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Abstract 
SiC-based kiln furniture has a maximum service temperature of 1600 "C. 
Beyond that point, mullite-corundum materials are required. Here it is 
important that high hot bending strength resp, thermal fatigue in conjunction 
with adequate thermal shock resistance be achieved through selectively 
designed microstructures and appropriate raw materials. 
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Introduction 

The development of kiln furniture for the production of oxide 
ceramics is probably more widespread than can be concluded 
from the number of publications in this field. There are relatively 
few papers which report on the effects of raw materials, 
granulometry, and bonding systems on corundum kiln furniture. 
This may be due to the fact that, during the iast few years, many 
oxide ceramics producers have developed their own kiln furniture 
oroarams in resDonse to their soeciai demands. Refractow com- , a 

panes runch prvarcc r(.n f~rnr:.re sr OL o t l y  to cover IIIC Anoe 
f r ny range ol ox oe ceram cs ,nc -0 ng rrle mosr .\ uc y vary nq 
con0 t ons N in respect to serr r g  cnardcmr, f r nq tcmperat-rc. 
heating rate, and composition of the products to bk fired. During 
the iast few vears. the auaiitative demands on oxide ceramic com- 
ponenls hwe g r o w  nc! ccao y n r  en as0 mp es inr necess 3 
cf mprov ng the sew c ng w e n t  a of n 1~rnt.w Strx q com- 
pet t on n Ins atea necesj ki'es css: satnos c 3'1 area? of 6 n 
furniture production and appiication. The producers of kiln furni- 
ture will have to look for oroducts with imoroved aoolication oroo- , . 
en es an0 me most co;t'ell~ct vt, pr ces voss D e Anotner &por 
ran[ a ni s me rnpro ~emcrr  u l  t i c  raso o l  nass c l  me prodxt lo 
3e f re0 to tnc mass 01 me n n 1.m !-re Max r z ng o m  capan r) 
and thermal shock resistance aim at perfecting the kiln furniture 
and minimizina the enerov-consumotion in these ceramic firino 
processes For t " . ~  reasJri, !?r merrmis 3ra mecnan ra  propert es 
of n n 1-rn tJrc narer a s na\e to oe trlprovea u,r r g  mt c o m e  
ol ongo rlg cc /e Lpqcrt  prcects 

Depena ng on the AI:O. -contents ol oxoe corarn c matera s I r 
rlg tcrnperatJres rdrge fro111 1600. 1800 'C. To I l c  tnesc ma- 
terials kiln furniture made of corundum or mullite with an approp- 
riate bondina ohase are emoioved. Some of the most imooiiant 
parameters i r e  the choice o i  raw materials, the granulomeiric set- 
up, and the composition of the bonding phase. Great care also 
has to be taken during batch preparation, pressing, and produc- 
tion firing. 

Demands for Kiln Furniture Products 

There are certain application-oriented demands which have to be 
fulfilled by kiln furniture products: 

Flatness: Especially for the production of substrates, there are -- 

very low tolerances with respect to the warpage of kiln furniture 
batts. Typical tolerance data will have a maximum value of about 
0,2% of the ban-length which means a warpage value of 0,4 up to 
a maximum of 0,5 mm for substrates fired to standard postcard 
size. 

Product stre&Usually batts are used for storage and transport -- 
outside the furnace. To allow for uniform handling, room tempera- 
ture bending strength of about 10 N/mm2 is necessary. Brittle 
edges and corners that release refractory grains from the batts 
mean stains and defects on the articles to be fired. 
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Hot strenath:The sewicelifeof the kiln furniture is mainly limited by 
its hot strenoth, creeo resistance. and static fatiaue behaviour. -~ ~. ~~ 

~ 

~yepealea m&.re&&ts wn cn regJ atc tne stra qntness ;I tne 
oarts ano I-rn tncm after eacn I r ng na ,I? proven s..ccessl.. n oro- 
longing the service life 

Contact reactions between kiln furniture and oxide ceramics: For 
the sake of high product standards, there must be no contact reac- 
tions between the kiln furniture and the suooorted oxide ceramic 
goods to be fired 

Thermal shock r e s i s . D u e  to the relatively low thermal con- 
ductivity, the relatively high thermal expansion, the thickness ofthe 
bans and the relatively dense setting of bans in the kiln car 
superstructure, major problems may arise if temperature gradients 
stress the kiln furniture and produce thermal shock crackings. 
There are ways of altering thermal shock resistance, for instance, 
bv chanoina the aranulometric comoosition. althouah this method 

U "  - 
?as ceni  n oranriacds n !,,at t aflects PC  dace smootmess of 
trte oar? sert ng ares. 

K n I-r.n_:~re-geometry sno-corf g.ra o n  Tne geome:r c o mcn- 
sons ul tno var 0.5 types ol fi n I..rn1.te m .st oe n c  -aoavteo!o 
tne prod..cts 19 oc I rea. Tnc aoso -16 o mcns uns o l ' ie  oalts, c g. 
should be kept at a minimum while keeping in mind the typical . . 
material and processing parameters mentioned earlier. 

This papercompares four different high-alumina refractories having 
different bonding systems and granulometry. 

Ir l  aao t on to i n r  svmoaro test ng cr tor a. part c.. ar anent on nas 
pa o to ttle .sc c'a t~noestr.ct t c  metnou lsr tne meas.rcment 0' 
thermal shock resistance. The resonance frequency of the various 
samples was determined. Furthermore, the thermal fatigue behav- 
iour of the materials was included in the testing. 

The effectiveness of Darameter variation is also demonstrated bv 
some Ctiotograpns oi tne ceramc rr crostr-cr..re .now tnc 
arm scam ny e cr:ron f i ~  croscope ,r :s I - 41 

Fig. 1 am Structure of material 1 : coarse grains of mullite with afine grained 
A120.-bond 
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Flg. 2 Very compact crystals of secondary rnullk (EMU) as bonding agent 

Fig. 3 a h  Fracture surface of material 3: mullte-bondng crystais @Mu), 
corundum (KO). AI2O3 (A) 

Fig. 4 Very densely packed mullhtc crystals wth a relalvey compact instead 
of acicular confguration 

Results 

Table 1 shows the thermo-mechanic Dronerties of the four different ~ ~ ~ - -  ~ 

ag.!m na refractor cs. Type 1 nas a p l r e ~ l , ~ . , - w n ~  ng. The S 0;- 
contcnl o l  tne Dono ng pnasc s .css tnan 0.5 " 0 .  F ps l a  an0 l o  
snow tnc s l r~c l - re  of Typc 1: C o m e  gra ns o l  mu to (MLI u t h  a 
fine-grained alumina bond f ~ l > ~ ~ - B o t i d ) .  Numerous finecracks 
and partly inadequate contact beiween 'bond and grains are the 
reasons for rather low strength data. 

The material exhibits a relatively high thermal shock resistance due 
in part to its rather low modulus of elasticity. This can be  mained by 
the addition of rather coarse corundum grains together with a rela- 
tively high percentage of low reactive mullite. The refractoriness 
under load of Type 1-material is - as are the other three types - 
found above 1700°C. The demand for hiah strenath. imorovedflat- 
ness, improved surface-smoothness aswell as inpro ied  thermai 
shock resistance gave rise to Type 2 test material. 

As can be  seen from the test results. Tvoe 2 has a muiiite bondino - 
with some excess ALO., to avoid fr&'ilnreacted SiO--residues 

~ ~ - ~ 

. . - - - . . . . . . . . . . . 
Very c ~ m p ~ c t c r y s t a ~ s  of sccond3ry m.. te (EM..) as I& oona ng 
pnase prov oe n gn strengtn for t i  s refractory (F q. 2) Bycnang nq 
the grain sizecomposition, a noticeable im~rovement inihe suriace 
character of the bans can be attained.   he data on hiaher strenath 
and lower thermal expansion hint at an improved quai;ty level. ~ I h i s  
can be proved by checking two properties: static fatigue and ther- 
mal shock resistance. 

Mcasur np not oeno ng slrengn an0 relractoriness loao w 
g v r  somc nlorfnal on on me snorl term oenav oLr 01 the miller a s  
at eevatea temperat,rc. M c a ~ ~ r e m c n t s  o l  slat c f a i g ~ e  w a ON 

Table 1 Thermochemical PI 

bending strength 
at 1600 "C [Nlmmq 

bending strength 
at 1700 "C rN/mmZ1 

RUL TOSKI  

thermal fatigue [h] 
at 1700 'C 

thermal 
expansion [K-' x 10~6] 
from 20 ... 1100°C 

Young's modulus 
at 20 "C [Nlmmz n 1 04] 

mineral 
composition 

corundum 
rnulite 

rties of 4 different high alumina refractories 

10 

Br. 
650°C' 0.2 1,4 1.4 

for some long range prognoses. During this test, bending bars 
were loaded with 0,l N/mm2 at a temperature of 1700 T. The 
elapsed time before the break was measured (Figs. 5,6). 

[&+omZ] 

18 -I ,x 1600% 

Fig. 5 Bending strength at various temperatures 

Fig. 6 Thermal fatigue vs, bulk density 
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i i 10 
Number of Thermol Shock Cvclcs 

Fig. 7 Youngs' Modulus vs. thermal shock cycling 

To determine the thermal shock resistanceofthe four materials, the 
Youngs' modulus of each was measured by means of resonance 
frequency in the original state as well as after2 to 10 thermal cycles 
during which samples were heated to 950 "C and then cooled to 
room temoerature in calm air. As can be seen in Table 2 and Fia. 7. - .  
In? oecrtnsc n me Y~.,ngs moa, . s  of T)pe 2 s mdcn ess Inan 
Type 1. T" s s an nd cal on ol me lac! inat no ueter oral on ol irte 
Cerm c w..ctrre tams P 3ce a..c 10 thema cyc nq win Type 2 
Paraiiel test measurements of room temperature bendina strenath 
after thermal shock confirmed the same tendency. ln"contr%t, 
either the Youngs' modulus or the strength of alumina-bonded 
Type 1 decrease with an increasing number of thermal shock 
cycles 

n Type 3, me m. te mno ng nas new y Jesgnea by rrearls oi 
anolner type 01 raw matcr a .  By cnang ng me gran- omctry. me 
bulk density of the material couid be increased Figs. 3a and 3b 
show the fractured surface of TVDe 3. The mullite bondina crvstals 
@Mu) form sinternecks to coru6dum grains (KO) with some excess 
alumina (A). 

Due to the increased secondary-mullite content, the strength data 
are rather high in spite of the relatively coarse grain composition. 
One of the drawbacks of this type of material is its vulnerability to 
thermal shock effects. The surface character of the batts will not 
meet the demands of a high-standard application. 

Type 4 is a further development of Type 3. By reducing the 
maximum grain size, the surface quality should be improved. The 
amount and the character of the bonding was also improved thus 
exhibiting higher strength data in spite of a lower bulk density. 
Detailed observations of the bond area of Type 4 indicate very 
densely packed mullite crystals with a relatively compact instead of 
acicular configuration (Fig. 4). 

This again resulted in a rather low Youngs' modulus indicating a 
reduced vulnerability to thermal shock. The results in this respect 
are verysimilar to Type 2. Type 4 also pellormed exceptionaliywell 
in the static fatigue and thermal shock tests which indicate a rather 
high service potential for Type 4. 

Table 2 Variation of Young's Modulus afler thermal shock cycling 

Young's 
Material I I M o d u I u s  I Decrease [%I 

IN/mmZ n1041 I 

Conclusion 
Tests of four different hioh alumina materials havina different Woes 

1 
2 
3 
4 

of bondino demonstratethe advantaoes of oure millite bondik in ~ ~~~ 

cornpars& to a Lm na om0 ng syslerns. nlne ,alter h gn tnerhal 
slrcss may occur n tnc ceram c m croslrm..re t h ~ s  oelcr oral ng 
mponant applcal on-or entea propen es he n gn lemperalJre 

' cwea from 950 T lo RT n calm a r  

1.5 
4,4 
2,9 
3.7 

strength, creep resistance or thermal shock resistance.   he results 
of the laboratory tests can also be confirmed in praxis. As raw mate- 
rials, fused mullite and sintered corundum have proved to be attrac- 
tive for this kind of refractory material. For a good mullite bond 
phase, the firing temperature of the kiln furniture material should 
exceed 1700 "C. The importance of constant production control 
can also be inferred from the dependence of static fatigue on bulk 
density. 

2 x' 5 X  l o x  
11 16 17 
3 3 3 
7 10 13 
3 4 4 

In aeneral it mav be stated that onlv raw materials of hioh ouritv .~, , , 
shod o oc sca. '~sntam nat ons w ' ncrease tne amount of glass 
vnasc ana llle v scos ly of me glass pnasc n ower the slrcngth 
aalaof me materia sat n gn temperatures Tncamom ana crtarac- 
ter of the bond phase are very imooltant with respect to static 
fatiaue and creeo behaviour oithe'various refractories and their 
or&tical service'ootential. It has been found that increasinn the ~ ~~ ~~ ~ ~ 

amoAnl ol me oo& pnase w mprove snort tern1 slrength ala id 
neqat v n  y nl -ence tne ong I meslrengln .nolner worm inr qoa 
of development proiects should be to strike acom~romise between 
sufficientlv low amounts of bondina ohase. and short-term hioh 
temperature strength dataas well asihe necessary creepand s tak  
fatigue propelties. 

Finally, using a practical test at the factory customers will decide 
whether a refractoly material wiil meet specific criteria in oxide 
ceramic firina. There will never be an end to the deveiooments. 
Many sma sleps luflaros max m z ng sprc a propen es w a nays 
rcma r t  ncccssary C m e  cooperal on oelheen ,sers and proo~c- 
rrs ot d n  Im tue SY oc of y r w  mportmce '3 

Kumfassung - R4sum4 - Resumen 
Brennhilfsmittel for Oxidkeramik: Technische Eigenschatten fiir 
wachsende Anforderungen 

Materiaux d'enfournement pour cdramiques oxydes: caracteristiques 
techniques pour des exigences accrues 
Les materiaux d'enfournement a base Sic ont une temperature maximale 
de service de 1600 "C. Au deli, on a besoin de produits demullite-coridon. 
II est impoltant d'obtenir des microstructures et de choisir des rnatieies 
premieres qui mdnent a une haute resistance mecanique en flexion el a 
une bonne tenue A la fatigue et aux chocs thermiques. 

Material refractado para cedmicas a base de 6ridos: propledades 
lecniws para requerirnientos mas estrlctos 
F lnaler a !Clraf'llr 0 para r eq- L ; m  enlo no lornOs a 3ase ae S C I ene 
Lna 'tmocralm .m,u ma oe sen co oe 1609 'C A Isrpera'.r,ls mas a 'as. 
sr. res . FIG m.wr a oc m. .'a-a .r na En eslc casu es mzonam ootcnef 
,na ;I 12 res slenr. a i a I e~ un en c3 m e  , wa awc~am rci Verna a 
C*Oq..r) f+rm co a lraes ce mcrowr.cl.ras csetiams an forma S I , ~  ,a 
1 male, as pr mas aocc, ilcas 1 
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