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A mathematical model was developed by correlating the experimental values
of tile characteristics with the mass fractions of raw mixture components,
whose particle size distribution was known and supplemented with the general
constraints (such as the mass balance equation and the conditions of non-nega-
tivity). A typical problem was solved by a combined analytical-numerical pro-
cedure and by the geometric programming method.

The results of the two methods were compared and those of the latter were
found to be preferable.

INTRODUCTION

The quality of both green and fired floor tiles depends considerably on particle
size distribution in the raw material mix, which is usually determined by the
characteristics of the mill. Consequently, an efficient procedure for optimum
composing of the raw mix fractions may be of interest for improving the properties
of floor tiles.

In order to solve the problem mentioned above, the present authors applied
the well-known mixture design method to the components having equal chemical,
but different granulometric composition.

Factorial granulometric design was first introduced into the field of ceramics
by P. R. Jones and collaborators [1—4]. However, the method has not found wider
use in material science and industry. As far as the mix design is concerned, few
practical studies in ceramics have appeared lately [6—12], apart from the very
good theoretical literature [5].

To correlate some product characteristics with particular grain size fractions
of the raw mix, Sheefe’s Simplex Latex design [13] was telected in this werk. As
the experiments were symmetrically distributed, the ccefficient of regression func-
tions could be determined by means of explicit relations. The equations obtained
were used as objective functions, the extremes of which were found by two different
techniques selected from the many possible methcds and their variants [14—16],
namely

— the combined analytical-numerical method (based on a non-linear mathe-
matical model, developed from partial derivatives and solved by an original
numerical procedure), and

— the geometric programming method.
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Table 1
Mean values of green and fired tile properties
Raw mix Green tile
. composition
Expt;‘lment ‘ Bending . Residual
G. Density .
strength kg/m3 moisture content
x. 2, 3 MPa g/m %
1 1 0 0 1.03 1934.67 6.51
2 0 1 0 0.96 1952.00 5.98
3 0 0 1 1.16 1936.33 5.37
4 0.5 0.5 0 1.07 1981.67 6.29
b 0.5 |0 0.5 0.79 2020.33 5.99
6 0 0.5 0.5 0.80 2002.00 5.50
7 0.75 | 0.256 | 0 1.14 2040.00 6.37
8 0.25 | 0.75 | 0 1.21 2023.33 6.32
9 0.75 | 0 0.25 1.47 2013.33 6.34
10 0.25 | 0 0.75 0.94 1980.00 5.34
11 0 0.75 | 0.25 1.69 1967.67 5.61
12 [ 0.25 | 0.75 1.92 1967.33 5.23
13 0.5 0.25 | 0.25 1.32 2018.67 5.76
14 0.25 | 0.5 0.25 1.20 2019.33 5.77
15 0.25 | 0.25 | 0.5 1.24 1992.67 5.55
. Fired tile
Bending strength Density Water absorptivity
MPa kg/m3 %
40.96 2364.33 1.30
46.24 23517.00 1.14
51.01 2378.00 1.14
‘ 45.36 2325.00 1.17
50.42 2340.33 1.29
44.40 2324.67 1.08
48.33 2348.00 1.14
417.80 2361.67 1.04
46.16 23717.33 1.37
43.40 2379.67 1.00
50.61 2341.67 1.47
44.51 2364.67 1.29
45.24 2399.67 1.20
42.27 2338.33 1.31
38.58 2377.33 1.18
Y

CORRELATION BETWEEN PARTICLE SIZE DISTRIBUTION
OF THE RAW MIX AND THE PROPERTIES OF TILES

In the production of floor tiles pursued in the tile factory where the experimental
work has been done, the particle size distribution was determined by means of
seven fractions (i.e. the oversizes on sieves, 0.5 mm, 0.4 mm, 0.315 mm, 0.2 mm,
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0.16 mm and 0.08 mm). In order to investigate the effect of particle size distribution
on the quality of tiles, the whole size range was simulated by means of three
fractions: fine (particles smaller than 0.16 mm), medium (particles between 0.16 mm
and 0.4 mm) and coarse (particles larger than 0.4 mm).

In accordance with the design matrix for the (3,4) lattice [13] (Table I), fifteen
different combinations of particle size distribution in the raw mix were compared
and used for making floor tile samples and measuring their properties, i.e. bending
strength, density and residual moisture content of green tiles, as well as bending
strength, density and water absorptivity of fired tiles. The mean values of experi-
mentally obtained results are listed in Table I.

The regressive equations for each single quality parameter ¥ (strength, density
etc.) as a function of fractions z;, x, and z; (coarse, medium and fine respectively)
have been used in the form of fourth-degree polynomials:

Y = b,xl —+ bz.’l?z —+ b3.'113 —+ b4(t12?2 + bsxlz:; + b5(132233 + b7(13](132(211 - 212) +
+ bgxyxa(r) — x3) + boxaxs(x2 — x3) + brexiza(x) — 22)? + bumizs(xr — 22)2 +
+ brazaxs(x; — 23)2 + bisalraxs + buaiakes + biszizaas, (1)

where bi(¢ = 1,15) represents the coefficients to be determined from the explicit
equations [13]. The results of calculating the b coefficients for the relevant Y-funct-
ions are given in Table II. Using adequacy testing it was proved that the second-
degree equation (consisting of six terms) could be used for the subsequent bending
strength determination. However, due to the relatively high replication variance
as well as the ¢-value for point 15, equation (1) was adopted in its complete form.
Regressive equations were expected to be the basis of a mathematical model of
the optimization problem.

Table 11
Coefficients be in regressive equations (1) for investigated quality parameters Y
{
Green tile Fired tile
Coef. Bending Residual Bendi Water at
No. %(;gn"‘jf Density water ten ng Density vvator ab-
s gth % content strength 1% sorptivity
Yl 2 Y Y4 s Yﬁ
3
1 1.03 1934.67 6.51 40).96 2364.33 1.30
2 0.96 1952.00 5.98 46.24 2357.00 1.14
3 1.16 1936.33 5.37 51.01 2378.00 1.14
4 0.28 153.33 0.17 7.02 —142.66 —0).20
5 —1.22 339.33 0.20 17.72 —123.33 0.26
6 —1.04 231.33 —0.68 —16.83 —171.33 —0.23
7 —0.55 135.11 —1.13 16.88 —92.44 0.10
3 3.14 182.22 2.26 —11.84 23.99 1.57
9 4.11 —40.00 0.36 45.27 —66.66 0.93
10 2.78 1271.11 1.47 67.11 446.22 —2.00
11 7.21 —52.44 —2.88 10.06 649.77 —1.82
12 10.46 —427.55 —2.72 44.82 379.55 6.08
13 9.20 —1087.12 —26.24 225.84 4976.91 —8.56
14 —16.50 1652.45 —2.26 —173.62 —2361.78 9.87
15 36.37 —1555.56 9.08 —579.73 1332.43 6.02
! o
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CALCULATION OF EXTREME VALUES

To obtain the optimum values of fractions z,, z; and z3, one has to calculate
the extremes of function (1) for each measured characteristic, i.e. the maxima of
the functions Y, (green tile strength), Y, (green tile density), ¥, (fired tile strength),
Y5 (fired tile density) as well as the minima of the functions Y5 (residual moisture
content in green tile) and Y (water absorptivity of fired tile).

A review of a number of optimization methods provided the opportunity for
selecting two of them. The first involves an analytical approach based on partial
differentiation of function (1), and the other is one of the modern numerical met-
hods. The authors decided to compare the two quite different techniques and to
assess the efficiency of their application in ceramic materials science and practice.

The analyticalnumerical method

The first method of interest is based on the non-linear algebraic system, obtained
by partial differentiation of the modified polynomial (1), respected to feasible
variables z; — 23 and artificial variables z; — ). Namely, before starting the
optimizing procedure it is necessary to complemsnt the objective function (1)
with the respective constraints, namely the mass balance equation

3

1=

and the condition of non-negativity:
2+ 2t;=0 (fori =1, .., 3) (3)

in the way proposed by Lagrange [14].
After rearrangement one obtains the modified optimization criterion:

3 3
F =Y + z ~let_ 1)+ letﬂ(xt + x3+3) (4)

which can always be readily differentiated because of its polynomial type.
A general form of the mathematical model can be expressed as follows:

oF
Fr = by + baxz + bsxz + + bixa(221 — x2) + bsxs(221 — 23) +
+ biotz(2 — 23) + buws(a} — 2}) + 2biszazaxs + braades + bisaaal +
+ 27+ 25 = 0. (5)
oF
Bz = b2 + baz1 + bers + baxi(x) — 272) + bowa(xz — 223) +

+ biozi(21 — x3) (21 — 323) + braxa(r2 — 73) (22 — 323) +

+ b3 a2z, + biaxia? + 2biswizaxs + 27 + Zio- (6)

oF
3 bs + bszy + bexz + bexi(x: — 223) + bexa(x2 — 223) +
+ buzi(x1 — x3) (21 — 3x3) + biawa(x2 — 23) (72 — 323) + bisade, +

+ b1l + 2bistixaws + 27 + 210 = 0. (7
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__aF- = 2x428 = 0, a—F = 2x529 = 0, oF = 2x6x10 = 0. (8)-(10)
8x4 axS axs
OF s tzs—1=0, X _ ot (11)-(12)
6x7 axB
oF oF r
o = x, + x§ =0, m = x3 -+ x%. 1(13)'(14)

In this way the problem of optimum granulometric design of the raw mixture for
both green and fired floor tiles is oriented at determining the z; — z10 values by
solving the (5)-(14) system. This appeared to be a difficult task. The authors decided
to resolve it by applying the original numerical method called “Ridgepath’. It
is discussed in more detail elsewhere [17].

The geometric programming method

The second method is known as the geometric programming method. Although
it was published twenty years ago, it has been continuously corrected and improved
ever since and is generally regarded to be very efficient. The general principle of
using Legendre’s transformation, which constitutes the basis of geometric program-
ming, can be found in many books and papers [18, 19]. In our investigation we
used the most advanced standardized version of the numerical procedure, consi-
dering only the positive values of the variables.

The mathematical model contains two equations; one defines the property
being measured as a function of mass fractions, polynomial (1), and the other re-
presents the mass balance equation (2). From the previous comments it is obvious
that the polynomial takes the place of an objective function, while the mass
balance constrains the variable values.

The results of both methods

Analysis of the calculated values of fractions reveals some interesting facts.
One of the partial solutions provided by the analytical-numerical production:

zf = 0.48, 25 = 0.34, 2§ = 0.18 (calculated values)
2§ = 0.46, 25 = 0.40, 2§ = 0.14 (current production)

Unfortunately, this combination of components gives low values of the bending
strength of fired tile. The observation is in agreement with the experimental data.

According to the values of mass fractions conforming to the theory of packing,
the local maximum of the bending strength (49 MPa) was:

2§ = 0.705 ~ 0.7, a5 =0.199 x 0.2, 25 = 0.095 ~ 0.1

This case is represented by point 7 in Table I.
The composition providing the global maximum (53.5 MPa) was obtained by
geometric programming. It can be expressed as

2 = 0.213, 25 = 4.9210-7, 2§ = 0.786
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In fact, this solution represents the two-fraction (binary) system and can be
related to the composition at point 10 (Table I). There is an explanation for the
calculated quantities, especially for the high amount of the third component.
Namely, an analysis of the effect the “pure’’ fractions have on bending strength
(points 1, 2 and 3 in Table I) shows a positive influence on both final products.
This can be explained by the fact that particles smaller than 0.16 mm are not
uniform in size.

The optimization procedures were also employed in determining the other
qualitative parameters. For example, water absorptivity Y achieved its minimum
at the point

xf = 0.79, x5 =0.18, 5= 0.02

which also gives the optimum bending strength.

An analysis of selected numerical results allowed some general remarks about
the efficiency of the methods to be made. Experience gained in solving a number
of diverse problems shows that the geometric programming method exhibits a very
high level of reliability, efficiency and accuracy. Using geometric programming,
it is possible to carry out multicriterial optimization (for example, determination
of maximum bending strength while keeping the water absorptivity at a required
level).

In the present case its application was not necessary because all the experimental
values for water absorptivity were well below the allowable limit.

CONCLUSION

The purpose of this paper was to clarify how the particle distribution affects
the quality of the final product and to suggest an efficient method for determining
the optimum composition of the raw mix. However, in spite of correlations of
experimental results, it has to be pointed out that the variations in fifteen sample
properties occur not only because of the differences in particle size distribution,
but also as a result of other factors. The “noise’’ of the experiment cannot be re-
garded as insignificant.

Recent investigation results [20] have indicated an interesting aspect. They
showed that the particular fractions had different mineralogical compositions,
which is of essential significance for the properties of the fired product. The pro-
cedure described may be useful for analysing the most complex relationships
between particle size distribution and the quality of floor tiles. It can be applied
either to examining the relations between the coarse, medium and fine fractions,
or to investigating the mixtures of all seven fractions from every-day tile pro-
duction. Finally, on the basis of the acquired experience it is possible to design
the experiments in local phase-diagram regions [5].
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OPTIMALIZACE ZRNITOSTI PRI VYROBE KERAMICKYCH DLAZDIC

Novakovié**, Slobodan Despotovié**

Srbsky tistav pro zkouseni materialu, 11 000 Bélehrad

*Fakulta technologie, 21 000 Novi Sad
**Chemicky zdvod ZORKA, 15 000 Sabac

Prace se zabyva matematickou optimalizaci zrnitostni kfivky surovinové smési, zaruéujici
dosazeni pozadovanych kvalitativnich ukazatelua vyrabénych keramickych dlazdic. Byl vypra-
covan matematicky model korelace mezi experimentalné zjisténymi kvalitativnimi charakteristi-
kanii vyrobku a hmotnostnimi podily jednotlivych frakci slozek surovinové smési a doplnén obec-
nyni omezujicimi podminkami, jako rovnici hmotnostni bilance a podminkami nezapornosti.
Je Fegen typicky problém kombinovanym analyticko-numerickym postupem a metodou geo-
metrického programovani. Ke kone¢nému reseni se dospélo porovnanim vysledka obou metod,
které vyslo ve prospéch metody druhé.

OUHTHMUSAIIHA TPAHY JITOMETPHYECROIO COCTABA 1P
HPOMIBONCTBE REPANIHYECKINX ITJIHTOR

Juaana HerpaumHoBiu-CroiikaHoBuY, LpamuciraB HiuBanoBny, MupsaHa [lopnu*,
0.1 Tacure** ) Momuicio HoBawosnu**, Ciioj01au [leciiotoBi**

CepGekuli naywio-uccaedogameancriit wicmumym ucnounenud siamepuatoe, 11000 Beaepad

*Daryavmem mexnonozun, 21 000 Hosu Cad
** X umuneckuli 3a600 30P KA, 15 000 laday

B npepnaracMoii padoTe paceMaTpUBAETCs ONTHMNZAIMS KPUBOIl I'PAHY./TOMETPHUIECKOI'O
COCTABA CHIPHEBOI CMeCH, 00ecHeYHBaIOINEil 1osyueHne TpeOyeMpIX KauecTBCHHLIX IOKa3a-
TeJied NPOM3BOIMMBIX KCPAMUYECKHUX ILTMTOK. Drisia paspaGoraHa MaTeMaTHuecKas MoOueNh
KOPPeJSIAIMA MEH|Y VCTAHOBIEHHBIM JKCI1€ DPUMEHTAILHBIM [1YTEM Ka'leCTBCHHBIMI Xa PAKTEPH-
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CTHKAMH H3[IeJIA H BECOBBIMH JI0JIAMH OTAEIBHBIX (DPAKIMHA KOMIOHEHTOB CLIPHEBOH cMCH
K KOTOpoi#i jfo6aBmin o6TMHe JIMMHUTH PYIONIME YCIIOBYS B BHJe YpPaBHEHHs BecoBoro Ganamca,
A YCcJIOBHA HeOTpHIaTesIbHOCTH. Pemaercs TumuuHas mpolilemMa IpPH NOMOIM KOMOMBHMPO-
BaHOr0 aHAINTHKO-HYMEPHYECKOTO IPHEMA M METO;(d FeOMeTPHYECKOr0 IPOrPaMMHPOABHHAA.
OxoHuUaTelIbHOe pemreHue OBIIO IIOJYYeHO COIOCTABJCHUEM OOOMX METOMOB M BTODOIl MeTOJL
okasaiicsi 6osiee IPUTOIZHBIM.

ALEXANDER MUCK: SYMETRIE KRYSTALW® A VIBRACNI SPEKTRA.
266 str., 26 obr., 60 tab.,, SNTL, Praha 1987

Kniha sa zaoberé tedriou grap vo vztahu k fyzikalnym vlastnostiam molekul a predovietkym
krystélov. Je roztlenena do 4 &asti. V tivode je velmi elegantne a origindlne popisany vyskyt.
a vyznam symetrie v prirode a histdria nduky o symetrii vrcholiaca v ucelenej tedrii grap. Sa-
motné teéria grap tvori napln druhej kapitoly. Po abstraktnej tedrii grup, véitane tedrie repre-
zentécii, autor popisuje detailne bodové grupy symetrie a korelacie medzi nimi. Ocefiujem, ze
autor sa zmiefiuje i o permutaéne — inverznych grupéch, ktoré hraju vyznamnu dlohu v moleku-
lovej spektroskopii nerigidnych molekul. Dalej sa popisuju priestorové grupy symetrie.

Tretia kapitola tvori spojovaci &lanok medzi abstraktnou teériou grap a symetriou fyzikalnych
vlastnosti. Vieobecne platné vztahy medzi symetriou kry&talu a symetriou jeho fyzikélnych
vlastnostisu aplikované na sériu efektov (piezoelektricky, pyroelektricky, feroelektricky, optické
aktivita). Autor sa nevyhyba ani komplikovanej&im systémom (rotécia 8astic v kry&taloch, redlne
krystaly, OD struktury, kvézikry&taly).

Posledné, &tvrtéd kapitola je venované vibraénym spektram. Popisuju sa principy tedrie
vibragno-rotaénych spektier, symetria normélnych vibrécii &astice a krystalu a vyberové pra-
vidl4, ako aj vplyv skupenskych stavov na vibra&né spektra. Dalsia &ast tejto kapitoly popisuje
site — grupovuy, faktor — grupovu a korelaéna analyzu s konkrétnymi aplikdciami. Kniha je
doplnena obsiahlymi dodatkami (spolu 54 strén).

Pri &itani knihy, &itatel oceni logiénost a jasnost vykladu, ale mha osobne si tdto kniha ziskala
najmé neobvyklym informa&nym bohatstvom a tplnostou. Napriklad autor uvaddza kompletné
informacie o vietkych bodovych grupach a nielen o tych, ktoré sdm povazuje za ,,doleZité*.
U vietkych grap autor dosledne uvadza niekolko prikladov zlugenin, ktoré k nim patria. Myslim
si, Ze mimoriadne uZitoné su i poudky a vety (napr. teorémy o produktoch operacii symetrie, na
str. 40, 100, alebo explicitny tvar tenzorov polarizovateInosti v Tab. 60, a mnoho inych), ktoré
som si z nedostatku lep&ieho nézvu pomenoval ,,malé vety“. Vo ,,velkych knihach* teérie grap
sa tieto ,,malé vety* obvykle neuvadzaju, pretoZe sa daju odvodit zo zékladnych viet. Odvodenie
je viak Sasto asovo nérodné a je preto prijemné mat k dispozicii hotové vysledky. Pozitivne
hodnotim ten fakt, Ze na rozdiel od niektorych knih s ktorymi som sa stretol, autor neredukuje
analyzu vibragnych spektier kry&télov len na analyzu diamantu a NaCl.

Je len pochopiteIné, Zze v tak relativne utlej knihe musi byt bohatstvo informacii zaplatené
uspornym, telegrafickym &tylom vykladu, ktory hlavne v &asti o vibragnych spektrach ¢asto
predpokladé, Ze nejde o prvé stretnutie &itatefa s problematikou. Napr. definicia normélnych
vibréacii na str. 163 je sice vecne uplne sprdvna, ale &itatel, ktory sa s tymto pojmom stretne
prvykrat by si asi tazko vytvéral z popisu jasny obraz. Domnievam sa, Ze pri budicom vydani
knihy by bolo k &asti o vibraénych spektrach uzito&né pridat 10—20 strdn venovanych popisu
silovych konstant, dynamickej matice, saradniciam symetrie, a pod.

V kapitole venovanej abstraktnej tedrii grap, tedriu reprezentécii by bolo vhodné doplnit
o velmi uZitodnu Schurovu lemmu a kapitolu venovana symetrii o symetriu vzhfadom k obra-
teniu &asu.

V knihe sa vyskytli niektoré drobné nepresnosti: Zriedené plyny nemaju &iarové spektré
(str. 165), pretoZze konedné doba Zivota a Dopplerov efekt spésobuju rozsirenie linii. Vzhladom
k definicidm (2.54), (4.11) by asi malo byt v rov. (4—10) spravne exp [i(qth)/2x]. Na strane 170
by bolo spravnejiie hovorit o symetrii vyiieho vibrainého stavu neZ o symetrii frekvencie.
Vyberové pravidlo uvedené na str. 173 pod rovnicou (4—27) plati len vtedy, ak niZ&ia hladina je
totalne symetricka.

Zéver: kniha je mimoriadne uZitotnym a bohatym zdrojom informécii a méze sluzit ako pri-
rudka pre vietkych, ktori pouzivaju teériu grap, hlavne viak voblasti spektroskopie, trukturne;j
analyzy a fyziky tuhych latok.

Sarka
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