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Wet milling in a ball mill is used to prepare a suspension based on amorphous and crystallized magnesium alu-

minum silicate glass. The stabilizing additives used are hydrochloric and oxalic acids, and also an aqueous

ammonia solution. Raw material is molded by slip casting in porous molds. Optimum ranges are provided for

magnesium aluminum silicate glass suspension casting parameters in order to prepare green workpieces with

not more than 30% porosity.

Keywords: glass ceramic, highly concentrated ceramic binder suspension (HCBS), slip, magnesium alumi-

num silicate glass, cordierite, ionic potential (IP), particle size distribution.

Glass ceramic materials are in demand in the space and

aviation branches of industry as materials for preparing an-

tenna radomes for rockets of different classes. A number of

specifications are laid down for radioparent domes apart

from radio engineering properties (low value of dielectric

permittivity and dielectric loss angle) providing protection of

radio equipment from external action: thermal shock resis-

tance, refractoriness, and low LTEC [1]. The magnesium alu-

minum silicate system is promising for creating glass ce-

ramic material based upon it satisfying these specifications,

whose main crystalline phase is cordierite.

The aim of this work is preparation of highly concen-

trated ceramic binder suspensions (HCBS) based on magne-

sium aluminosilicate glass suitable for molding workpieces

by slip casting in porous molds in order to prepare dense

pore-free glass ceramic material of cordierite composition.

Glass ceramic materials were first studied by Stookey in ex-

amining processes of photosensitive glass crystallization [2].

Newly developed material pyroceram was prepared from

glass by crystallization by a special regime. The material ex-

hibited good thermal shock resistance, improved mechanical,

electrical, and other properties [3].

One of the most well-known glass ceramic materials is

pyroceram 9606 [4]. This is glass ceramic of the magnesium

aluminosilicate system with titanium dioxide as a catalyst.

The main phase is cordierite and provides low dielectric

losses, good thermal shock resistance, and strength, and also

resistance to climatic effects. Porosity is absent from the ma-

terial, and it is resistant to a high moisture content even with-

out use of coatings.

Various methods are well known for preparing cordierite

ceramic: crystallization from glass, growing single crystals

from fluxes, sol-gel technology, solid-phase synthesis from

oxides or from natural materials [5]. Slip casting is one of the

most widespread methods for molding ceramic materials

making it possible to prepare objects of any shape with suffi-

ciently uniform distribution of material properties through-

out the volume. During subsequent heat treatment there are

physicochemical processes of sintering and (or) crystalliza-

tion, and a material acquires prescribed properties [6].

On the basis of technology developed for preparing mag-

nesium aluminosilicate glass slip general principles have

been proposed for the technology of HCBS preparation, in-

cluding starting material refinement, combining it with a dis-

persion medium, and stabilization with electrolytes by means

of controlling pH and mechanical mixing. Mineral particles

within a slip absorb and strongly hold a thin water film at

their surface. The thickness of water shells depends on parti-

cle fineness and their electrical charge, and is important tech-

nologically. The amount of water shell may be regulated by

introducing electrolytes whose cations replace cations of ad-
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sorbed particles, reducing dissociation and size of a diffusion

layer, as a result of which there is an increase in the amount

of free water (with retention of its overall content), which

thins a suspension [7].

During HCBS preparation the chemical nature of the

solid phase, characterized by value of ion potential (IP) of

the substance cation, has an exceptional effect on suspension

properties. It is well known that IP characterizing cation ba-

sicity, may be considered as an approximate measure of an

electric field force created by it, and therefore the IP value is

closely connected with the acid-basic nature of the solid

phase, solubility, and hydration energy. A low solid phase IP

of basic materials (IP = 2 – 4 [8]) assumes an increase in

content of chemically bonded liquid, an increase in tendency

of a system towards thixotropic structure formation, a

marked reduction in volume faction of solid phase CV in sus-

pension, and a corresponding increase in casting porosity.

Within the MgO–Al2O3–SiO2 system there is acid oxide

SiO2, amphoteric Al2O3, and basic MgO. MgO exhibits a

marked water requirement, which strongly limits the process

of fine grinding of material of this composition in an aqueous

medium and preparation of a sedimentation and

aggregatively stable suspension. With stabilization by thin-

ning electrolytes the change in pH of a medium is regulated

to values with which a slip develops maximum fluidity [8].

The effect of medium pH is considered as action of a factor

changing the value of the �-potential and thickness of the dif-

fusion part of a double electric layer. The value of pH with

which a slip develops the best fluidity (so-called casting

range) is determined by experiment. For suspensions of basic

materials existence of two casting ranges is theoretically pos-

sible, in both acid and alkali ranges (Fig. 1). Castings are pre-

pared with the greatest density in regions of maximum sus-

pension fluidity.

Fineness is a no less important HCBS property, specified

by content of fine (<5 �m) and coarse (>50 �m — T50) frac-

tions. From the point of view of an increase in sedimentation

stability of a suspension it is expedient to increase the fine-

ness of particles comprising them, and in order to reduce

shrinkage of material based on HCBS it is desirable to

achieve particle polydispersion. Polydispersion of a system

determines the possibility not only of achieving a high solid

phase concentration in a suspension, but also preparation of

high density semifinished product, prepared by slip casting

[6]. This is achieved due to the fact that during semifinished

product structure formation within the main mass relatively

coarse particles with a size of 5 – 100 �m contain fine parti-

cles (1 – 5 �m), and between them there are ultrafine parti-

cles with a size of 0.1 – 1.0 �m, and nanoparticles within

gaps.

EXPERIMENTAL SECTION

Crystallizing glass OTM-554 (TU 1-596-488–2012) in

the form of glass granules of the following composition was

used in the work: MgO (11.8 ± 1.3) %, Al2O3 (29.8 ± 1.0) %,

SiO2 (45.9 ± 2.1) %, TiO2 (12.0 ± 1.0) %, As2O3 (1.85 ± 1.0) %.

Glass was used both in original form, and crystallized. The

crystallization regime was two-stage heat treatment with a

temperature of the first stage of 850°C and soaking for 3 h,

then the temperature for the second stage was 1230°C with

soaking for 4 h. The main crystal phase of crystallized glass

was cordierite.

Material refinement was accomplished in a ball mill with

a corundum lining charged with amorphous or crystallized

glass with a lump size of about 15 � 15 � 5 mm (Fig. 2) and

Al2O3 milling bodies from 15 to 40 mm in diameter in a ratio

1:(3 – 4). The dispersion medium used was distilled water;

water acidified to pH 2.5 by addition of hydrochloric or ox-

alic acids; water made alkaline to pH 10.8 with addition of

aqueous ammonia solution. After wet milling the suspension

was stabilized by mechanical mixing.

The hydrogen ion concentration and electrokinetic po-

tential were determined in an I-500 instrument (ionometric

converter). Solid phase particle size composition of a suspen-

sion was determined by screen analysis and a sedimentation

method. Detailed information about particle fineness in this
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Fig. 1. Dependence of viscosity (1 ) and �-potential (2 ) on basic

material slip medium pH [6].
Fig. 2. Granular magnesium aluminum silicate glass.



work was obtained from data for integral and differential dis-

tribution in an LA-950 laser scanning analyzer. On the

curves obtained (Figs. 3 – 5) the right-hand scale concerns

the integral distribution (smooth curve), and the left-hand

scale concerns differential particle distribution (histogram).

Calculation of the slid phase volume content CVwas per-

formed by an equation [8]
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and �
i
are suspension solid and liquid phase den-

sity; W is suspension moisture content.

Specimens were molded in gypsum molds, and castings

were prepared in the form of rectangular plates air dried for

two days, after which apparent density and porosity were de-

termined from results of hydrostatic weighing of paraffin

treated specimens.

RESULTS AND DISCUSSION

A typical feature of wet milling technology for starting

material is a combination of crushing lump material and fine

milling. An important factor governing the efficiency and re-

sults of milling is the amount of dispersion medium, for ex-

ample water. A newly-formed surface during milling absorbs

and retains water well, creating a dense hydrated shell

around new particles, part of which is chemically-bonded

water. Test milling showed that the minimum amount of wa-

ter in order to obtain a suspension of magnesium aluminum

silicate glass is about 25% of the ground material weight. In

order to obtain a highly dense suspension this amount of wa-

ter is too much, and a smaller amount of water in view mate-

rial basicity is inadequate, since ground mix is compacted

and held at the mill walls, excluding further milling. Some

examples of parameters for the suspensions obtained and

casting properties are provided in Table 1.

Milling amorphous glass by a wet method with use of

HCl as a stabilizer did not provide the results required. The

slip mix did not achieve the fluidity required even with a

high suspension moisture content of 23 – 24%; this also fa-

cilitated a greater amount of particles of small (<5 �m) sizes

(see Fig. 3), increasing the overall solid particle specific sur-

face. Thus, it has been confirmed by experiment that due to

the tendency of MgO towards hydration in order to prepare

satisfactory suspension fluidity a lot of water is necessary, as

a result of which castings are highly porous.

It was possible to reduce the effect of the MgO solubility

factor somewhat into a bonded form by crystallizing the

original glass by means of two-stage heat treatment, as a re-

sult of which material was obtained with the following main

crystal phases: indialite (cordierite system), and rutile;

cristobalite and enstatite were contained in an insignificant

amount. During milling of crystallized glass using HCl it was

possible to obtain a suspension with density 1.99 –
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Fig. 3. Magnesium aluminum silicate glass slip particle size distri-

bution q (stabilizer is HCl electrolyte): T63 = 2.04; T50 = 3.76% (left)

and content of particles with size up to 5 �m 27.35 % (right).

Fig. 4. Magnesium aluminum silicate glass slip particle size distri-

bution q (stabilizer is HCl electrolyte): T63 = 3.24; T50 = 5.64% (left)

and content of particles with size up to 5 �m 22.01% (right).

Fig. 5. Magnesium aluminum silicate glass slip particle size distri-

bution q (diluent is oxalic acid): T63 = 0.39%; T50 = 2.0% (left) and

content of particles with size up to 5 �m 27.42% (right).



2.04 g/cm3 with pH 3.0 – 4.0 and fineness (residue on a

screen with cell size 0.063 mm) T63 = 3 – 4%. The open po-

rosity of green workpieces did not exceed 30%. Use of aque-

ous ammonia solution NH4OH as a stabilizer for slip prepa-

ration with good casting properties in an alkali medium did

not have a favorable effect (the slip mass was lumpy, and

stuck to mill walls).

Apart from electrostatic stabilization in order to prepare

slips with good casting properties, thinning additives were

used, whose operating principle in contrast to electrolytes, is

based on electrosteric stabilization. One of the simplest sub-

stances capable of having a similar effect on a dispersed me-

dium is oxalic acid C2H2O4, which is related to a class of

higher fatty acids with an open chain of carbon atoms and is

the simplest dibasic carbonic acid. Acid was used both in the

form of saturated aqueous solution, and in the form of pow-

der added during milling. A good result was obtained by the

method of limited saturation, when for a suspension maxi-

mum possible amount of glass powder is added up to an in-

stant with which viscosity started to increase. Suspension

density before molding was 1.99 g/cm3 and moisture content

20.16%, CV 0.60 (see Table 1). Particle distribution of the

solid phase within a slip (see Fig. 5) was close to the opti-

mum. In spite of this selection of green workpieces (mix

structure formation) was carried out too rapidly, casting po-

rosity was 33 – 35%, and they were distinguished by consid-

erable brittleness and friability.

This work has shown that the most effective method for

HCBS preparation based on magnesium aluminum silicate

glass is milling of crystallized glass using HCl as a stabilizer.

Casting porosity in this case is not more than 30%.

Comminution of crystallized glass should be carried out to

preparation of slip with density 1.99 – 2.04 g/cm3 with pH

3.0 – 4.0 and fineness with residue on a screen with a cell

size of 0.63 mm of 0 – 10%. The output of slip parameters

these limits leads to an increase in porosity to more than

35%, and this makes it almost impossible to sinter it during

heat treatment to zero porosity.

CONCLUSION

Suspensions have been prepared by wet milling in a ball

mill based on amorphous and crystallized magnesium alumi-

num silicate glass using hydrochloric and oxalic acids as sta-

bilizing additives. The best results have been obtained using

crystallized glass as starting material. Milling of crystallized

glass should be carried out up to preparation of a slip with

density of 1.99 – 2.04 g/cm3 with pH 3.0 – 4.0 and fineness

with residue on a screen with a cell size of 0.63 mm of

0 – 10%. Castings prepared from these suspensions have po-

rosity not more than 30% and are suitable for preparing

dense pore-free glass ceramic material of cordierite composi-

tion.
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TABLE 1. Slip Parameters and Green Workpiece Properties

Milling components*

Slip parameters** before molding

�
app

, g/cm3
�, %

�
sl
, g/cm3 �

nom
, Pa·sec W,% pH T

63
, % T

50
, % T

<5
, % C

V

Amorph. + HCl 1.96 0.33 23.61 2.92 2.04 3.76 27.35 0.54 1.62 40.16

Cryst. + HCl 1.99 0.17 21.18 3.29 3.24 5.64 22.01 0.59 1.78 29.42

Cryst. + HCl 2.04 0.24 19.53 3.78 3.25 9.4 16.82 0.61 1.83 29.08

Cryst. + C2H2O4 1.95 0.21 21.91 4.61 0.39 2.0 27.42 0.58 1.73 33.85

Cryst. + C2H2O4*** 1.99 0.09 20.16 4.98 6.73 12.4 20.15 0.60 1.73 33.38

* Amorph. is amorphous glass; Cryst. is crystallized glass.

** �sl is slip density; �nom is slip nominal viscosity;W is suspension moisture content; T63 is content of particles with sizes more than 63 �m;

T50 is content of particles with sizes more than 50 �m; T<5 is content of particles with sizes up to 5 �m; �app is casting apparent density;Ð is cast-

ing open porosity,%.

*** Limiting saturation method.
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