po nasyceniu gliceryna, ¢ — . ... prébka po wyprazeniu
w 600°C; K — kaolinit, I — illit, S — smektyt, MP — mineraly mieszanopakietowe, Ch — chloryt,
Q — kwarc, Kal — kaleyt, D — dolomit

Fig. 2. Krzywe analizy termicznej probki itu z Eeknicy
1 — prébka itu naturalnego, 2 — frakcja <0,5 pm; warunki analizy =masa prébki — 800 mg, czulo$é
TG-200 mg, DTA-1/10 1 ’

Fig. 3. Dyfraktogramy probki fonolitu i popiotu lotnego z elektrowni Turéw
F-fonolit, P-popi6t lotny; S-skalenie, Q-kwarc, M-mullit h .

Fig. 4. Przyklad dyfraktogramow stuzacych do ilosciowej analizy fazowej tworzyw ceramicznych
XI—XI, XIV—XIV — numery mas wedlug programu badan, M-mullit, Kr-krystobalit, Q-kwarc ;

Fig. 5. Przyklad dyfraktograméw stuzacych do okredlenia ilosci szkliwa w wypalonych probkach
itow
Q-kwarc, M-mullit, Kr-krystobalit

Fig. 6. Zaleznos¢ ilosci mullitu (M,) od zawartosci fonolitu (F,) w masie ceramicznej i od tem-
peratury wypalania probek (T;) o : . ; 5

Fig. 7. Zalezno$¢ ilosci mullitu (M) od zawartosci popiotu (P) i fonolitu (F;) w masie cera-
micznej po wypaleniu probek w 1180°Q 3 ¢ ; : pae s ;

Fig. 8. Zaleznos¢ ilosci kwarcu (Q,) od zawartosci popiotu (P,) i fonolitu (F,) w masie ceramicz-
nej po wypaleniu probek w 1180°C e . ) i :

Fig. 9. Zél]eli)noééy iloSci krystobalitu (K,) od zawarto$ci popiotu (Py) i fonolitu (F;) w masie

ceramicznej po wypaleniu probek w 1180°C e i g
Fig. 10. Zmiany w Jilc?éci szll()liwa (Sz) w zaleznosci od zawartosci fonolitu (F;) w masie i od tem-

ratury wypalania probek (T;) & {5 : i g ;
Fig. 11. ’?‘eworzeilie si% szkliwa (Sz) w zaleznosci od zawartosci popiotu (P) w masie ceramicznej

i od temperatury wypalania probek (T) 5 > ; i
Fig. 12. Zaleinosg gestodci pozornej (C;) wypalonych w 1180°C probek itu od ilosci dodatkéw

modyfikujacych: P — popiotu i F — fonolitu
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Hg 13. Zaleznost gestosci pozornej (Cy) probek itu modyfikowanych fonolitem (F) od tempe-

ratury wypalania (T) ¥

Fig. 14. Zalezno$¢ nasiqk!li_;vos'cn o

/palania ‘ ) by /

Fig, 15. tZuarl}:e'zrlvgg’: nasial(diwoéci (N) od temperatury yvypa]ama (T) probek zawierajacych stai}a

.2 ilos¢ popiotu (30%) oraz zmienna ilos¢ fonolitu (F) : e

Fig. 16. Zalezno$¢ wytrzymalosci na (é_(l:_i)skame (Rc) od zawartosci fonolitu (F) w masie i od tem-

eratury wypalania probek (.

Fig. 17. %arlezngﬁé »)\//[;trzymall:)s'ci na $ciskanie (Rc). prél_sek wypalonych w 1180°C od zawartos\;gt
popiotu (P) i fonolitu (F) w masievceramlcznej 7 ; )

Fig. 18. Zalezno$¢ wytrzymato$ci na sciskanie (Rc) qd tem.pe{'a'ltury vyypalama (T) probek zawie-

rajacych stata ilos¢ popiotu (30%) oraz zmienna 1lo§q fOI'lOlllU.(F)' : IS

Fig. 19. Zaleznos¢ wytrzymato$ci na sciskanie (Rc) od gestosci pozorne) probek (C,) i zmiennej

iloéci kwarcu (Q) przy stalej zawartosci mullitu (20%) 1 szkliwa (o_kolo’ 45%). w czerepie.

Fig. 20. Zalezno$¢ wytrzymalo$ci na éciskanie (Rc) od gestosci pozornej probek i zawartosci
szkliwa przy stalej ilosci mullitu (20%) i1 kwarcu (12%) 5 % kal i

Fig. 21. Zalezno$§¢ wytrzymalo$ci na $ciskanie (Rc) od zmiennej z_awartoscxrr_nul]ltu i szktha

w czerepie (przy stalej gestosci pozornej =2,04 Mg/m® i zawartosci kwarcu = 16%)

(N) probek od zawartosci fonolitu (F) w masie i od tempera-

Cmanucaase JJEBOBUILKHU, Poiwapd I'OPOLIKEBHUY, Jlewex CTOX

MOJAN®ULIMPOBAHUE TEXHOJIOT'MYECKUX CBOVICTB
KEPAMMYECKUX I'JIMH AKTUBHBIMM JOBABKAMU
B BBICOKUX TEMITEPATYPAX

Pe3srome

[IpuroHble B MPOU3BOJACTBE KEPAMUUECKMX MATEPHAJIOB IJIMHBI, MOCIE 00xKu-
ra B ONpEIENCHHON TEMIEpAType, AOJUKHBI MMETh COOTBETCTBYIOLMIA (ha3oBoK
coctas 1 TekcTypy. OCOBEHHO BAKHO COACPKAHNE MYIUIMTA, KPUCTOOAIMTA 1 KBAP-
Ia, a TaKXKe CTeKJIOBUIHON (a3bl.

IpennpunsiTa Oblla TONBITKA BUIOM3MEHEHNS (a30BOro COCTaBA, & TEM CAMBIM
CBOWMCTB TJIMH B OOOJMCKEHOM COCTOSIHMM, ITyTEM BBEACHMS B HUX MUHEPAILHOTO
BEIIECTBA, KOTOPHIE B BBICOKMX TEMIIEPATYPAX XMMHMYECKM AKTMBHLI M BXOMIST
B peaKimuyu C KOMIIOHCHTAMJ IJIMH. MMM MOTyT OBITh JIETyuHe MEMJbl M 6oratbie
B INEJIOYM TOPOMALL. B HEOOONIKEHOM COCTOSHMM OHM JEHCTBYIOT OTOIIAFOLMM
06pa3zom, MOAOOHO KBaplly, yMEHbIIAsd IJIACTHYHOCTD M YCAIKY.

B paGoTe mpeacTaBIeHbl PE3YAbTATHI UCCIETOBAHNN MOAUDHKALMU BEICOKOTEM-
TIEPATYPHBIX CBOMCTB KEPAMMYECCKMX TJIMH U3 JISHKHMIBI JIETYYUM TIEIJIOM M3 Typy-
Bckont TOII u poronuToMm m3 OnombHA-3apYs.

Henp paboThl AOCTUrHYTa ObIIA HA OCHOBE TEXHMKY IUTAHWPOBAHUS DKCIEPH-
MEHT4. 3apaHe IPEIOI0KEHO, YTO MATEeMATHYECKYIO XapaKTEPHUCTHKY OOBEKTa
MOJXKHO ampOKCHMOBATh HEIMHEHHOM (yHKIMEH perpeccum BTOPOTO IOPSAKA.
PacyeTs! GyHKIMM IPOBEAEHO METOJOM aHANM3a Perpeccuu ¢ npuMeHeHneM DBM
Ognpa 1304. YcraHOBJIEHA 3aBUCHUMOCTH HEKOTOPBIX (DM3MKO-XMMHUYECKHX CBOMCTB
000KKEHHBIX IJIMH, & TAKKE COACPIKAHMS B HAX MYJUIMTA, KBApLA, KPUCTOGAIATA
M CTeKJIa OT KOMIIOHEHTOB MAacChl M TEMIEPATYpPhl OGXKHUra.

IMomny4yennple ypaBHEHUs PErPECCHH MHTEPNPETHPOBAINCL Ipaduuecku. M3 Hux
CJIEYET, YTO C YBEJIMYCHUEM TEMIEPATYPhl O0XKUIa PACTET KOJUYECTBO MYJUIMTA
U CTEKJIA, 2 TaKXKe YMEHBIIAETCS CONPOTUBIICHHE CKATUIO BCIEHCTBUE HANIPSOKSHUIA
Ha TPaHNLE KPACTAJLIMYeCKast (a3a-CTeksI0. YBEIMUeHne KOTMIECTBA CTEKIIA B MEHb-
LIEY CTENCHY BIIMACT HA YMEHBIIECHUE IIPOYHOCTH, YEM YBEJIMYEHUE KOJIMYECTBA MY JIIIH-
Ta B MaTepuaie. Ilpu GoJbmomM KommyecTse cTekyia M GOJIBIIOi KaXyHmencs mioT-
HOCTH YBEJIMYMBAETCA TPOYHOCTH MATEPHUATIOB. 1
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Y CTaHOBJICHBI ONTHMMAIBHBIA COCTAB MAacc M TeMIEpaTypa OOKura sl IOJy-
YEHUST MATEPUAIIOB KOMIIAKTHOM! TeKCTYpbl. ONTHMAaIbHbIE CBOUCTBA FAPAHTHPYIOTCS
MaccaMM  MCIBITYEMOM IJIMHBI, MOAMGUUMPOBAHHONK (POHOJIUTOM B KOJIMYECTBE
20—40%;, mmm neryynm nemiom (30%) u ¢pounosmrom (40%). TexHosmornyeckue
CBOMCTBA 00O0XKKECHHBIX (hACOHHBIX M3JEIMHA Tak MOAMDUUMPOBAHHBIX [JIMH COOT-
BETCTBYIOT CAMBIM BBICIIMM COPTAM KMCIOTOYIOPHBIX KEPAMMUYCCKUX M3EITHIMA.

OBBACHEHUS K OUT'YPAM

®ur. 1. JudpakTorpaMmel TITHHBl U3 JISHKHHALBI

a— OpPHCHTUPOBAFHBIA 00pasel, b — — — — — 00pasell HOC/e HACKLILEHAS [IAUEPUHOM, ¢ — . . . . CO=
pazen, nocic o6xura B remneparype 600°C; K — xaomuunt, I — aumr, S — cMmekTaT, MP -— cayetianao-
naxeTHbie Muaeparsl, Ch — xaopur, Q — xpapu, Kal — xamouur, D — nonoMur

D28 Kp](IBbIe TEPMUYCCKOrO aHaliu3a TJIMHBI U3 JIDHKHULIBI
1 — uGpasen eCTeCTBSHHOM T/iMHbl, 2 — Jpakuns < 0,5 MKM; Veiosus asany3a: mMacca npo6sr — 800 mr,
yycrButenpHocts T — 200 mr, ATA — 1/10

®ur. 3. JudpaxTorpamMmbl (OHOIUTA M JIETy4ero meria u3 Typysckoi TOLL
F — donomur, P — nety:uit nenesn; S — nonespie wnanf, Q — xnapu, M — mysumr

®ur. 4. Tpuvep 1udpakTOrpamMM, UCHOJIB30BAHHBIX UISI KOJMYECTBEHHOro (ha3oBoro aHasimsa
KEPAMHUYECKUX MaTepUasioB
XI—XI, XIV—XIV — HOMepa Macc 1o nporpamMme uenbiranuii, M — mynnut, Kr — kpucrodamr, Q —
KBapil

@ur. 5. IMpumep audpakTOrpaMyM, NIPEIHOZHAYEHHBIX Uil ONPENEIICHHs KOJIMYECTBA CTEKIA
B 000XKKEHHBIX 00pa3lax riuH
Q — xpapu, M — mymmr, Kr — xpucrobanut

dur. 6. 3aBUCUMOCTH KosyecTBa Mysumta (M;) oT copepkanust Gonomuta (F;) B kKepamuueckoi
Macce ¥ OT Temrepatypbl o6sxura obpasmos (T;)

®ur. 7. 3aBHCHMOCTb KoimuecTBa Myiuta (M;) or comepxanus neria (P,) u dononura (Fy)
B Kepamuyeckoit Macce ofskura o6pasuoB B TeMIEpaType 1180°C

®ur. 8. 3aBMCMMOCTBL KoJmyecTBa kBapua (Q;) or comepxkamms nemna (Py) u dorosmra (Fy)
B KepaMmUyeckoil Macce mocie obxura o6pasuos B Temneparype 1180°C

®ur. 9. 3aBUCHMOCTb KonmuecTa kpucrobaymra (K;) oT coiepkanus nemnja (P;) u ¢oHOMMTA
(F;) B XepaMHMYECKOM Macce Imocie o6sxura o6pasmos B Temneparype 1180°C

®ur. 10. VisMeHeHns B KodMyecTBe cTekia (Sz) B 3aBHCHMOCTH OT COAepKaHus (OHOIMTA (Fy)
B Macce M OT TemmepaTypbl obskura o6pasuos (T,)

®ur. 11. O6paszopanue crexiaa (Sz) B 3aBHCHMOCTH OT COACPIKAHMS TCILIA (P) B xepaMuueckoi
Macce # OT TemrepaTypsl obkura o6pasuos (T)

®ur. 12. 3aBucuMocTb Kaxyureiicst ioTHOCTH (Cy) 060KACHHBIX B TEMIIEPATYPE 1180°C ob6paszuos
[JIMHBI B 3aBUCHMOCTH OT MOAMDHIMPYIOLINX no6asox: P — meruia m F — dononura

®ur. 13. 3aBucumocTh Kaxymeicst miotHoctH (Cy) MOIMGUIMPOBAHHBIX (OHOIMTOM 06pas3LoB
rmunbt (F) or TemmnepaTypbl 00Kura (T)

dur. 14. 3aBUCUMOCTbH BJIArOMOrJIOMAEMOCTH (N) 06pa3nos OT COAEPIKAHMA dbounomura (F) B macce
u ot temmepartypsl ooxura (T)

®ur. 15. 3aBUCMMOCTH BJIArONOrjaomaeMoCcT (N) or Temmepatypsl obxura (T) o6pasuos, co-
JepKAIMX TIOCTOSHHOE KOJIMYECTBO Teriia (30%), a TaKKe NEPEMEHHOE KOJHYECTBO
tdonomra (F)

dur. 16. 3aBUCUMOCTHL COMPOTUBIICHHUS CHKATHIO (Rc) oT copepxkanust GoHOIHTA (F) B macce u OT
Temmepatypbl o6kura obpasuos (T)

®ur. 17. 3aBHCV]l3MO)(,3$b COMPOTHUBIICHUST CHKATHIO (Rc) 060XKEHHBIX B TEMIEPAType 1180°C o6-
Pa3loB OT COAEPKAHMS Iemia (P) n dporommra (F) B KepaMHyCCKOi Macce

®ur. 18. 3aBUCUMOCTL COMPOTUBIICHUS CKATHIO (Rc) ot Temmepatypsl obxura (T) oGpasros,
CoAepIKAIIMX TOCTOSAHHOE KOJMYECTBO TICILIA (30%) M mepeMeHHBIC KOlMYecTBa (OHO-
mra (F)

®ur. 19. 3aBUCMMOCTH COTIPOTHBIICHUS CKATHIO (RC) OT KaxyIleicst mIOTHOCTH ob6pa3uos ((; !)
M IepEMEHHOr0 KOJIMYeCTBa KBapla (Q) npu TOCTOSHHOM COJEPXKAHMM MyJUIATA (20%)
n crexna (oxoso 45%) B yepenke .

®ur. 20. 3aBHCHMOCTH COMPOTHBIICHUS CIKATHIO (RC) OT KaxyIeHest TUIOTHOCTH oGpa:n.gos M co-
JepKaHUKM CTEKJIa TPH TTIOCTOSIHHOM xonmuecTee MysmTta (20%) u xBapua (1277)

®ur, 21. 3aBUCHMOCTH COIPOTHUBIICHUS CRATHIO (RC) OT MNEPEMEHHOro conep)lcaanux MyJUTATA
11 CTeKJ1a B Yeperike (IpH MOCTOSHHOM KasKyIeicst riorHocTH = 2,04 Mr/M? 1 coiepKaEuK

kBapua = 16%)
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