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Abstract: Electromelted corundum and SiC are the most frequently used industrial abrasives. The final products
of electromelting of Al,O, and bauxites contain contaminants. Their content and present glass phases adversely
affect the functional properties of the abrasives. It is shown that the content of the contaminants can be calculated
from chemical analysis. The calculation is similar to that used to determine the theoretical analysis of clay and
other raw materials for the manufacture of ceramics (e.g. calculation by Kollauner-Matejka). An example of such
calculation is shown in the case of the brown i.e. the most common corundum and the results are compared with
those, obtained by microscope analysis as a reference. These calculations can be used for quality control during
production and also for monitoring of quality changes during research and development of new types of electro
corundum. The computed compositions are in good agreement with those found by the microscope analysis. The
content of the contaminants was also monitored as a function of particle size of the abrasives. A certain correlation
was observed between the crystal size and the classification method of the particle size. The content of the delete-
rious contaminants decreased with decreasing size of the crystals from large to medium whilst it increased as the
crystals further decreased from medium to fine particles; it could reach up to 20 % in the worst case.
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Introduction

Each abrasive tool consists of abrasive grains, their
bond and pores, i.e. components of a solid and gasiform
nature. Abrasive grains represent a special mineral
phase and the bond is either anorganic, for example
the synthetic resin, or the rubber-based materials. The
variability of individual components is great. Their
properties and distribution in the abrasive tool directly
affect also its physical-mechanical properties. Petrological
and mineralogical procedures have made it possible to
solve some technological problems of many years and to
integrate the control methods for verifying the quality of
abrasive grains.

Definition of abrasive materials and abrasive tools

The abrasive can only be a material with higher hardness
than the material we want to work with and which is rigid
enough to withstand the mechanical destruction. The

* Electromelting of ALO
SiC, as the most frequent industrial abrasives, produces contaminants.
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, and bauxites at production of corundum and

e The content of the contaminants can be calculated from chemical
analysis (e.g. Kollauner-Matejka calculation method), which results
are in good agreement with those from microscope analysis.

abrasive tool can also be described as the abrasive grains
connected with a metal, ceramic, glass or organic bond.
These grains are connected in a defined geometric shape,
most frequently as an abrasive wheel. The parameters
that define the quality of abrasive tool at present are as
follows: (a) type of abrasive; (b) type of bond; (c) abrasive
grain size; (d) shape of abrasive grains; (e) hardness of
the tool (which means the resistance of abrasive grain to
mechanical break out of the wheel); (f) structure of the tool
determined by pore volume or volume of abrasive grains
used.

Type of abrasive

An abrasive is a material that indicates the same or
greater hardness than the workpiece and is resistant to
temperature and chemical reactions. In the past, silicious
sand, garnet and emery (a natural rock made of corundum)
were used as abrasives, later joined by the diamond dust.
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During the industrial revolution in the 18th and 19th
centuries, following the requirements of the evolving
technologies, the synthesis of hard substances was
achieved (Baumann, 1962; Kamencev, 1950; Polubelova
et al., 1968; Novotny & Turnovec, 1967; Turnovec, 1971;
Hofinek & Turnovec, 1970; Turnovec & Illasova, 2009,
2011).

An overview of the main natural and synthetic types
of abrasives can be seen in Chart 1. The hardest abrasive
is diamond, the softest one is quartz. The methodology of
studying abrasive materials when it comes to preparation
and making cuts is a rather complex. Therefore, a
methodology of studying the cuts was developed. The first
researchers who studied the cuts in the reflected light were
Filonenko and Lavrov (1958). In the following text we
focus on silicon carbide and corundum abrasives as well
as on abrasive tools.

Silicon  carbide (SiC, carborundum) was
independently synthesized by Acheson (1892) and
Schiitzenberger (1892). Acheson’s technology is still in
use today (Turnovec & Kleander, 1970; Kleander, 1971).
It is produced in the electric resistance furnaces bearing
the Acheson’s name and it is made of silicious sand and
carbon raw material, which is a petroleum coke (Fig. 1).
It has been experimentally demonstrated that the initial
temperature for SiC formation is 1200-1400 °C. The main
reactions and formation of a-SiC occur in the range of
1700-2300 °C.

The electro-melted corundum, as an essential raw
material for the production of abrasive grains, contains, in
addition to the corundum phase, also other accompanying
minerals and their total content may exceed 10 %. The
basic types of corundum abrasive materials are:

a) monocorundum (named as Alucryst special);

b) brown corundum (also known as Normalcorundum)
and its microcrystalline modification;
white corundum (named as Elektrit, Alundum, etc.);
red corundum (called Rubin);
alloyed corundum (also known as zirconium,
vanadium, manganese-titanium corundum, etc.).

Monocorundum is made by crystallization of AlO,
dissolved in a sulphide melt by melting a mixture of bauxite
or industrial aluminum oxide with a suitable sulphide
(most often pyrite) in an electric furnace. This production
was patented by Hagelund in 1922 and the technology
is still used today. Unlike other corundum materials,
monocorundum is chemically the cleanest material with the
best cutting properties. The main raw material for brown
corundum is bauxite. The white corundum is produced
without any additives, while adding Cr,0, produces the
red corundum and adding other additives participate in
producing other alloyed corundums.

For corundums produced by melting an industrial
alumina, the main pollutant is B-corundum and the glass

©)
d)

e)
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phase. The influence of other accompanying components
is negligible. During the crystallization process in alloyed
corundums, adulterants (e.g. baddeleyte in Zr-corundum)
often appear as the catalyzers that favorably influence the
resulting structure and increase the toughness ofthe resulting
abrasive. For brown corundum made from bauxites, the
detrimental accompanying components are carbides and
titanium nitrides, formed during over-reduction of the
bauxite melt. These components, although only in the
trace content, significantly increase their volume C in the
critical temperature range of 500-600 °C and cause their
destruction. The formation of accompanying components
can be quantified from the chemical composition. An
indicator is that, in addition to nitrides and carbides, the
greater quantities of anorthite or mullite glass phase are
formed. On the contrary, the presence of titanium in the
structural lattice of corundum crystals is a benefit because
during the burning, the toughness of the abrasive grains is
increasing.

Mineral composition and properties of abrasive grains

The functional properties of corundum abrasive grains
are influenced both by the composition and structure of the
melting products and by the technology of their production.
In general, the quality of all abrasive grains is determined
by their size and granularity, mechanical strength, shape,
mineral composition and structure, and by the content of
inclusions (metal and magnetic particles). Standard CSN
224012 defines an abrasive grain as a crystal or abrasive
material particles whose width do not exceed 5 mm and
the ratio of the largest dimension to the smallest does not
exceed 90 % of the grains.

The influence of the mineral composition of abrasive
grains was studied for addressing the causes of cracking
the abrasive tools (with ceramic bonding) already during
the burning. During the burning, not only a ceramic
bonding mass is formed, but also mutual reactions between
the abrasive grains and the liquid phase of the bond can
be noticed. The gradual heating results in the diffusion
of ALO,, which is caused by the aggressiveness of the
alkali oxides of bond, especially by Na O, represented in
congruently forming liquid phase (Turnovec, 1984).

Cracking of ceramically bonded brown corundum
grinding wheels

On cracked wheels, the boundaries between grains
and bond were observed — first under binoculars, later on
polished sections in the reflected light. It has been shown
that the cracks are present in the grain-bond interface as
well as within the grains themselves. In the wheels around
the cracks already formed during burning, kidney-like
formations, later identified as anosovite and rutile, were
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found on the grain surface and at the points of cracking.
These are impurities (oxygen-free titanium compounds),
which, during oxidation burning between 500-600 °C,
extremely increase their volume and cause anomalous
expansion of the abrasive grains. This is the evidence
that the bauxite used was over-reduced during melting
of brown corundum (which was a fatal mistake; water
infiltrating the bauxite was up to 11 %, which caused the
over-reduction with the same total amount of bauxite and
reducing agent).

The functional properties of the abrasive depend on
the content of the accompanying components (mainly
B-corundum in white and hexaaluminate inbrown corundum
or glass phases). Similar to the rational analyses of ceramic
raw materials (e.g. Kollauner-Matéjka calculations), the
mineral composition of corundums can be calculated. As
an example, calculations for brown corundum are given.
Its melting conditions are close to equilibrium. They take
place in the liquid phase and the subsequent crystallization
is sufficiently slow. Crystallization occurs in the CaO
— ALO, — SiO, system, near the ALO, peak (Fig. 1).
According to the Rankin’s diagram (Filonenko & Lavrov,
1958), three final crystallization products are possible:

I.  corundum; mullite; anorthite;

IL.
I11.

This is a simplification that does not take into account
the other accompanying components, which are the MgO
and TiO, compounds, mostly the spinellides and taosite.
The proportion of spinellides is only trace to negligible, but,
most importantly, it does not affect functional properties.
The situation is different for titanium compounds
(Turnovec, 1969, 1971, 1982a). A crystallization diagram
is shown in Fig. 2.

From the simple ratio of oxides bound to individual
components, it is clear that the most preferred melting
product is the one in which, in addition to corundum, only
anorthite is present. The least preferred is a melt allowing
the formation of hexaluminate. Based on the steichiometric
ratios of the individual oxides, the proportions of the main

corundum; anorthite;

corundum, calcium hexaaluminate; anorthite.

components can be calculated from the analytical data.
Chemical analysis is a part of quality control and one of the
basic quality parameters and is listed in the Czechoslovak
Standard CSN 22 4044. Material conforming to CSN
standard can have a very variable mineral composition
thus relating to its functional properties.

Sio,
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Fig. 1. Three phase diagram CaO — Al,O, - SiO,, near the top of
the AL O (Filonenko & Lavrov, 1958).

The originally proposed calculation method (Turnovec,
1970) was quite demanding. During practical use it was
simplified and made more effective (Turnovec, 1982b).
Denoting variables and auxiliary variables:

A. Al O, content determined by analysis;

B. SiO, content determined by analysis;

C. TiO, content determined by analysis;

D. CaO content determined by analysis.

HI - content of AL,O, in anorthite; H2 - content of AL,O, in
calcium hexaaluminate; H3 — content of AL,O, in mullite;
H4 — content of AL O, in taosite.

Resulting variables:

AN = anorthite content in %; MUL = mullite content
in %; HXL = hexaaluminate content in %; TA = taosite
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Fig. 2. The situation is different in the presence of compounds containing titanium (Turnovec, 1969, 1971, 1982a).
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content in %; KC = corundum content in %; KF = physical
corundum content, i.e. with taosite in %; KM = corundum
module, i.e. ratio of AL,O, content in corundum phase to
Al O, content in accompanying components.

Method for calculating mineral composition

The first step — deciding the ratio D : B (CaO : SiO,).
There are three possibilities:
a) the ratio is greater,
b) the ratio is 0.467,
c¢) the ratio is smaller.

The second step
possibility a)
AN = 1.58 xB x 1.467;
H1l = AN-B x 1.467;
HXL = 11.91 x (D - 0.467 x B);

H2 = HXL- (D +0.467 x B).
Possibility b)

AN = 1.58 x (B + D);
H1=AN-B x 1.467.

Possibility c)

AN =1.58 x D x 3.142;

H1=AN-3.142 x D;

MUL = 3.546 x (B —2.141 x D);

H3=MUL- (B +2.141 x D).
The third step — a futher calculation common to all
three

H4 = TA-C;
KC = A—(H1+H2+H4),
KF = KC+TA.

The fourth step — a calculation of the corundum module
KM = (KF-C):(Hl+H2+H3)

Key to the variables and auxiliary variables used:

A. ALO, content from the analysis;
B. SiO, content from the analysis;
C. TiO, content from the analysis;
D. CaO content from the analysis.

H1 — ALQO, content in anorthite;

H2 — ALQO, conte nt in calcium hexaaluminate;
H3 - A1203 content in mullite;

H4 — AlLO, content in taosite.

The resulting variables:

AN = content of anorthite in %;

MUL = content of mullite in %;

HXL = content of hexaaluminate in %;

TA = content of taosite in %; KO = content of co-
rundum in %;

KF = contentofphysical corundum (total AL,O, incl.
taosite) in %;

KM = corundum modulus i.e. a ratio between AL,O,

in the corundum phase and ALO, in the

TA = 2276 xC; remaining constituents.
Tab. 1
Mineral composition of brown corundum calculated from analytical data and determined microscopically.
Mineral composition of brown corundum calculated from analytical data and determined microscopically
Chemical composition Calculation of mineral composition Microscopic analysis

[
o . . MUL | HXL | TA | KC KF Corundum Calcium Glass
g Lol etey | uley el el % % % % % — % hexaaluminate |phase’
(]
1 |196.88| 0.94| 1.09| 0.64 | 2.18 | - 2.39 | 2.48 |193.37 |95.86 |27.03 93.5 2.6 3.9
2 |95.63| 064 | 200| 1.35| 1.48| - |12.52| 4.55|81.64 |86.19 | 7.38 86.2 12.3 1.5
3 |193.79( 182|290 | 0.84 | 417 | - - 6.60 (88.56 |95.16 |59.29 95.0 - 5.0
4 196.79| 1.06 | 1.35| 0.55| 246 | - 0.65 | 3.07 96.64 95.0 st 5.0
5 [95.06 250 1.80| 017 | 0.84 | 7.57 | - 4.10 |87.74 191.84 (17.95 90.4 - 9.6
6 19517 254 | 1.20| 053 | 2.63 | 498 | - 2.73 (91.37 |94.10 |24.45 90.5 - 9.5
7 |194.56( 0.71| 210 | 1.35| 1.65| - [12.13| 4.78 |80.82|85.60 | 7.55 86.0 121 1.9

Notes: The designation of the components of the calculation is kept as for the calculation formulas AN = anortite, MUL = mullite, TA = content
of taosite, HXL = calcium hexaaluminium, KC = physical corundum, taosite, KF = content of physical corundum (total Al,O, incl. taoiste), KM
= corundum modulus i.e. a ratio between Al O, in the corundum phase and Al,O; in the remaining constituents.

* The glass phase represents all translucent components filling the spaces between microscopic analyses of corundum crystals, no distinction
is made when the main constituents are anortite or mullite about the glass phase.
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Fig. 3. Anorthite glass phase surrounded by corundum (Turno-
vec, 1982b). Width of view 80 pm.

Conclusion

The methods and approach of petrologists and
mineralogists can significantly help in assessing the
properties of abrasives and abrasive tools and many other
technical materials, especially in their development. At
the end, we summarize some examples where petrology
contributed to solving technological problems in the field
of abrasives: determination of mineral phases resulting
from the production of abrasive materials; determining
the structures and size of the crystals formed; solving
the technological problem in the production of brown
corundum (over-reduction); quantification of mineral
composition from analytical data; evaluation of thermal
expansion and its elimination by annealing; evaluation of
abrasive grain shapes.

Comparison of calculations with microscopic analysis
and basic chemical composition is shown in the attached
table. As the table shows, the difference between the
quantified and microscopically determined composition is
only small. Conversions can be used to monitor quality
during research work, but also for statistical evaluation
of technical production control (Tab. 1). The agreement
between the calculated and microscopically determined
composition is relatively high.

The contents of the accompanying components
were also monitored depending on the size of the
abrasive grains. It has also been shown that there is a
certain regularity depending on the size of the crystals
and the size sorting method. From the largest to the
medium grains, the pollutants content decreases, from
the medium to the fine grains, pollutants again increase
and can reach up to 20 % in the unfavorable case.
The study of the polished sections has proved to be very
effective in identifying individual mineral phases, but also
in the study of the internal construction of abrasive tools
and structures as described for natural rocks.
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Calculation methods of the rational, i.e. mineral
compositions from the chemical composition are quite
accurate. The ability to determine the crystallization type
by the calculation method (i.e. the presence of anorthite or
mullite glass phase as indicators of the presence of other
compounds) becomes a useful advantage in evaluating
the properties of corundum abrasives and abrasive tools.
The quantification of the mineral phases in electro-melted
corundumenablestosolvenotonly theabrasive orrefractory
phases but also technological problems (especially the
over-reduction of the melting), which cannot be detected
solely by analytical data. Through the computer algorithm,
the results are available parallel with the analytical data,
which allows technological interventions, increasing or
decreasing the reducing agent content in the melt. It is
advisable to ensure the formation of the anorthite glass, as
the mullite phase increases, a danger of over-reduction of
blocks becomes real. Timely quantification and adjustment
of the batch brings a significant saving of funds, because
the thermal adjustment (modification) of the over-reduced
materials is very expensive and unnecessary, if the
reduction is managed properly.
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Vypocet zastipenia sprievodnych zloziek v umelom korundovom brusive

Elektronovany korund a SiC st najcastejsie
pouzivané priemyselné brasiva. Konecné produkty
elektrolytického spracovania Al,O, a bauxitov obsahuj
kontaminanty. Ich obsah a obsah sklenych faz nepriaznivo
ovplyviiuje funkéné vlastnosti brusiv. Ukazalo sa, zZe
obsah kontaminantov mozno vypocitat chemickou
analyzou. Vypocet je podobny vypoctu, ktory sa pouzil
na stanovenie teoretickej analyzy hliny a inych surovin
na vyrobu keramiky (napr. vypocty podla Kollaunera-
-Matejku). Priklad takéhoto vypoctu je uvedeny na zistenie
obsahu hnedého, najbeznejsicho korundu a vysledky sa
porovnavaju s vysledkami ziskanymi mikroskopickou
analyzou ako referencie. Tieto vypocty sa moézu pouzit
na kontrolu kvality po€as vyroby a tiez na sledovanie
zmien kvality po€as vyskumu a vyvoja novych typov
elektrokorundu.

Kazdy brusny nastroj sa skladd z brasnych zfn,
spojiva a porov, teda zo zloziek pevnej a plynnej povahy.
Brusne zrna su Specialnou mineralnou fazou a spojivo je
bud’ anorganické, mdze to byt syntetickd zivica, alebo
materidly na baze kaucuku. Pestrost’ jednotlivych zloziek
je vel'ka. Od ich vlastnosti a rozlozenia v brisnom nastroji
priamo zavisia aj fyzikdlno-mechanické vlastnosti.
Petrologické a mineralogické postupy umoznili vyriesit
niektoré mnohorocné technologické problémy a doplnit
kontrolné metoédy na overovanie kvality brasnych zfn. Od
obsahu sprievodnych zloziek (hlavne B-korundu v bielom
a hexahlinitanu v hnedom korunde, pripadne sklenych
faz) zavisia funkéné vlastnosti brusiva. Podobne, ako
sa vycisluju raciondlne analyzy keramickych surovin,
mozno vyc¢islit minerdlne zlozenie korundov. Ako
priklad uvadzame vypocty v pripade hnedého korundu.
Podmienky jeho tavenia sa priblizuji rovnovaznym.
Prebiehaju v tekutej faze a nasledna krystalizacia je
dostato¢ne pomala. Krystalizacia nastava v systéme CaO —
Al O, - Si0,, v oblasti blizkej vrcholu Al,O,. Pozname tri
koneéné produkty krystalizacie: 1. korund, mullit, anortit;
2. korund, anortit; 3. korund, hexahlinitan vépenaty,
anortit.

Ide o zjednodusenie, ktoré neberie do uvahy dalsie
sprievodné zlozky. Tymi st zlu€eniny MgO a TiO,, teda
prevazne spinelidy a taosit. Zastipenie spinelidov je iba
stopové az bezvyznamné a neovplyviuje funkéné vlast-
nosti. Ind situdcia je v pripade zltcenin titdnu. Z jed-
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noduchého pomeru oxidov viazanych na jednotlivé
zlozky je zrejmé, ze najvyhodnejsi je taky produkt tavby,
v ktorom sa okrem korundu bude vyskytovat’ iba anortit.
Najmenej vyhodna je tavba umoziujuca vznik hexahlini-
tanu. Na zaklade stechiometrickych pomerov jednotlivych
oxidov mozno z analytickych udajov vypocitat’ zastipenie
hlavnych zloziek. Chemicka analyza je sucast'ou kontroly
kvality a patri medzi zdkladné kvalitativne parametre. Je
uvedena v CSN 22 4044. Material zodpovedajici CSN
modze mat’ velmi variabilné mineralne zloZenie a s tym
suvisia aj jeho funk¢né vlastnosti.

Metody aj pristup petroléogov a mineralogov mozu
vyznamne napomoct’ pri posudzovani vlastnosti brusiva
a brisnych nastrojov, ale aj mnohych d’alSich technickych
hmot, najmi pri ich vyvoji. V zavere zrekapitulujeme
niektoré priklady, ked” k rieSeniu technologickych
problémov v odbore brusiv prispela prave petrologia:
stanovenie minerdlnych faz vznikajucich pri vyrobe
brasnych materidlov, stanovenie Struktir a velkosti
vznikajucich  krystdlov, vyrieSenie technologického
problému pri vyrobe hnedého korundu (preredukovanie),
vycCislenie minerdlneho zlozenia z analytickych udajov,
hodnotenie tepelnej rozt'aznosti a jej odstranenia zihanim,
hodnotenie tvarov brusnych zfn. Porovnanie vypoctov
s mikroskopickou analyzou a zakladné chemické zlozenie
je v pripojenych tabulkach. Ako vyplyva z tabuliek,
rozdiel medzi vycislenym a mikroskopicky stanovenym
zlozenim je iba maly, nepatrny. Prepocty mozno vyuzit
pri sledovani kvality pocas vyskumnych prac, ale aj
na Statistické hodnotenie technickej kontroly vyroby.
Zhoda medzi vypocitanym a mikroskopicky zistenym
zlozenim je pomerne vysoka. Obsah sprievodnych zloziek
sa sledoval aj v zavislosti od velkosti brisnych zfn.
Ukazalo sa, ze aj tu existuje istd zédkonitost, podmienend
vel'kostou krystalov a sposobom velkostného triedenia.
Od najvacsich zfn k strednym obsah primesi klesd, od
strednych k jemnym opat’ Skodlivin pribuda a ich obsah
mozZe v nepriaznivom pripade dosiahnut’ az20 %. Stidium
nabrusov sa ukazalo ako vel'mi efektivne pri identifikécii
jednotlivych minerdlnych faz, ale aj pri Studiu vnutornej
stavby brusnych nastrojov.
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