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Missiles, space probing satellites, and atomi¢ power
are spectacular ﬁ&va&agm@n?ﬁ of the @ﬂ@ﬁ&ﬁt which, neverthe-
less, have presented many new and‘exaiting problems, Less
ﬁ@eﬁt&@uiﬁx‘kut no less important aﬁvana@é‘havg come in
supersonic aircraft, microwave transmission, thermoelectric
power, high.t@mgarataz@‘@ﬁ@mimal r@aﬂtimnﬁ,'aﬁ@,a host of
other developments little known to the average man, but of
- great importance to his;yx@gxasa. Anﬁ‘agaiﬁ such advances have
pregsented just as many new problems as they have solved,
| ‘ﬁevar'bafar@ in the history of m&ﬂki@ﬁ.ﬁaﬁa 50 many
remarkable s&i@nﬁifia and engineering advances been made
in such a short p@r&@ﬂ of time. And sach ragniraﬂ ﬁmlutl@nﬁ
to the yr@biamg xt,px@ﬁmnte@, or as is the case im many areas,
is still awaiting solutions to problems pefore further ad-
vances can’b@'maﬁ@; | | | ;

with so many changes in so many different fislds, it is
- natural to @ﬁp@@t‘a‘gxaat«many difﬁar&mﬁ'y&dﬁl&ma to arise,
and such has béﬁn the case. But a common denominator can be
found within the many fields covered by these spectacular ad-
Bances. This common denominator is ﬁh@rmaaé ﬁax‘naw and better
aﬁgineazing mataxmal%. | ”

maﬂn@m;eal us@ of atmmim enargy, w&ﬁﬁr use mf electronagnetic
_ pmenamana, and m@ﬁa afficianﬁ mxssila& are @wﬁwn@wnt on new and
vb@ttar m&t@rmala‘ In aﬁditiaa, our kn@mﬁaége of the properties
of the mat&xaals we are mlr&ady asxng must h@ extended, This
guest for mat@riala am@ ﬁh@lﬁ ﬁundam@nt&l @ﬁ@p@xti@$ has
become B0 im@@rﬁam? that ﬁmﬁmx& hiﬁt@zzanﬁ might well call
this the ”%g@ of Materials,"
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¥o class @f materials has felt the impact of investi-
gation, discovery, and development more than those designated
as ceramics. Arcas formerly serxved by metals and plastics
have been taken over by ceramics at an ever increasing
rate since ﬁ%x&ﬂ“war‘xi. Thouch they were initially sought
- becauge of their sbility to withstand the temperatures at
which other materiasls failed, it scon became spparent that
ceramics possessed additional characteristics vhich made
ﬁh@m‘mﬂzﬁ desirable than certain materials being used,

However, characteristics also were found that revealed
serious deficiencies in ceramics. Because they are brittie
materials they have p@ax<xe$i$taﬁ@é to tensile stresses,
Their low thermal conductivity and relatively high thermal
expangion joined with their poor resistance to tensile
loading to give them poor thermal shock properties. The
outcome of this revelation of their poor qualities has lead
to the intengified study of the fundamental properties
of ceramic materials, singly and in combination, and at -
least two new ceramic compounds have been found which over-
come nany of the shorteonings already mentioned,

These compounds have very low coefficlients of thermal
expansion and hence have excellent resistance to thermal
ghock, Coupled with the ability to be used at temperatures
of approximately 12-1300°C, which allows them to be em~
ployed in certain kiln ware and electrical ware applications,
it would appear that the objections to the use of certain
ceramics have been overcome, Such has m@t been the case
however, since additional problems have arisen, now that
some of the old ones have been snlved,

A case in point is the material cordierite, 2 MgO0.2al,0..
5810,, @ ceramic material with a melting point of 1470°c, a
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very low coefficient of thermal expansion, and excellent

thermal shock resistance, Its undesirable properties, however,
include a very short £iring range, an incongruent melting

point with the subsequent formation of a high expansion material,
and a low maximum use temperature of 1200° @,l

Barly in#@stigatwrw found these poor properties of
cordierite and succeeded in improving them by the addition
of zirconia ﬁzrﬁgl which lengthened the firing range of
this material. H wever, their investigations were incomplete
in that there is no systematic record of the thermal expansion
coefficients obtained from these bodies, no thermal shock
‘data, and no record of the maximum temperature at which
these bodies may be used, ,

Therefore, the purpose of this investigation is to under-
take a systematic study of cordierite - zirconia compositions
to determine to what extent the ultimate refractoriness and
use temperature can be increased without inar@aﬁing the

thermal expansion above 4+4.5 % 1@“6 em./@W./ﬂ c.




Coxdierite is one of two three component compounds in
the Mgo-Al,0, simg system, See Figure 1. It contains 13.7%
Egﬁ, 34.9% Eigﬂsy and 51.4% Eiﬁz.
falls in the field in which mullite is the primary phase.

Karkhanavala and ﬁumm@ig have reported that aardiaﬁita may

- Therefore, cordierite

exist in two stable (2,8) and one metastable modification,
Cordierite occurs most commonly in the high %em@éx&tura
(@) form. The low temperature form () can be formed under
hydrothermal conditions from the gi&as,»axvﬁr@m the crystals
of {#) or the metastable form (/*). The metastsble form can
ba developed my devitrifying the glass at arxound 850 to
950% €, However, it can not be formed by heating the high
temperature form under the same conditions, Heating the
g and /* forms in air develops the a form in the range of
830 to 1050%. |
All stadies done on the compound cordierite have been
pamfmrmeﬁ with synthetic cordierite., Very few natural éapmaxﬁs
of the material are known; and its~paasana@'i$ difficult to
determine., The existence of deposits have been reported in
Horxns Nek Transvaal, by ﬁhand3. In addition, Newhouse and
ﬁagaaxé‘haVe reported a deposit in Albany County, Wroming.
However; E&usmaxl has stated that to the best of his know~
ledge, natural cordierite has never been used in ceramic bodies,
Present commercial compositions for the manufacture of
cordierite consist of from 30 to 50% tale and from 50 to
70% clay, plus additions of Al 0, and pyrophyllite. Although
this type of body falls within the cordierite field, small
amounts of mullite, spinel, forsterite and corundum are
present which tend to increase thermal expansion and decrease
resistance to thermal shock,
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The emmyaunﬂ cordierite was first reported by Rankin
and M@rwin in their work on the system ﬁg@«&lzﬁg sx@g
wha cawwuun@ ‘had the eam@aﬁiti@n 2Mu0,241, 0, .5840 In

thi& wka the cordierite cry&tai% were éegaiibaé zs ”sixr
sided yzisma wﬁth ‘basal tezminati@n and negativa alangatimn.
 They were uniaxial negative and had r@fxaetiwa inﬂiﬂaﬁ :

Byw 1, ﬁza and n, = 1.528, Wha ﬁmm@@unﬁ m&lﬁ&d Lnaanqru@ntlg
at 1473 ﬁ into mullite anﬁ a liquid‘___, ‘ ;

. For several years no more work was done on the com-
pound, m@rﬁierita ﬁnti&'w.'ﬁ e»v«@
ing 43% @mpfersqmmw talf:, 35% Eing@ﬁé@xfex :g::lam:.l.f:: clay,
and 2?%.&1 ge w&xg ‘body, Wh@n f&xeﬁ ﬁ@ aan@ 14, had
a thermal expansi@n of 0, ﬁ% x 1§ %@twaam @ ané 200° c.

~ such a low ﬁh@rmai axpamsiam ma&s&é great inter@sﬁ,
s&ne@ it ym@mi&@é a haéy wiﬁ% good ﬁh@ﬁm&l ghack re=
siwtaaae‘ Th@xef@xa, ‘the wwrk aantimm@a in 1$31 whea

O Re Fo @@iler ané He 1mslay? att@m@tad t@ duylicata c@hn’

developed a body ﬁwntainw

o work, ﬁsivg 43% ta1c, ﬁﬁﬁ ?1Gxiaa kaalim, and 2?% aiactria

 fuxnace mmrun&um, ﬁhay waﬁa abla to. f&brmaaﬁa a baﬂy with

- & linear thermal ex@anaiaa aaaifi«%est 0f 1@ % 10 ?x& the
range of 20%o0 28@ C., ‘They also found that the thermal
expansion coefficiebt depends a@@s;&ezablyimn the length

of firing time and tha&, alﬁhmuga ﬁﬂfﬂiﬁﬂ&ﬁ& a@uiﬁ be pre-
pared by gintering at 13»3 a, the aintaxmng txma aaulé be
reduced by heating in the r&nga of 1@0@ to l42§ C. Heat=
'iﬁg at temperatures much above 1423 ¢ caused a ﬁa&empaamti@n
1wf cordierite; which meltﬁ,$%can§xu@ntly at 147% ¢, with

the formation of small amaﬁétsgﬁfAs@inel”anﬁ mullite, Geller
and Iasley surmised ﬁhaﬁ‘ﬁhé low expanaimn‘ﬂf-tﬁé body

they had developed was the wwuli: O£ 90 to 95% aarﬂwrﬁ.m
 contzined in the may. i



Eagﬁy?

In more recent yﬁ&gﬁ R. 8, iam&ﬁg has developed
cordierite bodies using mixtures of sierralite and kaolin,
The bodies possessed very low coefficients of thermal
expansion and had good thermal shock resistance., They
had the typical short firing range characteristic of
cordierite, but the range was lengthened by the addition
of from 5 to 20%
shock resistance were not materially affected by this addition,

| Two interesting results of Lamar's investigation
were evident, He found that bodies made with mixtures of
sigrralite and clay did not abrade the dies vhen extruded
or pressed. Such abrasion is usually evident in normal
cordierite bodies due to the alumina used in their manu-
factuxe. ’

zircon., 7The thermal expansion and

In addition, Lamayx @E@ﬁixaﬁ‘héa preparations to wvarious
temperatures and found congidersble variations in results,
just as Geller and Insley had discovered., A thin section
of specimen fired to 2350° F showed large
cordierite and relatively small

amounts of

amounts of mullite and
forgterite., However, a specimen ﬁir&ﬁ,t@vﬁﬁﬁﬁg ﬁ,ﬁﬁﬁw@ﬁ
poor reaction of the constitutent materials, only 50%
Vg&#ﬁi@fﬁt&, anﬂ,aviﬁﬁﬁﬁe of mmiiita an6 $aﬁ%atita.‘ e
short fix&nglxﬁnga of cordierite W&ﬁ,thmﬁ,aa@i&y,abﬁexVQQ.
~ Improving the firing range of cordievite bodies
haﬁ also received some
improved the firing range of his compositions by the use
- of 5 to 20% zircon, However, he was following the lead of
 the effects of
compounds on the firing range @f.ﬁai@ bodies.

attention. As was stated, Lamar

Parmelee and %huzaauﬁxg who investigated
several
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They found that the use of zirconia in amounts @fyza:ta

30% was very helpful in increasing the firing range and
‘that the bodies could be fired to comes 14 and 15, which
would give better cordierite formation,

‘R, J. Beals and &. &;~ﬁ@ak1akavg mﬂtﬁ‘racanﬁly'inﬂ‘
vaﬁtiqaﬁaﬁ the axyﬁtallin@ natmw& anﬂ axgaﬂ@ian character=
'i@ﬁias of a@xﬁi@r;te. Ueing Xﬁray m&tha&@ an@ an inﬁerna&
standard, Ehs? &et&xm&ned the p@zn@ntag@ aﬁ a@rﬁiaﬁiﬁa
ygraaant in ﬁh@ir sam@l@ﬁ and ﬁauné a close amzralatxan between
the aaxﬁiexit& present and th@ th@xmal axpanaiaﬁb Wh@v
.:sueceaéeﬁ in farmulatimg a bw@y amuwmaaé af 47.91% 5i@r£amaa
tale, 29, E?% Elaxada kaolin, amﬂ 12, 82% ﬁwl@ aﬁumina, W%iﬁh
had a m@@ﬁﬁza&a&t of linear thaxmai axpanﬁxmn of ﬁ 8 x LQ
,vf@r ﬁhe range 29 o 3@@ ¢ whan pr@ﬁix@@ to 1400° €. The
intaxmal atandar& im&i@&&ﬁﬁ ﬁhaﬁ ﬁh@ ‘body was 9@% cordie-
>rit&. &g&iu, as wag found in @x@viaus papers, the amount
of a@x&&@xi&a formed daganﬁ@ﬁ on the thermal treatment of
the body, o
| Work with dense awrﬁi@rite b@ﬁi&a‘h&& baaa.imitiate@ by
ﬁahiaz and WRsely.;&_ ﬁaiag elay and caloined M@ﬁa and tale,
they developed a vitrified @&r@i&x@t@ b@éy with vithualxy zZero
| poxosity, low thermal mma:ian, gm@ me rmmm strength, and
‘exc@i&ent ‘thexmal ah@ﬁk xaﬁiﬁtamga. |

Other ﬁtﬂﬁi@@ of iﬁﬁ@ﬁ%ﬁ%»haﬁa insiuﬁeé wmxk hy ﬁnmmw?
and R@ié,ig and Lamar &ﬁﬁ wagm@x.xg The fazm@r, in their
wmzk on the axpansiam of glasees in the MQQ ﬁz a ,3192
5y$&ﬁm, hawe stat@é ‘that the ﬁl@ﬁ@es which pz@b&b&y develop
in cordierite bodies haya»a ﬁhﬁmmal @g@&n@i@ﬁ which

is greater than twice that of the cordierite crystal
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in the range up to 6@$g €. In ummhinatian with the impuri-
ties which are already present in the raw‘maﬁarimlﬁ,lﬁevélo§~a
ment and x@ﬁanti@m of these high expansion glasses probably
accounts for the poor h@mtwahm@k'r@ﬁistana@ of vitrified
cordierite bodies., Buch poor resistance i&_@fﬁen evident
in commercial type cordierite ware,

Lamax ana Warner have also commented on the increase
in thermal expansion caused by various components or
impurities, They found that less than 5% mullite in an
othurwise pure cordierite body would affect the thermal
expansion by as much as 100% in the range up to Sﬁﬁﬁ €. The
authors felt that the values for the themmal expansion of cordie=
rite, as given in the literature for the range,za@ to 5@&0 €,

were more than twice the correct v&ina‘féﬁ'y&x@ cordierite,
They attributed this to small amounts of mullite or spinel
or unreacted alumina present in the body. They gave values
of 1,64 % 107° and 1,28 x 10 ° from 25° to 1000° € and stated
that these were probably more nearly correct., fThese values
were obtained from samples which showed no evidence of the
presence of mullite when examined by X-vay diffraction methods,
It can be seen from the preceding that there are
various pr&b&@ms awﬁamiaﬁéa with the study or manufacture of
cordierite and aawéi@xitﬁ bodies., For convenience; several
of these, as mentioned in the literature, will be listed belows
(1) Cordierite melts incongruently at 1470° ¢ with
the formation of mullite and a ii@ui@.
{2) At temperatures much above 14259 ﬁ; cordierite
| beging to decompose with the formation of small
‘amounts of mullite and spinel,




@

(4)

{5)

(5}
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‘egrﬁi&xiﬁﬁ,hag‘a very ghort firing range which

can be lengthened by the addition of from 5 to
20% drcon, ,
The development and retpntion of glass and alumina

“or mullite in cordierite bodies will greatly
increase the thermal expansion in the range up

ta %ﬁ&@ C. These impurities pﬁahably acgount

ﬁar the vaxiatimm in valueg for meﬁiaxit@ ther-

mal expansion reported throughout the literature,
Impurities in fh%‘h&t@h cong tita&ﬂt% acecount
for the poor thermal shwdk resistance of mwmmercmal

cordierite bodies.
A maxim@mfapsxﬁﬁiﬁg,temyexatar& of 139@” C, as

glven hy]ﬁausn@x,% limits ﬁh@ &a&fm&nmss of
cordierite even ﬁaaagh its maiﬁmmg po nt is gome
JG s &b@@@ ﬁh&m ‘temperature.



. iﬁiQ Method of Procedure
| 3“ Selection of mrzﬁmmm m ch Composktions

- ﬁarﬁiarit& ﬁ@@ﬁ not oceur natuxally in sufficient quantiﬁi@s
to b@ of a@mmaxmﬂai xmpmxt&ma@. @h&r@f@r@, bodies composed

wﬁ u@rﬁi&rite aw@ m&@e hy iﬁtﬁ@ﬁ&@iﬁ% the ﬁynth@tia material

2§ing the body ﬁhat;caxéiaxiﬁ@

or, more aammwn&y, by so ﬁ@my&ﬁe
' mn Sﬁbﬁt&ﬁtm&i gnaﬁtiti 3 is @@@@1@@@@ ﬁuzﬁm@ ﬁh@ ﬁixinq
'ngageva.k
The f&r&t &%@p in %hi& iﬁ?@ﬁ@&%&ti@ﬁ was th@ %ymﬁheaiﬁ
efa quaﬁti?y ai aoxﬁxawite ﬁm b@ usa& in ﬁh@ aﬁhsaq&ent
wmwk, ‘ -

. There axa many amﬁwwwatianﬁ“@f f@l&tivaly‘yaxa kaw
materials mhiﬁh mam be used to aynﬁh@aima the cordierite.

a&mFQQi%mwmg ;ﬁft 2&123 .§$i& | gix mixtures were finally

. selected, Wha @x&ﬁ@ m@m@a@aﬁi&m& immlmﬁing imgmxita@s
are ﬁhawn in T&h&@ 3,‘ @ﬁ@ baﬁéh é%ﬂmwsitian and raw matexial
'an&&ysmﬁ axa ngaﬁ &ﬁ %&b&@& ia aﬂa lb ﬁ%%@ﬁﬂtﬁ@&l&.

?@mx apac&m&nﬁ a@pxmﬁnmataly mna iuﬁh mm,ﬁaama@er and
~ one quarter inch thick were mixed by hand from each batch,
. The pills were pressed in an bydraulically operated laboratory

. press of three ton capacity. One pill from each batch was

fired in an ﬁlﬁﬁtrimaily ﬁ@at@d,furnaa@ mﬁiﬂg ﬁil&manweaxbi&a

, x@&istawﬁ andé aanﬁr&i&aﬁ by a. m&nneapalxﬁ ﬁ@neywwll amntrail@m.
~ Plate 1 ia a @hﬁt@gﬁ&ﬁh af the f&xnae@ w&aé. @h@ @&11@ were
fired to a ﬁem@araﬁugﬁ @ﬁ 35%@ B, f&llmwing the h@ating

. %dh@éﬁi@ shown in Figure 2. . |

- A small quantity of material was t&k@n ﬁram.th& center
~ of each fired pill for an X~ray diffraction study. Each

emall sample was well pulverized and mounted, one sample

ple holder, ' The samples were

at a time, in a plastic sa
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Plate 1, Electrically Heated Furnace
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subjgctaﬁ tﬁ ﬁ»ray analy&aa in a Gen@rai Electric XRD~5
diffxaﬂtmmatﬁr, using ni@kelmfa&t@reﬂ c@pper ﬁx raﬁxatinn.
The r@p@rtad intéx@&anax 5paaiﬁgs and intangxtles fax
cordierite are tabulated in ?abla 2. |
' on the basis af the Xﬁx&y pattarna Batahaﬁ 13 and IEEJ'
were immediately eliminated, The remaining four batches
were subjected to a more px@éise X~ray examinatiaﬁ. Using
an internal standard to increase the raliability of quantmﬁaﬁive
estimates of cmrﬂm&@iﬁa ﬁawaiapm@nt, Batches i Iv, V, and
VI were reassessed and Batch VI was selected as the Oma'
giving the best yield.
Using hmghmalumina jar mills of one gallon capaczty,
4?5@ grams of Batch VI were mil&eﬁ. @hxﬁ& charges of
1250 grams and one charge of 1000 grams were prepared and
ground wet using 13 pounds of alumina grinding cylinders in
each mill, One hundred and twenty grams of water was added
for each 100 grams af dry batch, Milling time in each case
was 16,5 hours, - -
. The material was removed from the ball mills and dried,
The dried material was pressed into pills 2,26 inches in
;dmamatax and varying from 1, ﬁ to 1,5 inches in thickness,
These pills were fired to 2353 ¥ (Pigure 2), N
 An X-vay pattarn of a ‘small specimen taken from the fired
batch indicated excellent reaction with a general sharpen=—
ing of peaks as compared to the pattern taken on the aaxliex
sample of Batch VI, ' '
The fired pxlls were r@ﬂueﬁé to powder in a hammer mill,
The iron introduced into the material by this operation was
rmmava&”bylﬁisgax#img tha powder in water and passing it
through a Franz Ferro-Filter., The maﬁéxial; after drying,
was screened and all particles passing a 200 mesh screen
were used to make thermal expansion specimeng,



an I/1
8,29 70
4,83 10
4,60 5
4,03 50
3.34 80
3,11 60
3,00 100
2,63 40
2.44

2,42 5
2.32 20
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2. @h@xmal axpangion m@t@xminatians of @arﬁi@xitamzlzﬁamia
L B@ﬁ&@& ' L I '

 ¥o determine the &fﬁ%ﬁﬁ of gxzﬁania aﬁai%ians on the ﬁhetmal
ﬁxﬁ&ﬂﬁiﬁn of awxdiexit@, a $@mi@a mﬁ aamyasitianﬁ r&mging fxmm
&@ﬁ% amréiawit@ t@ lﬂﬁ% ﬁiw&snia ané vaxying by 1&% inwk"
cwem@atﬁrhy w&i@hﬁ wax@ m&ﬁ@ u@“ &@enim&ns nuﬁbﬁxs anﬁ aamw
p@ﬁi@i@ﬁsraga given h@&mwgéjﬁ_ﬂ,,w_ : |

ege2t g
LF=3 o ‘ 30
CZ=5 | 50
cz-7 70
-8 80

B = S SR 90
Mgé%g &5%3; < 1;3@

, Fifty grama aﬁ each @wm@aaitima were wwigheﬁ out ané

mix&é in a/mortax w&th a ?wﬁt&ﬁn_ The ﬁga@imams wmx@~f@rmg&
in a 4 indh % % 5 inah steel ﬁie. See Figure 3,\ To keep the
thiﬂkﬁ@ﬁ% as uaar 0.5 inch as §@as£bl@ each eharge was weighed,
The aatual waigh& of the @p@ﬂiman$ varie& with ﬁﬁa ratia of
@arﬂi@mit@ to zireenia, the W@ight& iamx&aaimg as ﬁh@ ammunt
‘of zizconia aacxaaseﬁ R

All specimens were pressed at apyz@%&maﬁeiy 4000
pounds per sqaar@ indh\@m an ﬁighﬁ %ma myéxaﬁlim 9ra$s. ~$¢a
Plate 2,

To faailita&e yreaain@ aﬁﬂ Amprowve the gzean atxangﬁh
of the spaezmamg, ﬁ%’by ww&@ht of a paraffin emulsion {Socony~
Yacuum 011 @@myagyt‘ ’ﬁaxamu& cr) waa«mmx&é with aaah.hamﬂh
‘before forming, '

All the thermal expansion test pieces were firéd to
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Plate 2, Eight Ton Hydraulic Press
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255§@ P in an elegtric furnace heated by silicon-carbide
regsistance elements. The heating schedule is ghawn in

Eig&r& 2. . .

&ﬁﬁ@r firing, the bars w&ra vigually inspécted,- . Bars €z-1
thﬁ&wﬁh'ﬁ%“7 had b&aa&%@, %ﬁ@.biaatmﬂg becoming more and more
evident as 'ﬁhé girconia content increased. The bloating
was attended by vm&m:eg rounded surfaces and @ﬁgﬁs. This
iﬂﬁiﬁaﬁ&ﬁ that some melting had taken rlace, The int%riax
gtructure of the bloated Q@@ﬁimﬁﬁa @aﬁ cellular in appearance,
Bar C%~3 had ﬁi&tﬁﬂﬁ@& and bloated to the graaﬁ&stfaxkaﬁt,
énﬁ it a&peaxéﬁ to have foxmed the gréaﬁ%&ﬁ ammmnﬁimf liguid,
Bars C%-8, €Z-9, and M 8.~ possessed sharp edges and level
surfaces, but had warped very ﬁlmghtiy. This was probably
causged hy unagual %@mp@maﬁ&raﬁ within the furnace ﬂ&ﬁﬁ%ﬂ by
temperature gradients through the iuxnaca iangth. :

The bloated bars were ground to the desired 0.5 x 0.5
inch cross smmti&n.

Thermal expansion é@ﬁazminations were made in a fuae&
silica ﬁalmtumat@r manuia@turaé‘hj the Industrial Engmn@&ring
zn$tram$nt @@. & photograph of thi& appraﬁuﬁ is shﬁwn in @kata
3. A cross-section of the furnace wiﬁh the ﬁxiat@memar and
gample in p&aaa iz shown in.gigmxa‘%, As can be seen from the
drawing, the dilatometer consists of a fused silica tube,
closed at ﬁﬁ% end, in which ﬁh@ sample is placed, On top of
the sample a fused s&liﬁa r&ﬁ is yla@a@ which extehds heyanﬁ
the top @ﬁ‘ﬁh@ auﬁax ‘tube and transmits any mmvam&mt of the
$ampl® to a éxal indicator. The latter is graduated in 0.0l mm

ﬁivisi@ms. ?&m@@?&ﬁﬁt@% Bre @aﬁa&mﬁn&ﬁ %@ m@anﬁ aﬁ a chromel-
aiumﬁl ﬁ%@ﬁmﬁ@m&p&% @l&a&ﬁ insiﬁ@ of the @ncloamng hdba with
its hot Jumaaiﬁn located as @1@@@_&@ g&gﬁibl@,ﬁﬂ_ﬁha mid-point
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Plate 3., Fused Silica Dilatometer
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of the s@@cimen. B ﬁéﬁai&e& ﬁascrip£iQn of the operation
of ﬁhia type of &Llatam&ter may be foun& in Bmfarence 14
of Eha Eﬂb&i@gr&ﬁhy. ‘ ; .

The furnace used wiﬁh this agparaﬁus is a wire wuanﬁ,
vertical tube furnace ‘controlled by a variable transformer,
A diagram of the ‘contzol circuit used is givan in,?igﬁxe 5.
To give a more uniform zate of ﬁ&m@ar&t&f@ xncrease a 9rapar~
tmaniag ralay manufactured hy Wheelmé Instruments ¢a. ané called
a Eheaﬁzml was incmxp@xaﬁad in the axrcmit, The ﬁhaotral
is simply a relay which is opened and closed by a cam driven
by a small electric clock motor, It can be adjusted to give
different proportions of on-off time. -

Each specimen was heated at a unifomm rate af ﬁ 5 &
@@r minute as ﬁhawn in ?xgara 6.

The transformer and rheotrol values used to attain
this rate of heating are shown on the figure. At increments
of 100 degrees centigrade the temperature was held constant
for five minutes to allow the sample to come to equilibrium
at the firnace temperature, At the end of the fiéﬁ'mipn%éa
any change oh the dial indicator was noted, Following the
heating schedule the temperature was then raised 100 degrees
and again held until equlibrium was attained, This plan was
followed for each specimen up to 1000° ¢,
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3. Determinations of Resistance to Thermal Shock

Specimens vwhich possessed a thermal expansion coefficient
less than approximately 4 x 1078 em/en/C € were tested for
their resistance to thermal shock,

The specimens used were the same 4 % 0.5 % 0.5 inch
bars which had been used for the thermal expansion deter-
minations, The specimens were heated in a wire wound labora-
tory furpnace at an initial temperatuse of l&@a €. The tempera-
ture was raised by 100 degree increments to a maximum temperature
of lﬁﬁaﬂ ¢ and the test was repeated at each 100 degree level,

At each level the temperature was held constant for
approximately ten minutes to allow the specimens to come
to equilibrium at the furnace temperature, The specimens were
then removed from the furnace one at a time and plunged into
water at room temperature, This was repeated five times at
each tempexatufe. |

1%&90,& was selected aﬁvthe maximum test temperature
since thermal expansion data had been determined up to this
temperature, |

4, Determination of Pyrometric Cone Egquivalent
For this test, the specimens with acceptable thermal
expansion coefficients were again used, ?@&t cones were
prepared from each composition in accordance with the
method gi@e& at ASTM Standard Method of Test ¢ 25~46 for
refractory mat@ﬁiala. A dextrin solution was used as a binder,
The test cones were arranged on a plaque with standard
cones ranging from Cone 14~17., The test was run in an
electrically h@aﬁe& furnace, and the heating rate was |
approximately 2,5mu§ per wmin@ite in the range of deformation

f
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of the test cones, Plate 4 is a drawing of the plague
after deformation was complete,

5, Determination of Temperature Bffects on the Character-
istics of C%Z-7 Bodies

It was found that 30% 2x0, could be added to a
cordierite body without impairing its thermal expansion
properties to any great extent, In order to determine
the maximum temperature at which this body would be used,

a series of tests were pexformed.

A group of discs 2,25 inches in diameter and 0,25
inches thick were formed at varying pressures and firved
to 130&”&; After firving, the discs were subnerxged in
water for 24 hours to determine the effect of forming
pressure on the absorption,

This test indicated that high pressures were desirable
for low absorption and ﬁﬁbseq&@nt samples were pressed
at,iﬁ,ﬁ?ﬁ pounds per square inch vhich was the maximum
pressure obtainable with the available equipment,

Bamples were fired at increasing temperature increments
‘until melting occurred, The degree of absorption obe-
tained at each temperature was determined by a 24 hour
submersion test. The degree of warping and percentage
absorption of a body initially fired at 1300 °c, then
pulverized, repressed, and refired to 1375 ®c was deter—
mined, A similiar determination was made on a body
fabricated from the original raw batch ingredients,
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 plate 4. P.C.E. Plaque After Test



page 31

A, Calculation of the Percentage mmpeaitinﬁ of Batch V

1,

2,

3.

4,

5,

See Table 1b for the chemical analyses of
Pyrophyllite and Klondike Washed Kaolin

golve a simultaneous equation where
x = pyrophyllite and y = kaolin

.209x + .415y = 34,8 = Al,0 needed

,750% + ,420y = 5.4 = 510, needed

AR

% = 30,08
y = 68,67
13.8 g of Mg0 also needed

Recalculate on a 100 g basis
Thus, Batch V containss
| . 26,6 g Pyrophyllite
60.8 Klondike Washed Kaolin
12,2 Mg0 |

All other batches fzmaumtéﬂ in a similiar manner,
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B, calgulatiﬁm of the Coefficient of Thermal Expansion
The coefficient of thermal éxyanaiaﬁ is calculated
using the formula below:
' awlx".i ‘
& {ﬁ - %3

In this exmxaﬁ$&mm, a is %ﬁa coefficient of thermal
expansion {over the interval t = t),b is roor temperature
 ané &' the final furnace temperature {(both in ﬁ), 1 is the
lﬁnggh of the specimen g at room %em@ﬁ ature 2nd L its langﬁh
at the £inal t@m@@za%ar@ (both zn &emtam@#ﬁrs).

- Example

For a given semple the values in the sbove formula are
~as follows:

L = 9,591 em, &' = 1000° ¢
1=29,57L em, t =22,2°¢

Substituting in the above egquation, a becomes
‘a = 9,591 - 9,575 g
| ' . /om. €

,»§&57§ {&aaawéz,zi

a = 1,71 % 10 cmfam c

All other values of th@ aaaﬁfiexanﬁ of thermal expanaian
were calculated in this manner,
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_{:. a::ammatmn of the Percentage ﬁhmmm@n

*X’a determine the mmenﬁa@e absorption of the 30% 33:62
70% cordierite bodies, the };@dwg were sma:geé in water for
24 hours, The .abﬁéwi:imi was calculated uging the following
formulas | | |

% éb&arpti@n = {Wet ﬁeé't. cxf sam_ﬂa) - {my Wk. ef Sample}

x 100
(my m. of samm)
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iv, Tabulated Results



1
&
po

Page 3

1L°1 86°1T 25z 90°¢€ 00°s €979 ¥E" O °p'8 | 0001
851 581 o% e 66°% L&Y 59 919 LE'S 006
9% 1 0L° T 9€°2 66°2 28°€ 00°9 96§ 0Z'2 008
821 €6°T 12°2 69°2 LS € vL's | sits S6°L 0oL
80" 1T LE"T 86°1T ¥5°2 02 € 8%°S zo°s 9L | 009
4870 01°1 78" 1 £€°e 88°¢ vE'S 0s°S (AN - 00§
99°0 80 z9°1 12°¢2 99°¢ sz's s | et 0o
BE°0 9%'0 ze'T Lt6"T | st'e 26w 50°6 0% L 0o€
000 90" 0 SL°0 £6°1 §6°1 oL % 60°'S 60°L 002
00°0 00°0 00°0 ze' 1 %1 TE ¥ L9 % oL’e | D 00T

1-"5%"n 6-20 8-20 L=ED 9-%0 p-20 2=20 Coxz o3
B > dwag,

OO

(.01 X) uorsusdxy 50 *3320D ‘
S3USTOIIIVN0D uoisuediy [ewmisyy

SYTPOH BITUODITZ-S3TISTRIAON TRIBALE IO

& d@iava



Page 36

3B} POTTIRY = X ~mw=w- 3593 possed - /

{seT0lo saow
. uB] JOF PANUTIUCD 821y

II077 | 10007 | 20007 | 22077 0001

S | VAR RN 006

SAGOE % onNRe AN AN A 008

L1010\ 20000 | 11007 | 11077 0oL

woRao AN AN AR 003
sxnsgoad woxy - i

pereaedes uoTIoRsy s/I11 | 21010 21000 110/ 005

JI777 | 77777 | 27777 | 77777 007

RN AN AR 00€

AW AW AN 2,002

S3usIIOD T~ITASTPIOD | 6-Z0 | 8-BD | L~-ZD sanqexedusg

{eangedadusl woOy O3 sanjedaedual pPOIBOTDUL woid peynusnl)

SUTPOH VTUCDITZ-OTIDIPIOD [RIVASS JOI €3TNESY IOOUS TRWASYY,

¥ HIENL



Page 37

5 | 51

T@MW@%%%&%

155

womtoeds

e

AT A

g gL

RSP EES TUIGASE FO  ESTEATAYE RIEy




Page 38

TABLE 6 _
Effect of Eirimquwﬁm@ax§tar@ on Several Phygical

gharactgxiaﬁicﬁ'ag Cordierite-Zirconia Bodies

Temp, to.

Which Body % Change in Comments
Fired Absorption Diameter
1300 14.4 0.00 in. Wo shrinkage or
apparent warping
1350 8.1 0.20 Very slight warp- -
ing
137% 1.9 0.30 Very slight warp-
- ing
1300 & 1.9 0.30 This body original-
1375 ly fired to 1300,
 subsequently re-
ground, repressed,
and fived to 1375~
No warping evident
after second fire.
1375 5.8 0.03 This body made from

original batch in-
gredients and zir-
conia~8light warp-
ing
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V. Discussion

As stated in the Method of Procedure, cordierite must
first be synthesized if iﬁ‘iﬁ to be used as a constituent
in a ceramic body. The @toﬁucgicn of tha‘éampoﬁnﬂ‘ﬁherafoxa
became an im@cxtaﬁt:aansiﬁ@fatian because subsequent studies
in this investlgatzan é@p&ﬁd&é on an easily fabricated
supply, It was also felt ﬁhaﬁ @thers int&xast@ﬂ in pro-

éucing'fh@ ccmpaun& night benefit by the data abtamnad
"frem this phase of the investigation. |

Beveral different manw»aitaams were used to produce
earéiafite. CThis was done to take advantage of éifﬁering
crystal structure changes and dissociations occurring within
the raw materials when firing took place which might aid
in th@_formaﬁion of the desired product, For inskaade,
Batches II and III were the same except for the raw material
from which Mg0 was obtained, In one case MgCo, was used
and in the other case Mg0 itself was usged, It was anti~-
gipated that with haaﬁing ﬁha‘é@eam@asitiﬁn'mﬁ<ﬂ$cag
and the attendant crystal structure change would produce
a more favorable xeaﬁtian than that @mﬁurring with the use
- of the cam@ouné Mg@ alone, The puxa axxﬁa was uaaﬁ in a
second batch to see if @uﬁh wnul& be the caae.

simmiiax considerations prevailed when using the
various other compositions in one conbination or
another. The pyrophyllite, as opposed to the kaolins,
possessed a lower alumina to silica ratio, One tale as
opposed to the other had a higher silica content, Therefore,
various combinations of these materials provided all the
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gilica, alumina, anﬁ/ax'magnesia n&aeasary ﬁaw a given
batch, &gain, crystal dhaﬁgas an& variau& aeammpasitians

occurring as the batéh was hmated wer '5alf¢tad to produce

faverﬁbla reactions.
It was ﬁhmughﬁ that Batches x, zv, Vs ané vx, when

. fired would more closely mpyrqadh &quilihzmum than Batches
. II and 1II. Such a result was ax@eateé sinae the pure oxide

810, , which was pxesamt xn large quantz%iea im Batdhes

2&

 I1 and III, reacts very slowly and is aften pxaﬁent in
substantial quantities afﬁax Firing in %hasa bodies in

which it is ﬁﬁ@@. The xwray @aﬁtazns @ﬁ ﬁh@s@ tm@ batches
&iﬁpiayad the expected rﬁsulﬁ%. See eharts 1 ana 2‘} Flig-
ing the batches xer 35 hours left an anaﬁually strong pegk

‘at the d value of appr@ximaﬁely 4§§?, Wﬁ¢¢h is also a shxamg
 cristobalite {onr.) peak, ?&x&ﬂg the hatﬁhas £@r '
15 additional hours sezved mnly to shartaﬁ ﬁh@ peak $11§hﬁl¥,

Eefxxing also atrangﬁh@n@ﬁ the cﬁrﬁl&rxt@ {ca.} pe&ka*'

Both of these @b&axvatlams mm&iu&t@d ﬁh@ aﬁvx%ﬁbxlity of
’v'lmng@; Firing p@ﬁ;@&@ to ailmw ﬁh@ sxﬁg ﬁa pxwaa@ﬁ fuxﬁhar

taw&xﬁ complete reaction, ,
Th@ antimipataﬁ xeau&t oi usmﬁg ﬁgﬁ@ an a batmh in

preference to Mg waﬁ not realamaﬁ. In &act, tmera

appeared to be an effect opposite to that amtmcmpateda
From Table 7 it is &@ia@mﬁ that the amréierita p@ak
intensities are ﬁtrang@% f@x the bﬁtﬁh using mgﬁ ﬁham

~the batch using Mgﬁ@ ?ﬁxﬁh&r ;nvaﬁ xgatiaa in this

. direction is suggeﬁteﬂ ﬁa é&t&rm;ne the 1easan fmx ﬁhiﬁ
~p%eﬁ@m@n@m. The use of an xmt@xual ﬁtﬁﬁﬁaﬂﬁ in th@

| Xeray amalysis would @x@b&bly be h@l@ful in é&tarminzng the
relative peak intemsxﬁieﬁ to be certain the a&nﬁ&usﬁana
drawn from the X~ray patt@rn wmra cawr@at.
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. Several additional pesks found on the Batch II and III
patterns indicated the presence of small amounts of for~
gtexikafanﬁ/ar clino-enstatite,. @h@ﬁ@hia@t*anticipateﬁ,w»
these ?&&ks do suggest n@nw&q&ilibrium“ané intermédiate
reaction on the paxt af the bakﬁh &h&l@ m&%ﬁa§~t@waré equili=-
brium, : | | .

~ 'The abav@ aonsi&eratians and results @lAminateé Batches
xx and 11T as sources of r@adily available aariiarxte, As
stated, closer. approach to ‘equilibrium waﬁkexgaskad for
Batches I, IV, V, and foﬁﬁﬁaﬁﬁé much 0f the required
Mg, Al 2 3, and Si@g_Wa$*alfaaéy‘dhemica&iy aaﬁbiaaévin the
various batch ingx@éi@nﬁﬁ. ﬁhﬁ aﬁdit;an of nﬂ nore pure
oxide than zﬁquixeé;ta any one batch was falt ta increase
the whanaas for the baﬁﬁn ingxeéi@nta to ﬁaxm aarﬁisrite
nore quickly and to a@px@adh equiiihxinm maz&e&aaely.
alsa, various txansfazmatﬁom& acauxzing with&a the batch
iqueéiants vhen firing %@ﬁk place wmmlé agaia h@p@ﬁully
pxaﬁﬂce the éesireé xea@ti@ma* SO

The study of ‘the K%xay patterna mﬁ ﬁh@ £ired batches
indiecate the valiéiﬁy of ﬂh& agsnmptians made, See Chart
| 3 and 4, The &n&eﬁp&@ﬁ&& apan&nga and intamgitxea of these
‘%amdheﬁ,nay be compared w&fﬁ those of aaﬁghea II and IIXI by
again,mafaxrmng to Table 7, allvﬁapazteé peaks for
cordierite are evident aﬂﬁ théy are stx@ng'anﬁ sharp.

Phis anﬁiuatas the praaana@ of a large amount of esﬁentialxy
pure amxﬁi@xita. No paaks ara in evidence ﬁhaﬁ would
xﬂiiaate-the preaenaglaﬁ s@me other compound,
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The displacement of interplanar spacing values from
reported valﬁas at low amgiea of imﬂiﬁenaé {ﬁamgamiﬂg‘
values in Table 2 and ®able 7) ia attfibﬂte& to differences
in tha source of the aarﬁiaxi&e usaé to make the gtan&ard
éeterminaﬁian, 3@9@@%&& walugaym@xa obtained frgw_&.ﬁ,w,m,iﬁ
inﬁogmatiaﬁ. 1t is not known whether this cordierite was
axﬁiﬁieiai ér natural. Nevertheless, valﬁ@s oktained in
this imvashigatian'ara‘ﬁh@~ﬁama as those Qb@aiﬁeﬁ by
- Lamar and Warner from their batch designated B-B (50%
| E,P.K. Kaolin, 50% Sierralite), They indicated that this
ﬁaﬁ@h contained a high m@r&én@ag& of cordisxite, This
ﬁimilarity zs most pr@nmana@d for Batches I, xv, V, and
Vi, Thus the values indicated for Batches I, EV, Vs aaﬁ Vi
ave considered to be correct,

Because the inteﬁgaty of th@ p@aka of the foux re~
maining batches were very similiar, an ;at&raal gtanda:&
was placed in each batch to help estimate the relative
‘peak intensities, Although this %u&ntiﬁaﬁiva &$tima£e
showed the four batches contained comparable amounts of
cordierite, it did indicate that Batch VI contained
somevhat more thnn ﬁh@ others,

Cordierite subsequently produced from Batch VI shQW@&
evidence of excellent reaction, See Chart 5, This is
attributed to the ball milling operation which undoubtedly
gave excellent mixing and produced some reduction im
particle size, The intimate contact and homogeneous mixing
would aid greatly in causing the reaction to go to
completion when the mixture was fired.
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mercial refractories containing girconia are
 available with thermal @xgamsians of approximately 4.5 x
l@ﬁﬁ em;/cm;aﬁ.i The development of a refractory %@ﬁy with
a low thermal expansion would thus require the selection
of some expansion value less than 4.5 x 1@”@; Therefore,
thermal expansion data were obtained from the various
cordierite-ziroonia specimens to &eﬁ&rmina the maximun
amount of zirconia which could be added before the coeffi-
cient of thermal expaznsion exceeded 4,0 x;lﬂ“ﬁ em;/ém;a c.
No purpose would be served by selecting a value higher than
this,

The thermal expansion specimens containing large amounts
of zircomia possessed expansions much gxeaﬁax than 4,0 xAlamﬁ.'
This established a trend and only the even numbered
h&ghrzizaania content specimens were tested, This is
evident from the tabulated thermal expansion resulte,

Once the specimen possessing the selected thermal expansion
‘ both even and odd numbered remain-

value had been located,
ing specimens were tested,

An increase in the thermal expansion of a cordierite~
zirconia body was expected as the zirconia content increased
because gzireonia has a higher thermal expansion than
cordierite, The total thermal expansion of any such

body can be thought of as an additive property. Because
chemical reaction was expected to occur between the
zirconia and cordierite, the final thermal expansion would
also be dependent on the resultant compounds Formed.

The results of the thermal expansion tests indicated
that several earlier investigators were correct in stating
that the addition of up to 30% zirconia to a cordierite body
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would not prove detrimental to the thexmai.@x@anﬁi&n:cf
the body. ?iqur@'?giﬁxa;piat of the thermal expansion
values versus femperatur@ for those specimens which met
the low expansion fegui&&m@nts. e

~ The low thermal expansion values found for. the pura
cordierite sample were very cloge to thwaa~gmven»zﬂ the
literature, This indicated that the compound used in
this invesbigatiom WAS LeiﬁtiV@lY free from Ampurities,

As stated eariier, ﬁ@ma type of reaction was @gpeaﬁ&d
to take place vhen a emrﬁ;axitamzmxcania.baﬁy was firved,
it wﬁs:mniy»gas@ibxa to postulate that the compounds
formed by such a reaction would b@;@@gﬁi&ﬁiﬁa,;aiﬁeonia
in the form of an ozide or silicate, and spinel, To
determine more gxemisely the compounds which would be present,
an X-ray diffraction paﬁt@xﬁ of Specimen &&m? Was maée.
It was felt that this paxtlaular apacimen was xepra«
sentative of all the specimens since it possessed the
maximum thermal expansion degived in this investigation,

‘Chaxt 6 is an Kwray ai£fra¢ti@m patﬁern'aﬁ a mechanical
mixture of Specimen cﬁw7'aﬁﬁ”£ifeé sample af’ﬁh&”same
specimen, The a@m@@unﬁﬁ pxesant in the fired apaaimen
are corxdierite and zar@a@xunwsxiiaat@ with a small
amount of spinel ayyareni, The specimen waﬁemalnta;naa at
1340° ¢ for a four hour period, but equilibrium has not
naﬁesaariiy been attained, The significance here is that

zirconia is no langar‘greﬂ@nﬁ and zx@ 5i§ has b@gun

2Q
Lo f@m.



—
T
T
i
+
T
-4
s
T
I
T
i
H
S S SR e
1
- | 1
3 1
|
t
1
; ;
t
I | ;
i J !
i i
[ ;
ST S OIS S :
S !
1
1
T
e
- +
i
T
; L
i H
: -
N A
- {
4
i
+
T
f
I
T




9 1HVHO
ol Gl 0¢ Gz 0€ Ge
1—\ v L L) L) — L] L] L 1 — L I ] L] L) — L) L v L) — v L L) L] -‘ ¥ ] L)
8¢ — 83 8
E_E_Eoo %0L NQN.>om Jo aINXIN° © N N °
JedIuBYOIN
1Puidg -s
%1517 -sZ
Coiz -2
9}1491p40)) -02
pusba
(0,0v61  2H491P10D %OL 8 °

$2
02
092

oF pau)  Youz w0

3114310800 B NO‘_N 40 S3UNLXIN
Q3did '3 43YIANN 40 NOSI¥VAWOD




page B3

These findings are in accord with the data given by

ﬁgfaldténﬁ Sm@th@k&l? in their work on the MgO- &12 3
%L@z ﬁrﬁg ﬁyaﬁem. Because cordierite ané zirconia are
znc@mpatible, one or ﬁh@ other will ot be present after
xeaeti&n é&penﬁmng upon the percentages of cordierite and
ziréania"ésigiﬁallyfuseﬁ;”'?h@ authors indicate that
additions of y&raania in lawlpa%aentagas will 9raduee the
compaun@s e@xéierite, aireﬁﬁiamwsiliﬁat&, and spinel
' wﬁen the bodies are fired, Chart 6 ‘indicates that bodies

in Ehis invastxgatimn,mmnaﬁzning up to 3@% zixcania fall
“within thié general area.»‘ ' ' EAE |

oIt man Pe sh@wm by caleulation that if @quxlibrium was
raadhaﬁ the h@dy wmulﬁ aantaxm appraxmmately 60% gordxarite,
20% zxraoninmwsiizaate, and 20% spinel aasuming ‘that

all the silxca gmvgn up goes to form z0,.S8i0. Multiplying

these percentagas by their xaapeative axganaazna and adﬁzng
giV@$ a value of a@pr&ximat&ly 3. 76 while the actnal thermal
expansimn ‘for this body was 3.06 cm./cm.” €. Tt can
ﬁh&grﬁe;saiﬂ’that the thermal expansion of this body

was faaghly additive and ﬁagenﬁed upon the expansion of

the materials of which it was composed. ‘

The thermal shock resistance of all the cordierite~
zirconia bodies was expected to be excellent. The shock
itself would be most severe in the rapid cooling of the
$p&eimah. ‘A shock of lesser magnatude would be experi~
enced when the quencﬁaﬁ ayegimeu was plaaaﬁ &ir@ﬁtly into
the hot furnaae. | B .

Results of the test inéia&ta“ﬁhat the thermal shock
resistance was excellent as exgaét@é. At 1606ﬂ ¢ the rapid
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gooling and heating cycle was perfaxmaé several times
beyond the usuasl five cycles in anticipation of eventual
failure of the specimen, The test was discontinued
after fifteen cycles, however, because the gpecimens had
still not ruptured. In the two instances where small
chipe did separate from the specimens it was n&ﬁeﬁ that
these fallures occurred at surface pressure cracks, Such
cracks were often anavﬁi&aﬁle:begaus@ of the h&qa 
pressures used in the f@?ming ayaxaﬁian.,w';  ,

. The x&@ulta of the @yx&m&tr&a Cone Equxva&@mt T@sﬁ
may be saen in yiate 4, a ﬁrﬂwiag of the P c.ﬁ. plaqua
;aftgxwﬁhe,iiaal cone of interest had deformed, The test
was. @@xﬁam@&. on all expansion samples which had fallen
imum 4,0 cm,/cm, 6@,;$ﬁitw$@&aat@éJ£¢;(ﬁhia
- dnvestigation, %pacimeﬁ Ca~6 wgsyglﬁo‘iaalgﬁééiin the

below the max

test for a@mpaxiaam yuﬁpas@ﬁ. | B , :

o The Q@ﬁé% from left to ri@h& axa Cone 1@, ez~6,
,ﬁana,is,nﬂﬁww,.gun@ 16, €z~8, Cone 17, m«e, Cone 18,
Ccordierite~l, The results oﬁ the test &ﬁdi@aﬁé at
which come the specimens deformed, For imstaﬁwa, if
the designation for C2~8 was 153, this would mean that
the tip of specimen CZ~8 had touched the plaque base at a
- time when Cone 15 had ﬁﬁﬁarma&4t@,ﬁh@‘E;a'aiqgk.gasition.
The results inéi@ata that s&&ﬁimmng~wiﬁh,&a¢xeaaed amounts
of zircomia had 1¢W@r‘§y$am@t$i@,¢mge‘eqﬁ&valgnts.v,
 Thus the liquidus cuzve of the cordierite-zirconia system
slowly drops away from cordierite as the percentage of
zirconia is increased, at least up to 40% zirconia,
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The sp@cimeﬁa formed a 1axg@ amount of liquid at their
meitang poﬁnts. ?his is the reasan for the sevaxely
mel ted app@axaﬂca Of the gpaviman eanes on the flxed
plaque. \ :
Thﬂ efﬁesﬁs aﬁ fixing temperatures and boﬁy compoaiv
ti@ns mn aevexal dhafaetariﬁtaca of aarﬁlazitawzircania
ba&iea are apparamt frnm the tahulatad da%a. The
matarial testa& was ﬁhat ragr@senting $§e¢xmen ﬂﬂw?.
ﬁaﬁa g&naarnmng ﬁpacxmgns ¢a~a, ﬁz»&, an& cmrﬁiezxte ~1 ;
would be a@mparablﬁ. ' ’
&ssuming ﬁhat v&riaﬁans in ﬁarming pxessuxa wnulé
vary Ehe ahsarptimn of the fimaﬁ b@dy, it waﬁ found _
that imareaaa& f@rmin@ presﬁaras deaﬁaus&ﬁ the peraentage
absatpt&on. This, h@m@vex, w@ulﬂ prﬂbahly reach a )
_ 1imiting aasa. %h@ ﬁecx&a&a in abaaxptian with presaura
is l@gacal b&eausa tha el@aar ﬁha partmele$ of the masa
axa, ﬁh@ fewar are th@ numbex of voids in the hnﬁy. Fewer
vaiﬁa naﬁmrally mean Lawax absarptian.f
an indiaatian mf tha éegree of warpiag af the fireé
dia@s was givan by @lac&na the aﬁge ﬁf & stael ruler
alang ﬁhe ‘diameter ef th@ ﬁiﬁ&. If the disc had not
waxpe&, no auxvatura g@ul& be s@an h@twaen ﬁhe rular B
and the surface of the diﬁc.;' | B
it wil& be %@t@ﬁ that a<boéy firaé %wﬂea wiﬁh intexmediw
ate xegrinﬂing and £@§E@ﬁﬁin§ ﬁ;d not warp, wﬁar@as bodies
fired anly once to comparabla tempexatmr%a ﬂiﬁ warp sla@htly.)
This was pzah&bly cauﬁeﬁ by ﬁha mﬂre h@mgganemus mixture
aﬁﬁaineé by the aeeonﬂ ragr&nﬁing ané zepre&sing operatian.
Shrankaga for bmﬁh firin@ techniques were comparable, '
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Another interesting fact is evident in the batch made
from the original raw batch ingredients and zirconia. The
absorption of the body when fired to 1375°C was sbout three times
the abaaxgti@m of a body produced from cordierite and zir-
conia which haﬁ %@@ﬁ fired to the same temperature, The
shriﬂkage of the body was only one~tenth the ghrinkage of
the cordierite-zirconia body. '

- Both of these observations are logical., The raw ma- .
terial particles have not had time to completely react,
thereby leaving more voids between particles, Incomplete
reaction hag therefore forestalled shrinkage., ' Fiving the
specimen for a longer length of time would have allowed the
reaction to approach equilibrium, thﬁt@b?,x@éuaing the
ghaorption and causing greater shrinkage.

A1) indicationsg suggest that a corxdierite body con=
taining a maximuwn of 30% zirconia can be used at a temper- =
ature of 13&%?& with no dimensional change occurring iﬁ the
body. The percentage absorption of this body could he re-
duced by inax@asﬁé fmxmi&g pressure, saﬁumt&d gr&in size
distribution; and initial ﬁixing ﬁ@m@eraturaﬁ of 1356 C
It would be advisable to test tbese bodies under load at:
1300%¢. %o be certain that thaix &aaﬁ carrying dharamtex~~’
istics arv not am@amxaﬁ at this ﬁam@eratuxa.

Data cbtained f£rom this phase of the investigation . -
indicate that zirconia hag not materially increased the
firing range of cordierite bodies.. To obtain absorptions
lower than approximately 2% the temperature can only be
raised over a range of 25°C before melting occurs,
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IV, CONCLUSIONS

Baged on the results of the present investigation
the f@ilawin@ conclusions seém justifiéé«
| (l) ?ha prmﬁuaﬁian af cordierite on a cne~fire
vjbasi@ is m@st eaﬁily attaineé wﬂth end maMh@rs
5c@ntainin§ a hihh peraaﬂtag@ af the cordierite
menatituents already in dhe@iaal,a&ﬁbinatxan.
| {2) Up ta'za% zirconia may be aéﬁaﬁbﬁe a cordierite
‘body w%theut,matarially impairing ‘the thermal
expansion of the body, .
{3} The addition of zircanza to cexdierit&
| does n@t maﬁerially‘@x&ené the fir&ag range of
cordiaxzt@ &eéiea.';
‘ﬁé} chdiarits h@ﬁi@ﬁ containing 39% zircunia
PoOSgess ﬁhexmal $hﬂﬁ£ resistance comparable to pure
cordierite. | 5 |
{5) The addition of up to 30% zirconia to a
"awrdi@xité hdﬁy deoes not imprmv@}ﬁhe'réfra&turiw
ness of the body, | |
(6) A cordierite b@ﬁy containing up to 3@%
- zmirconia may he,useé at a tempexatuxe of 1306 C.
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ABSTRACT

The purpose of the present investigation was to
undertake a systematic study of cordierite compositions
to determine to what éxtant the ultimate refractoriness
and use temperature c&ulﬂ'h@ increased hy'the addition
of zirconia withﬂaﬁ‘inmﬁgaaimg the thermal expansion
above 4.0 x iﬁﬁﬁ am;/ﬁm./gﬁ' |

A procedure has been presented for making the
‘gamgmun& cordierite. Several raw batch compositions
which can be expected to produce a high percentage of
relatively pure cordierite on a one-fire bagis are
given, "

Data are presented ﬁabﬁlating the coscfficients of
thermal expansion of amxéiazite'gyecimeaﬁ cwntaiﬁ;ng
increasing percentages of zirconia, the thermal shock
resistance of these saue sp@aimené, the pyrometric cone
equivalents of those spaaima@&'w%iéh possessed expansions
lower ﬁﬁam 4,0 x lﬁﬁﬁjgaaﬂ the effect mf firing temperature
on the absorption and éiﬁﬁ@?ﬁiQ¥ of a g@@ﬁimen possessing
the maximum al&awﬁbie~th@zmal expansion.,

The results of the &nveatigatién indicate that zirconia
does not materially extend the short firing range of cor-
dierite compositions and ﬁhé refractoriness @fkaﬂrdieriﬁe
is not increased by the addition of zirconia at least in
amounts up to 40%. It was found that a 70% cordierite-
30%

sirconia body could be used at a temperature of 1300°%
without warping or undergoing shrinkage,



