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The slip casting and mechanical characterisation
of magnesium-alumino-silicate glass-ceramics
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An investigation of the slip preparation and casting of two magnesium-alumino-silicate
glass powders has demonstrated the particular importance of the control of particle size
distribution and slip viscosity in fabricating uniform glass-ceramics by powder methods.
Measurement of strength and fracture toughness of fired material, coupled with particle
size analysis and scanning electron microscopy has allowed interpretation of the quality of
the material produced in terms of strength limiting flaws. Suggestions for the improvement
of this type of material are made. © 1999 Kluwer Academic Publishers

1. Introduction ders hasreceived greater attention in recent years [8, 9].
Glass-ceramics technology continues to interest th@he particular attractions of the powder-route include
wider engineering community because of the uniquébroadening the range of physical properties which can
combinations of physical properties which can be ob-be achieved, often by the incorporation of secondary
tained in this type of material. Of particular interest in particulate phases. Such inclusions might be added to
the recent past have been the developments of alkalimodify thermal or dielectric properties by simple ad-
free glass-ceramics which have low dielectric constandition rules, or else may improve mechanical proper-
and low loss at microwave frequencies and beyondties by more complex mechanisms. Additionally, spe-
Such materials have been developed for, and used irjal forming methods can be adopted for powder-route
microwave packaging [1-3] and electromagnetic win-materials including tape-casting for thin sections and
dow [4, 5] applications. slip-casting.

Typical of these materials are magnesium-alumino- Slip casting is one forming method which has re-
silicate glass-ceramics in whieh-cordierite is devel- ceived relatively little attention as a means of preparing
oped as the principal crystal phase. Dielectric conglass powder compacts [10, 11], and this fact probably
stants less than 5 and loss tangents less than 0.000&flects the difficulties which are involved. Unlike clay
(at X-band) have been developed in various materialparticles (which are routinely slip-cast in the produc-
which span the range of thermal expansions from 2.%ion of sanitary-ware), glass powders do not possess
to 6x 10 K. Similar glass-ceramics made from surfaces which naturally confer stability to their aque-
slightly different starting compositions have been de-ous suspensions. In addition, glass powders are slow
veloped [6] in which MAS-Osumilite crystal phase to mill by conventional methods and the resultant par-
is developed. These materials have similar dielectridicle sizes tend to be relatively large, compared with
properties, but have lower coefficients of thermal ex-commercial aluminas, say, being mainly in the range
pansion being in the range from 1.5t 10°°K-1. 1 to 10 um with mean size of 3-xm and little sub-
Enstatite glass-ceramics (which were not included irmicron material. Thus glass powders present particular
this study) have higher expansions in the range 6 t@roblems compared with naturally occurring silicates
12x 107 K-1[7]. and refined oxide powders. Despite these difficulties the

If these materials are to achieve their commercialadvantages of slip-casting are such that developmentin
potential, in microwave applications for example, fab-this area is justified.
rication methods will be required which fulfil not only ~ The success of slip-casting depends almost exclu-
the physical properties already discussed, but also praively on the production of well-dispersed and high-
duction at the right price of material having good me-solids-content slips which can yield uniform green bod-
chanical and machining properties. Reliability and highies. Such a green body is also a requirement for good
yields of material in thin section (as 2p0n substrates mechanical properties in any sintered ceramic. Thus
for example) demand high strength and fracture tougheastable slips ought to lead to fired bodies which pos-
ness. HighQ in microstrip transmission lines demands sess good mechanical properties by virtue of a uniform
low values of surface roughness of the dielectric submicrostructure with few large pores which are homo-
strate to reduce conductor loss. geneously distributed.

In contrast with the better established bulk-route, the Slip-casting is a very cheap process. Unlike other
production of glass-ceramics from special glass powforming processes, for instance isostatic pressing, the
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In this study, slips were prepared of two magnesium- 9" y P ' 0

alumino-silicate glass powders: oaecordierite type, loading.
denoted H and one MAS-Osumilite type, denoted F.
The compositions of the slips were related to their vis-
cosities which, in turn, were related to density and uni-
formity of the fired bodies. 400
Of particular concern when slip casting technical ce-s
ramics is the achievement of uniform properties across> |
the section of the fired body. Variation of the castingé 200
rate during the casting process might lead to variatior

500
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300 |

in green density across the section of the body. Inturn 100 | 3 .

this may lead to the generation of drying and firing : B S~
stresses, resulting in strength-limiting flaws in the fired o

body. Such variation would be expected to affect most 0% 1.1% ‘é‘f’persom o 1.4% 1.5%
physical properties and particularly to reduce mechan-

ical Strength. Figure 2 Viscosity v. dispersant level for slips of material F, at 65 wt.%

and 68 wt.% solids loadings.

2. Experimental procedure

High-purity constituents were used in the melting of cometet over a range of shear rates from 1-208.s

1 kg batches of the glass compositions of Table | in arjg. 1 shows the shear rate dependence of slips of
platinum crucible in an electric kiln at1600°C. The 65 wt.% solids content and various dispersant concen-
melts were homogenised by a combination of swirlingtrations and in Fig. 2, the viscosity at a shear rate of
and fritting and finally fritted in cold, filtered tap wa- 38 -1 s plotted against dispersant concentration for
ter. The frit was dried then dry-ball-milled for 4 hours g5 wt.9% and 68 wt.% solids contents slips. (Note that
using 25 mm alumina balls (1 kg of frihia 5 Iporce-  this data was for the MAS-Osumilite slips, denoted F).
lain jar with 50 vol.% of alumina ba.”S) The result- An experimentwas conducted in which @31 mm hol-
ing coarse powder was passed through auitbsieve. |ow, closed-ended cylinders were produced by drain-
The sub-75um glass powder was then wet-ball-milled casting from plaster mouléisThe experimental vari-

in porcelain jars with 18 mm alumina balls and wa- aples were the slip composition and its viscosity and
ter. Typically, 350 g of powder was wet-ball-milled at the plaster : water ratio of the mould and its free water
68 wt.% solids contennia 1 litre jar for 48 hours. Suffi-  content. For a given set of variables, several drain-cast
cient Dolapix ET85 dispersant was added to maintain podies were produced over a range of drain times. The
a near-optimum viscosity for efficient milling. The vis- \ya|| thickness and diameter of each cast body was mea-
cosity of the slip after 48 hours milling was greater thansyred before drying and firing. The firing shrinkage and

that required for slip-casting so it was modified by thefired density were measured and used to calculate the
addition of water and/or further dispersant and dividedgreen density.

into several lots in preparation for further modification

and slip-casting experiments. The main experimental

variables were to be solids content and dispersant cor8. Slip-casting results

centration. The pH of the slips was adjusted to be withirData was analysed from the drain-casting of about

the range recommended for the particular dispersarthirty different slips. According to a model described in

used. ref. 12, the thickness of the cast layerjs a parabolic
Dolapix ET85 was added on a solids to solids ba-function of the drain timet, for homogeneous bodies.

sis from an aqueous solution of known composition.That is, uniform green density is observed in bodies

In order to suppress the tendency of the slips to foamwhose casting obeys this law. Therefore, in this work,

an anti-foaming agent - Contrasputirwas added in  the casting rate was defined as the gradient of the linear

small amounts. The viscosity of the slips was mea-plots of cast thickness, versus the square root of the

sured at room temperature using a cone and plate visain time,t%/2.

T Brookfield Inc.
* Zschimmer & Schwartz GmbH & Co. ¥ Pottery Plaster, ex British Gypsum Ltd.
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Figure 6 Weibull plot of representative materials.
Figure 4 Casting rate v. viscosity for slips of two particle size distribu-
tions and solids loadings. .
gular plaster moulds to a thickness of 10-15 mm. The
. . ) cast blocks were removed from the moulds within one
Fig. 3 shows linear plots of the cast thickness, oy of casting and allowed to dry at ambient condi-
against root drain time for 65 wt.% solids loading slipS+jons for 16 hours, then at 5@ for four hours. Firing
for a range of dispersant concentrations. The legeng|,5¢ performed at a rate of 2 6 K min—! to 1000C

also gives the viscosity of the slips and the Co”e"""(material H) and 115@ (material F) with soaks from
tion coefficient,R?, extracted from the line fitting. A 55 10 h.

higher value ofR? indicates a better linear fit and this ~ \jeasurements of strength and fracture toughness
was related to uniformity across the cast section. Thgyare made on rectangular bars which were cut from
gradients of these curves (casting rates) can be Segfls fired blocks of-cordierite material (H) and MAS-

to fall with increasing dispersant concentration (andosymilite material (F). Each strength sample contained
decreasing viscosity). Additionally, the plots becomepgre than thirty specimens, each of which was mea-

more linear with decreasing viscosity, thus suggestingred in three-point flexure with a span of 20 mm.
greater uniformity within the green body. This result The fracture toughness specimens were single-edged,

was observed in all cases. . notched-beams (SENB), also measured in three-point
Casting rate versus viscosity was plotted for four slipsfjexre.

(of two particle size distributions and two solids load- Fig. 6is a plot of In In(¥ Py) versus Ins for represen-

ings), Fig. 4. Allowing for a small amount of scatter, {ative samples of material F and H. In this Weibull plot,
the data points fall on the same straight line and thisp, js the failure probability of the sample at a given ap-
indicates that slip viscosity is the main determinant Ofplied stressg, and the gradient represents its Weibull
casting rate. Fig. 5 shows an inverse relationship bey,qdulus. It can be seen that generally, the H material

tween green density and casting rate for two powderyas the stronger and that it had the larger Weibull mod-

and two solids loadings. The significance of these oby, ;5

servations for glass powders lies in the fact that they  The fracture toughness values of the H materials were
are generally more coarse than other technical ceramp the range 1.9 to 2.2 MPa/2 and those of the F
ics. Thus to achieve slow casting rates, and thereforg,aterials were in the range 1.6 to 2.1 M2, The
higher green density, requires the preparation of particsrength and fracture toughness results were used to cal-
ularly low viscosity slips. culate a characteristic flaw size, for each of the mate-
rials according to the following Griffith energy balance

4. Mechanical and microstructural equation.

characterisation of fired bodies
Low viscosity slips of F and H glass powders, each of cY? = Kre
various particle size distributions, were cast into rectan- ot
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Figure 7 Particle size distributions of the powders H19 and HR6.
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where K ;¢ = critical stress intensity factor (fracture
toughness)y; = flexural strength;r =a nominal ge-
ometrical term. Whilst the numerical value Gfis not
taken as a precise measure of crack length because
of uncertainty in the geometrical term, it nevertheless
gives a meaningful relative value which is useful in
comparing materials and in making correlations with
processing conditions.

In glass-ceramics denoted H, the size of the critical
flaw did not seem to be dependent on firing schedule.
Comparison of samples processed at different heating
rates and to different temperatures showed critical flaws
to be related to the particle size distribution of their
respective starting powders. Two HR6 samples had

13.6-17.7

*»
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Figure 8 Scanning electron micrographs of polished sections of two slip-cast materials, (a) H19/1.5 and (b) HR6.2.
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=18 1 critical flaws which were about half the size of those
161 BFI7 1 of the two H19 samples. Fig. 7 shows the particle size
:; i BF19 1 distributions of the powders H19 and HR6 from which
1ol O3 | these samples were prepared and Fig. 8a and b show
gl x 2000 scanning electron micrographs of polished sec-

' tions of representative, fired bodies. The micrographs
confirm that the largest pores in the H19 material are
larger than those in the HR6 material.

Both particle size distributions show a tri-modal
form. In H19 the distribution at the large particle size
end is centred on 1Lm, whereas in HR6, the corre-
sponding mean is atZm. The intermediate distribution
for both powders is centred on 4.8n and the propor-
Figure 9 Particle size distributions of the powders F17, F19 and FR3. tion of sub-micron powder was about 8% in each. The
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Figure 10 Scanning electron micrographs of polished sections of two slip-cast materials, (a) F19/M1 and (b) FR3.2.
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evidence suggests that, in the glass-ceramics denoteged unless they can be processed reliably and utilised
H, the particle size distribution of the larger fraction with confidence. In this work it has been shown that
of powder plays the dominant role in determining thestrong and reasonably tough materials can be fabricated
critical flaw size and thus determines the strength of thérom slips which contain properly dispersed powders.
material. It has been demonstrated that, for the material types of
Of the type F glass-ceramics, the size of the criticalthis study, particle size distribution and slip viscosity
flawwas 50% biggerin samples processed at5 Kthin  are the most important determinants of material qual-
compared with those processedd2aK min~t. Also, ity. The findings of this study should apply equally to
in common with type H materials, the critical flaw tape-cast material.
size varied between samples made from different start-
ing powders which had been processed to the sarzé

heat-treatment schedule, although this effect was legacknowledgements .
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