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Missiles, space probing satellites, and atomic power 

are spectacular developments of the present which, neverthe~ 

less, have presented many new and exeiting problems, Less 

spectacular but no less important advances have come in 

superconic aircraft, microwave transmission, thermoelectric 

power, high temperature chemical reactions, and a host of 

other developments Little known to the average man, but of 

great importance to his progress, And again such advances have 

3d just as many new problems as they have solved,    present 

Never before in the history of mankind have so many 

on 
os 

Yemarkable scientific and engineering advances been made 

in such a short period of time, And each required solutions 

to the problems it | 

is still awaiting solutions to problems before further ad=- 

presented, or as is the case in many areas, 

  

yances can be made, . 

With so many changes in so many different fields, it is 

natural to expect a great many different problems to arise, 

and such has been the case, But a common denominator can be 

found within the many fields covered by these spectacular ade 

wances, ‘This common denominator is the need for new and better 

engineering materials. | | 

Feonomical use of atomic energy, wider use of electromagnetic 

phenomena, and more efficient missiles are Gependent on new and 

better materials, In addition, our knowledge of the properties 

of the materials we are already using mast be extended, ‘This 

quest for materials and their fundamental properties has 

become so important that future historians might well call 

this the "age of Materials,"
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No class of materials has felt the impact of investi- 

gation, discovery, and development more than those designated 

as ceramics. Areas formerly served by metals and plastics 

have been taken over by ceramics at an ever increasing 

rate since World war It, Though they were initially sought 

because of their ebility to withstand the temperatures at 

which other materials failed, it soon became apparent that 

ceramics possessed additional characteristics which made 

them more desirable than certain materials being used, 

Bowever, characteristics also were found that revealed 

  

serious deficiencies in ceramics. Because they are brittie 

  

materials they have poor resistance to tensile stresses, 

Their low thermal. conductivity and relatively high thermal 

expansion 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 iead — 

to the intensified study of the fundamental properties 

o£ ceramic materials, singly and in conbination, and at — 

least two new ceramic compounds have been found which over= 

come many of the shortcomings. already mentioned, 

These compounds have very low coefficients of thermal 

expansion and hence have excellent resistanee to thermal 

shock. Coupled with the 

o£ approximately 12-1300°¢, which allows them to be em- 

  

ability to be used at temperatures 

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 not been the case 

however, Since additional problems have arisen, now that 

some of the old ones have been solved. 

A case in point is the material cordierite, 2 Ng. 2A1,0.,. 

58i0,, a ceramic material with a melting point of 1470°c, a
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| excellent 

  

very low coefficient of thermal expan 

thermal shock. resistance, Its undesirable properties, however, 

include a very short firing range, an incongruent melting 

point with the subsequent formation of a high expansion material, 

i 

  

and a low maximum use temperature of 1200° Cc. 

Barly investigators found these poor properties of 

ecordlerite and succeeded in improving them by the addition 

of girconia (2x0, ) 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 

eoefficients obtained from these bodies, no thermal shock 

date, 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 cordierlte « girconia compositions 

to determine to what extent the ultimate refractoriness and 

       be increased without inereasing the 

expansion above 44,5 % 107° om, /en./” C.



  

Cordierite is one of two three component compounds in 

the MgO~AL,0,~Si0,, system, See Figure 1. It contains 13.7% 

MgO, 34,3% AL On, and 51.4% S10 9 9° Therefore cordierite 

falls in the field in which mullite is the primary phase. 

Karkhanavala and Hummel” have reported that cordierite may 

exist in two stable (2,8) and one metastable modification, 

Cordierlte occurs most commonly in the high temperature 

(2) form. The low temperature form 6) can be formed under 

hydrothermal conditions from the glass, or from the crystals 

o£ @) or the metastable form i) . The metastable form can 

be developed by devitrifying the glass at around 850 to 

950°C, However, it can not be formed by heating the high 

temperature form under the same conditions, Heating the 

® and / forms in air develops the a form in the range of 

830 to 1050°¢. 
ALL stadies done on the compound cordierite have been 

performed with synthetic cordierite, Very few natural deposits 

of the material are known, and its presence is difficult to 

determine, The existence of deposits have been reported in 

Horns Nek Transvaal, by Shand®, In addition, Newhouse and 

Hagner have xeported a deposit in Albany County, Wyoming, 

However , Hausner’ has stated that to the best of his know- 

ledge, natural cordierite has never been used in ceramic bodies. 

Present commercial compositions for the manutacture of 

cordilerite consist of from 30 to 50% tale and from 50 to 

70% clay, plus additions of Al,O, and pyrophnyllite, 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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compound ecordlerite was first reported by Rankin 

and Merwin” in their work on the system MgO-AL,O.,~ Si0,. 

The compound had the composition 2Mg0, 02A1,0,.5810,. In 

this work the cordierite crystals were described as "six- 

sided 

they were uniamial. negative and had vefractive indices | 

tae Le 524 and ne! = 1.525, The compound melted incongruent ly 

at 1470° c into mallite and a ‘liguid.. 

_ For several years no more work was done on the com- 

pound, cordierite until W. M M colin’ developed a body contain- 

ing 43% Goepfersqruener talc, 35% @ingendorfer plastic | clay, 

and 22% ALO 3° ‘This body, when fired to cone M4, had 

a thermal expeneion of 0,53 x.10 " between O° and 200°C, 

Such a low thermal expansion caused great interest, 

since it promised a body with good thermal shock re~ 

sistance. Therefore, the work continued in 1931 when 

Ro FP. Geller and H, tnsley! attempted. to duplicate Cohn’ s 

work, Using 43% tale, 35% Florida kaolin, and 22% electric 

furnace corundum, they were able to fabricate a body with 

a linear thermal expansion coefficteakt of 10 #1077 in the 

range of 20° to 200°C, They also found that the thermal 

expansion coefficleht depends considerably on the. length 

      

prisms with basal termination and negative elongation." 

    

o£ firing time and. that, although cordierite could be pre- 

pared by sintering at 1350°¢, the sintering time could be 

reduced by heating in the range of 1400° to 1425°C; Heat~ 
_ ae fo a , 

ing at temperatures much above 1425°¢ caused a decomposition 

  

| OF cordierite, which melts incongruently at 1470°¢, with 

the formation of small amounts of spinel and mullite, Geller 

and Tasley surmised that the low expansion of the body 

they had developed was the rusult of 90 to 95% cordierite 

 gontained in the bedy.
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In more recent years R. &, Lamar” has developed 

cordierite bedies using mixtures of siernalite and kaolin, 

The bodies possessed very low coefficients of thermal 

expansion and had good thermal shock resistance, They 

had the typical short firing range characteristie of 

cordlerite, but the range was lengthened by the addition 

of from 5 to 20% 

shock resistance were not materially affected by this addition. 

  

girccon, The thermal expansion and 

  

Two interesting results of Lamar's investigation 

were evident, He found that bodies made with mixtures of 

Siovralite and clay did not abrade the dies when extruded 

or pressed. Such abrasion is usually evident in normal 

cordierite bodies due to the alumi: 

facture. | 

an addi 

temperatures and found considerable variations in results, 

        

a used in their manu« 

    

tion, Lamar prefired his preparations to various 

just as Geller and Insley had discovered, A thin section 

Of specimen. fired to 2350° ¥ showed large amounts of 

cordierite and relatively small 

forsterite, However, 4 specimen fired to 2300° ¥ sh 

poor reaction of the constitutent materials, only 50% 

  

amounts of mullite and 

owed 

  

cordierite, and evidence of mullite and enstatite. Tie 

short firing range of cordierite was thus easily observed, 

Improving the firing range of cord 

has also received some attenti 

improved the firing yange of his compositions by the use 

o£ 5 to 20% zircon, | However, he was following the lead of 

Parmelee and Thurnauer” investigated the effects of 

compounds on the firing range of tale bodies. 

    iexvite bodies 

on. As was stated, Lamar     

      
> no 

  

several 
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a that the use of zirconia in amounts of 20 to 

  

30% was very helpful in increasing the firing range and 

that the bodies could be fired to cones 14 and 15, which 

would give better cordierite formation. 

R. J. Beals and RB. L. cook “have more recently in- 

vestigated the erystalline nature and expansion character= 

istics ef cordierite. Ueing Neray methods and an internal 

standard, they determined the percentage of cordierite 

  

present in their samples and found a close correlation between 

the cordierite present and the thermal expansion. They 

 gueceeded in formulating a body composed of 47.91% Sierzamic 

tale, 29. 27% Florida kaolin, and 12, 82% AnLO. alumina, 

had a coefficient of linear thermal expansion of 8. 8 «107! 

for the range 20° to 300° e when prefired to 1400" c. The 

internal standard indicated that the body was 36% ecordie 

rite. Again, as was found in previous papers, the amount 

of cordierite formed depended on the thermal treatment of 

    

   

  

Work with dense cordierite bodies has been initiated by 

Gebler and Wisely." Using clay and caleined MgC0., and tale, 

they developed a vitrified cordierite body with virtually zero 

porosity, low thermal expansion, good mechanical strength, and 

excellent thermal shock. resistance, 

| Other studies o£ interest have included work by 

and reid, ** and Lamar and warner, + The forme 

work on the axp ansion of glasses in the M, O-A1,0, ~ Si0, 

syetem, have stated that the glasses which probably develop 

in cordierite bodies have a thermal expansion which 

    

      

    

ef, in their 

  

     

  

is greater than twice that of the cordierite crystal |
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in the range up to 600° ©. in combination with the impuri- 

ties which are already present in the raw materials, develop-~ 

ment and retention of these high expansion glasses probably 

accounts for the poor heat-sheok resistance of vitrified 

cordierite bodies. such 

in commercial type cordierite ware, 

Lamar and Warner have also commented on the increase 

in thermal expansion caused by various components or 

d that less than 5% mullite in an 

othuxwise pure cordierite body would affect the thermal 

expansion by as much as 100% in the range up to 500° ¢. The 

authors felt that the values for the thermal expansion of cordie~ 

vite, as given in the literature for the range 20° to 500° ¢€; 

    

poor resistance is often evident 

  

impurities. They foun 

   

were more than twice the correct value for pure eordierite, 

They attributed this te small amounts o£ mullite or spinel 

or unreacted alumina present in the body. They gave values 

of 1,64 x 107° and 1.28 x 10° from 25° to 1000° @ and stated 

that these were probably more nearly correct, ‘These values 

les which showed no evidence of the 

ained by X-ray diffraction methods. 

were obtained from samp     

  

presence of mullite when exa 

rt can be seen from the preceding that there are 

  

various probiems associated with the study or manufacture of 

cordierite and cordéierite bodies. For convenience, several 

o£ these, as mentioned in the literature , will be listed below: 

(L) Cordierite melts incongruently at 1470° c with 

the formation of mullite and a liquid. 

(2) At temperatures much above 1425° C, cordierite 

  

begins to decompose with the formation of small 

amounts of mullite and spinel. 

 



(3) 

4) 

(3) 

P
P
P
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Cordierite has a very short firing range which | 

can be lengthened by the addition of from 5 to 

20% ‘drcon, 

The development and rebention of glass and alumina 

ox mullite in cordierite bodies wili greatly 

increase the thermal expansion in the range up 

to 600° {, These impurities probably account 

for the variation in values for cordierite ther-| 

mal expansion reported throughout the Literature. 

Impurities in the batch constituents account 

for the poor thermal shock resistance of commercial 

| ecordlerite bodies. 
*. * ‘ La) 

A maximum operating temperature of 1200° Cc, as 
_ L., | 

given by Hausner, limits the usefulness of 

cordierite even though its melting point is some 
eae na 

250° ¢ above this temperature.



Lo scheciite | shown 

  

bodies composed 

  

to be of comercial | 

of cordierite are made by introducing the synthetic material 

a ime ortance *. There fo Y@y 

  

OX, more commonly, by so compounding the pady that coxdierite 

tn substantial quantities is developed during ‘the } firing 

  

"process, 

The first step in this investigation was the synthesis 

of a quantity of cordierite to be used in the subsequent 

work. , : 

  

There are sany combinations of relatively pure raw 

materials which can be used to synthesize the cordierite 

composition, 2ug0. -2AL,¢ 31580, Six mixtures were finally 

selected, ‘The oxide. compositions ineluding impurities 

   

are shown in Yable 1. dhe batch composition and raw material 

‘analysis axe given in fables ta and Ub: respectively. 

“Four ‘gpecimens approximately one inch in diameter and 

one quarter inch thick were mixed by hand from each batch, 

. he pills were pressed in an hydraulically operated laboratory 

_. press of three ton capacity. one pill fom each batch was 

fired in an. electrically heated furnace using ellicen~carbi de 

resistors and | controlled by a Minneapolis Honeywell Controller. 

  

_ Blate I is. a photograph of aa furnace used. The pills were 

_, fired to a temperature of 2550° ‘PB, following the nexting 

in Figure 2. | 

  

| A small quantity of material was ‘taken from the center 

of each fired pill for an X-ray diffraction study, Each 

small sample was well pulverized and mounted, one sample 

  

at a time, in a plastic sample holder, The samples were 
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Plate 1, Electrically Heated Furnace



Page 16 

—T 
-4L 4-4 

ae 

LL. eet be 
r 

nee + 

be 
“t-t-H 

| 

4 +. + 

1 

7 
--- 

t 

- 
t 

Sot 

pot 
tod 

met 
t 
f+ $ 

1 

-+ 

t 

1 
“+ 4 

| ‘ 

 



Page LY 

subjected to x-ray analysis in a General Hlectric XRD-5 _ 

diffractometer, using nickel-filtered copper K, radiation, 

The reported interplanar spacings and intensities for 

eordierite are tabulated in Table 2. | | 

On the basis of the Array patterns Batches Ii and 221 

  

were immediately eliminated, ‘he remaining four batchés 

were subjected to a more precise X-ray examination. Using 

an internal, standard to increase the reliability of quantitative 

estimates of cordierite development, Batches I, Iv, V, and 

Wi were reassessed and Batch VI was selected as the one 

giving the best yield. | | 

Using high-alumina jar mills of one gallon capacity, 

4750 grams of Batch VI were milled, ‘Three 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 o£ dry batch, Milling time in each case 

was 16,5 hours, | | a 

The material was removed from the ball mills and dried, 

The dried material was pressed into pills 2,26 inches in 

diameter and varying from 1,0 to 1.5 inches in thickness. 

¥Yhese pills were fired to 2550° ® (Pigure 2), | 

An X-ray pattern of a emall specimen taken from the fired 

batch indicated excellent reaction with a general sharpen~ 

ing of peaks as compared to the pattern taken on the earlier 

sample of Batch VI. 

The fired pills were reduced to powder in a hammer mili, 

The iron introduced into the material by this operation was 

removed by dispersing the powder in water and passing it 

through a Franz Ferro-Pilter, ‘The material, after drying, 

was sereened and all particles passing a 200 mesh sereen 

were used to make thermal expansion specimeng, 

 



TABLE 2 

Reported Interplanar Spacings and Intensities for Cordierite 

GA _ T/T, 
  

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, Thermal Expansion beterminations of Cordierite-Zirconia 

Bodies | - 

| fo determine the effect of zirconia additions. on the thermal 

expansion of cordierite, a series of compositions ranging from 

100% cordierite to LOO% zixconia and varying by 10% in- 

: ements by weight. were made uP ‘s e nunbexs and | com 

  

   

  

positions exe given below: | a 

  

gx0 “2 . O% 

204-1 | — 10 
he | 807 

Cyze3 30 
OSe4, — 4G 
Cz~5 50 

Cae7 FO 
CZs 8O° 

Cao 90 
MpA,S.= “1 | 100    
“Pitty grams of each composition were weighed out and 

  

mixed in a mortar with a pestle, The specimes 

ina 4 inch x 0.3 inch steel die, See Figure 3. To keep the 

thickness as near 0.5 inch as possible each gharge was weighed, 

The actual weight of the specimens varied with the ratio o£ 

cordierite to gires 

8 were formed 

    

onia, the weights increasing as the amount 

of zirconia dnereased, — | 

ALL 

pounds per square inch on an eight ton hydraulic press, See 

Plate 2. 

To facilitate pressing and /improve the green strength 

of the specimens, 5% by weight of a paraffin emulsion (Socony- 

Vacuum O11 Company's ‘Ceremul ¢’) was mixed with each batch 

before forming, | | 

specimens ware pressed at approximately 4000 

      

All the thermal expansion test pieces were fired to
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Plate 2, Bight Ton Hydraulic Press
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2550° f in an electric furnace heated by silicon-carbide | 

resistance elements, The heating schedule is shown in 

Figure oe 

| After firing, the bars were visually inspected, S Bars C21 

through CZ-7 had bioated, the bloating becoming more and more 

evident ag the givconia content increased, The bloating 

was attended by visibly rounded surfaces and edges, This 

indicated that some melting had taken place. The interior 

structure of the bloated specimens was cellular in appearance, 

Bar CZ~3 had distorted and bloated to the greatest extent, 

and it appeared to have formed the greatest amount of liquid, 

Bars cZ-8, CZ-9, and MA, 8,71 possessed sharp edges and level 

eurtaces, but had warped very slightly. This was probably 

al temperatures within the furnace caused Ry 

rature gradients through 

The bloated bars were ground to the desired 0.5 x 0.5 

  

     Ge 

tempe 

  

the furnace length.     

inch cross section, 

expansion determinations were made in a fused 

  

silica dilatometer manufactured by the Industrial Engineering 

instrument Co. A photograph of this appratus is shown Ln Plate 

ae A cross-section of the furnace with the dilatome 

    

eter and 

  

sample in place is shown in Figure 4, As ean be seen from the 

drawing, the dilatometer consists of a fused silica tube, 

closed at one end, in which the sanple is placed. On top of 

the sample a fused silica vod is placed which extends beyond 

the top of the outer ‘tube and transmits any movement of the 

ated in 0.01 mm 

ined by means of a chromel- 

    

sample to a dial indicator, ‘the latter is grad 

divisions. Temperatures ave detexm 

  

alumel thermocouple placed inside of the enclosing tube with 

its het junction lecated as close as possible to the mid-point
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Plate 3. Fused Silica Dilatometer
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of the specimen, A detailed description of the operation 

of this type of dilatometer may be found in Reference 14 

of the 

| The furnace used with this apparatus is a wire wound, 

  

Bibliography. 

    

  

wexrtical tub 

A diagram of the control circuit used is given in Figure 5. 

e furnace controlled by a variable transformer, 

  

To give a more uniform: rate of temperature increase a propor- 

tioning relay manufactured by Wheelco Instruments co, and Called 

a Bheotxol was incorporated in the circuit, ‘The Rheotrol 

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. 

Zach specimen was heated at a uniform rate of 5, 5° c 

per minute as shown in Figure 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 furnace tex 

  

perature. At the end of the five minutes 
any change on the dial indicator was noted, Following the 

heating schedule the temperature was then raised 100 degrees 

  

and again held until equilibrium was attained, This plan was 

followed for each specimen up to 1000° C. |
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3, Determinations of Resistance to Thermal Shock 

Specimens which possessed a thermal expansion coefficient 

S on/en/? € were tested for less than approximately 4 x 10° 

their resistance to thermal shock, 

fhe specimens used were the same 4 «0.5 x 0.5 inch 

bars which had been used for the thermal expansion deter<- 

minations, fhe specimens were heated in a wire wound labora- 

tory furnace at an initial temperatuge of 100° c. The tempera- 

ture wae raised by 100 degree increments to a maximum temperature 

of 1000° ¢ and the test was repeated at each 100 degree level, 

At each level the temperature was held constant for 

approximately ten minutes to aliow 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 temperature, 

1000° ¢ was selected as the maximum test temperature 

since thermal expansion data had been determined up to this 

temperature, 

4, Determination of Pyrometric Cone Equivalent 

For this test, the specimens with acceptable thermal 

expansion coefficients were again used. Test cones were 

prepared from each composition in accordance with the 

method given at ASTM Standard Method of Pest ¢ 25-46 for 

retractory materlals, 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 heated furnace, and the heating rate was 

approximately 2,5° ¥ per minute in the range of deformation 

!
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o£ the test cones. Plate 4 is a drawing of the plaqu 

  

after deformation was cor 

  

iwlete. 

5. Determination of Temperature Effects on the Character= 

istics of CZ-7 Bodies 

it was found that 30% BLO» could be added to a 

body without impairing its thermal expansion 

  

eordierite 

  

properties to any great extent. In order to determine 

the maximum temperature at which this body would be used, 

a series of tests were performed, 

A group of dises 2,25 inches in diameter and 0,25 

inches thick were formed at varying pressures and fired 

to 1300°C, After firing, the dises were subme 
water for 24 hours to determine the effect of forming 

  

xged in 

pressure on the absorption. 

This test indicated that high pressures were desirable 

for low absorption and st 

  

bsequent samples were pressed 
at 10,075 pounds per square inch which was the maximum 

uipment, 

Samples were fired at increasing temperature increments 

pressure obtainable with the available eq 

    

until melting occurred, The degree of absorption ob- 

  

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 °e, then 

pulverized, repressed, and refired to 1375 °¢ 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
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A. Calculation of the Percentage Composition of Batch V 

1, See Table lb for the chemical analyses of 
Pyrophyllite and Kiondike Washed Kaolin — 

  

2. Selve a simultaneous equation where 

x = pyrophyllite and y = kaolin 

209% 4+ ,415y = 34,8 = Al, Q.needed 

750% + .420y «= 51.4 = SLO, needed 

y = 68,67 

13.8 g of MgO also needed 

3, Recalculate on a 100 g basis 

4, Thus, Batch V contains: 

26.6 g Pyrophyllite 

60.8 Klondike Washed Kaolin 

12,2 MgO | 

5. <All other batches calculated in a similiar manner,
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8, Calculatipn of the Coefficient of Thermal Expansion 

The coefficient of thermal expansion is calculated 

using the formula below: . 

aeho ; 
L (kh - t) 

in this expression, a is the coefficient of thermal. 

expansion fover the intexval t -~ ¢),t is coon. temperature 

an t? the final furnece temperature (both in "e), Lis the 

length of the specimen at room temperature and L its length 

at the final temperature (roth in centimeters). 

| 1 E ple -     

For a given sample the values in the above formula are 

ag followe: 

b= 9,591 om, tf = 1000° ¢ 

L= 9.871 om, t = 22,.2° ¢ 

Substituting in the above equation, a becomes 

a= 9,591 ~ 9.575 3 
  

9,575 (1000-22.2) 

a=1.71 x 107° en/en’ c 

All other values of the coefficient of thermal expansion 

were calculated in this manner, |
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Cc. Calculation of the Percentage Absorption 

| To determine the percentage absorption of the 30% 2x0, ~ 

70% cordierite bodies, the bodies were submerged in water for 

24 hours, The absorption was calculated using the following 

formulas | | | 

% Absorption = (Wet Wt, of Sample) ~ (Dry Wt, of Sample) 
  x LOO 

(Dry We. of Sample)
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Iv. TYabulated Results
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TABLE 6 | 

Effect of Firing Temperature on Several Physical 

Gharacteristics of Cordierite-Zirconia Bodies 

  

  

  

Which Body %, Change in Comments 

Fired Absorption Diameter 

1300°c: 14,4 6.00 in. Wo shrinkage or 
apparent warping 

1350 &.1 Very slight warp- 

ing 

1375 1.9 0,30 Very slight warp- 

_ing 

1400 > om sm Melted 

1300 & 1.9 9,30 This body original- 

1375 ly fired to 1300, 
| . subsequently re- 

ground, repressed, 

and fired to 1375-= 

No warping evident 

alter second fire. 

1375 5.8 6.03 This body made from 
original bateh in- 

gredients and gir- 
conla~Slight warp- 

ing       
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V. Discussion 

As stated in the Method of Procedure, cordierite must 

first be synthesized if it is to be used as a constituent 

in a ceramic body. ‘The production of the compound therefore 

became an important consideration because subsequent studies 

in this investigation depended on an easily fabricated 

supply, It was also felt that others interested in pro- 

ducing the compound might benefit by the data obtained 

 €xom this phase of the investigation. 

Several different compositions were used to produce 

cordierite. This was done to take advantage of differing 

crystal structure changes and dissociations occurring within 

the caw materials when firing took place which might aid 

in the formation of the desired product, For instance, 

Batches II and LII were the same except for the raw material 

from which 3 was used 

and in the other case MgO itself was used, It was anti« 

that with heating the decomposition of MgCO, 

and the attendant crystal structure change would produce 

MgO was obtained. In one case Mgt 

    

cipated 

amore favorable reaction than that occurring with the use 

of the compound MgO alone, The pure oxide was used in a 

second batch to see if such would be the caee. 

Similiar considerations prevailed when using the 

various other compositions in one combination or 

another, The pyrophyllite, as opposed to the kaolins, 

possessed a lower alumina to silica ratio, One talc as 

opposed to the other had a higher silica content. Therefore, 

yarious combinations of these materials provided all the
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silica, alumina, and/or magnesia necessary for a given 

batch, again, crystal changes and various decompositions 

occurring as the batch was heated were ex 

  

pected to produce 

favorable reactions. - | 

Tt was thought that Batches I, iV, Vy and VI, when 

fired would more closely approach equilibrium than Batches 

{I and ITI, Such a result was expected since the pure oxide 

$10, which was present din Large quantities | in Batches 

-EE and Tir, reacts very slowly and is often present in 

substantial quantities after firing in those bodies in 

which it is used, The X-ray patterns of these two batches 

displayed the expected results, See Charts Land 2, Fir- 

ing the batches for 25 hours left. an unusually strong peak 

at the d value of approximately 4,07, which is also a strong 

eristobalite {cr,) peak, Firing the batches for 

L5 additional hours served only to shorten the peak slightly. 

Refiring also strengthened the cordierite (co.) peaks. 

Both of these observations indicated the advisability o£ 

‘Longer Firing periods to allow the S105 to proceed further 

toward complete reaction. . 

The anticipated vesulLt of using MgCO., in a batch in 

preference to MgQ was not realized. in fact, there 

appeared to be an effect opposite to that anticipated, 

» From Table 7 it is evident that the cordierite peak 

intensities are stronger for the batch using MgO than 

the batch using NgCO,. Further investigation in this 

dizection is suggested to detexmine the reason for this 

phenomenon. The use of an internal standaxd in the 

X-ray analysis would probably be helpéul in determining the 

velative peak intensities to be certain the conclusions 

drawn from the X-ray pattern were correct.
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Several additional peaks found on the Batch II and IIT 

patterns indicated the presence of small amounts of for- 

sterite and/or clino-enstatite,. Though not anticipated,... 

these peaks do suggest non-equilibrium and intermediate 

reaction on the part of the batch while moving toward equili- 

briun. an : 

  

| The above considerations and results eliminated Batches 

iI and ILt as sources of readily available cordierite. As 

stated, closer approach to equilibrium was expected for 

Batches I, IV, V, and VI because much of the required 

MgO, AL,0., and S10, was already chemically combined in the 

various batch ingredients, The addition of no more pure 

oxide than required to any one batch was felt to increase 

the chances for the batch ingredients to form cordierite 

more quickly and to approach equilibrium more dosely, 

Also, various transformations oceurring within the batch — 

ingredients when firing took place would again hopefully 
produce the desired ceactions,  — | | 

The study of the X-ray patterns of the fired batches 

indicate the validity of the assumptions made. See Chart 

3 and 4, he interplanar spacings and intensities of these 

batches may be compared with those of Batches II and III by 

again referring to Table 7, All reported peaks for 

cordierite are evident and they are strong and sharp. 

Fhis indicates the presence of a large amount of essentially 

pure cordierite, No peaks are in evidence that would 

indicate the presence of some other compound.
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The displacement of interplanar spacing values from 

reported values at low angles of incidence (comparing 

values in Table 2 and fable 7:) is attributed to differences 

in the source of the cordierite used to make the standard 

determination, Reported values were obtained from A.S,T.M, 
information, me is not known whether this cordierite was 

artificial ox natural, Nevertheless, values obtained in 

16 

this investigation are the same as those obtained by . 

Lamar and Warner from their batch designated B<B (50% 

E.P.K, Kaolin, 50% Sierralite), ‘They indicated that this 

batch contained a high percentage of cordierite, This 

similarity is most pronounced for Batches I, IV, V, and 

VI, Thus the values indicated for Batches I, IV) V, and VI 
are considered to be correct, | 

Because the intensity @£ the peake of the four ve~ 

maining batches were very similiar, an internal standard 

was placed in each batch to help estimate the relative 

peak intensities, Although this quantitative estimate 

showed the four batches contained comparable amounts of 

cordierite, it did indicate that Batch VI contained 
somewnat more then the others. 

Cordierite subsequently produced from Batch VI "showed 

evidence of excellent reaction. See Chart 5, his is 

attributed to the ball milling operation which undoubtedly 

gave excellent mixing and produced some reduction in 

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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mmercial vefractories containing zirconia are 

available with thermal expansions of approximately 4.5 x 

107° om,/om. °C. The development of a refractory body with 

a low thermal expansion would thus require the selection 
6 of some expansion value less than 4.5 x 10°, ‘Therefore, 

  

thermal expansion data were obtained from the various 

eordilerite-giroonia specimens to determine the maximum 

amount of girconia which could be added before the coeffi- 

cient of thermal expansion exceeded 4.0 x 10°° em, /em,° cy 

  

No purpose would be served by selecting a value higher than 

this, 

The thermal expansion specimens containing large amounts 

gpansions much greater than 4,0 x 107°, 

  

of girconia possessed e: 

This established 

high-girconia content specimens were tested, This is 

  

    a trend and only the even numbered 

evident from the tabulated thermal expansion results. 

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- 

  

gireonia body 

  

was expected as the girconia content increased 

because zirconia has a higher thermal expansion than 

cerdierite, The total thermal expansion of any such 

body can b , 
chemical reaction was expected to occur between the 

  

e thought of as an additive property, Because 

gireonia 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 thermal expansion of 

the bedy, Figure 7 is a piot of the thermal expansion 

values versus temperature for those specimens which met 

the low expansion requirements. 

The low themal expansion Values found for the pure 

cordierlite sample were very Close to those given in the 

literature, This indicated that the compound used in 

this investigation was relatively free from impurities, 

AS stated earlier, some type of reaction was expected 

to take place when a coxrdierite-zirconia body was fired. 

It was only possible to postulate that the compounds 

formed by such a reaction would be coxdierite, zirconia 

in the form of an ozide or silicate, and spinel, ‘te 

determine more precisely the compounds which would be present, 

an X-xay diffraction pattern of Specimen C2-7 was made. 

it was felt that this particular specimen was repre- 

sentative of all the specimens since it possessed the 

maximum thermal expansion desired in this investigation, 

Chart 6 is an Kray diffraction pattern of a mechanical 

mixture of Specinien Cz~7 and fired sample of the same 

    

specimen, The compounds present in the fired specimen 

are cordierite and girconium-silicate with a small 

amount of spinel apparent. ‘The specimen was maintained at 

1340° ¢ for a four hour period, but equilibrium has not 

necessarily been attained. The significance here is that 

zirconia is no longer present and LEO» « S10, has begun | 

to form, -
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Yhese findings are in accord with the data given by 

Herold and smothers*/ in their work on the Mg0- AL,O 37 

Si0,-Zr0, system.’ Because cordierite and zirconia are 

incompatible, one or the other will hot be present after 

xeaction depending upon the percentages of cordierite and 

zirconia originally used. The authors indicate that 

additions of zirconia in low percentages will produce the 

compounds cordierite, girconiumsilicate, and spinel 

when the bodies are fited, Chart 6 indicates that bodies 

in this investigation conatining up to 30% zirconia fall 

within ‘this general area. | : 

ke can be shown by calculation that if equilibrium was 

reached the body would contain approximately 60% cordierite, 

20% ‘girconium-silicate, and 20% spinel assuming that 

9° 8i0,. 

pansions and adding 

all the silica given up goes to form ard Multiplying 

these percentages by their. respective ex 

  

gives a value of approximately 3.76 while the actual thermal 

expansion for this body was 3,06 em./em.° ¢. Tt can 

thus be said that the thermal expansion of this body 

was roughly additive and Gepended upon the expansion o£ 

the materials of which it was composed, | | 

The thermal shock resistance of all the cordierite~ 

girconia bodies was expected to be excellent. ‘The shock 

itself would be most severe in the rapid cooling ef the 

specimen, A shock of lesser magnitude would be experi- 

enced when the quenched specimen was B Placed dizectly “into 

the hot furnace, | 

Results of the test indicate that the thermal shock 
vyesistance was excellent as expected. At 1000° C the rapid
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cooling and heating cycle was performed several times 

beyond the usual five cycles in anticipation of eventual 

failure of the specimen, ‘The test was discontinued 

after fifteen cycles, however, because the specimens had 

still not yvuptured. In the two instances where small 

chips did separate from the specimens it was noted that 

these failures occurred at surface pressure cracks, Such 

cracks were often unavoidable because of the high 

pressures used in the forming operation. _ 

    

_. Whe xeaults of the Pyrometric Cone Equivalent Test 

may be seen in Plate by a drawing of the ®.C.E, plaque 

after the final cone of interest had deformed, The test 

was performed on all expansion samples which had fallen 

below the maximum 4,0 om, /om, Po Limit selected for this 

_ investigation, Specimen Ca-6 w 

  

as also included in the 

test for comparison purposes. a co 

The cones. from Left..to. right are Cone 14, C26, 

Cone 15, CZ-7, Cone 16, CZ-8, Cone 17, CZ-9, Cone 1S ,. 

Coxdierite-1, The results of the test indicate at 
which cone the specimens deformed, For instance, if | 

the designation for Ca-0. was. is?, this would mean that 

the tip of specimen CZ-8 had touched the plaque base at a 

time when Cone 15 had deformed to the 3 o'clock position, 

fhe results indicate that specimens with increased amounts 

o£ zirconia had lower py; 

Thus the Lliqui 

slowly drops away from cordierite as the percentage of 

  

‘ometric cone. equivalents. 

  

dus cuxsve o£ the cordierite-girconla system 

girconia is increased, at least up to 40% zirconia. |
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The specimens formed a large amount of liquid at their 

melting points, This is the reason for the severe Ly 

melt ted appearance of the specimen cones on the fixed 

plaque. | : 

the effects Of firing temperatures and body composi~ 

tions on several characteristics of cordierite-zirconia 

bodies are apparent £rom the tabulated data, The 

material. tested was that representing Specimen CZ-7. 

Pata concerning Specimens cz~8, cZ-9, and Cordierite -1_ 

would be comparable. a - | 

  

Assuming that variations in forming pressure would 

vary the absorption of the fired body, it was found 

that increased forming pressures decteased the percentage 

absorption. this, ‘however, would probably. reach a : 

limiting case, the decrease in absorption with pressure 

is logical because the closer the particles of the mass 

are, the fewer are the number of voids in the body. Fewer 

voids naturally mean lower absorption, 

An indication of the degree of warping of the fired 

dises was given by placing the edge of a steel ruler 

along the diameter of the disc, If the disc had not 

warped, no curvature could be seen between the waler | 

and the surface of the disc. | 

rt will be noted that a body fired twice with intermedi- 

ate regrinding and repressing did not WALD y whereas bodies 

  

fired only once to comparable temperatures did warp slightly. 

This was probably caused by the more homogeneous mixture 

attained by the second regrinding and repressing operation, 

Shrinkage for both firing techniques were comparable,
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Another interesting fact is evident in the batch made 

from the original raw batch ingredients and girconia. The 

absorption of the body when fired to 1375°c was about three times 

the absorption of a body produced from cordierite and gir- 

conia which had been fired to the same temperature, The 

shrinkage of the body 

the cordierite-zirconia 

  

was only one-tenth the shrinkage of 

oS ay * 

. 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 has therefore forestalled shrinkage, Firing the 

specimen for a longer length of time would have allowed the. 

yeaction to approach equillbrian, thereby reducing the . 

  

absorption and causing greater shrinkage, 

. ALL indications suggest that a cordierite body con= 

taining a maximum of 30% girconia can be used at a temper-.— 

ature of 1300°¢ with no dimensional change occurring in the 

body. The percentage absorption of this body could be re 

duced by increased forming pressure, selected grain size 

Gistribution, and imitial firing temperatures of 1350°c, 

It would be advisable to test these bodies under load at: 

1300°C. to be certain that their load. carrying character-. 

istics are not impaired at this temperature. 

  

ta obtained from this phase of the investigation | 

indicate that zirconia has not materially increased the 

firing range of cordierite bodies... To obtain absorptions | 

Lower than approximately 2% the temperature can only be > 
ew ph _ age _ | 
raised over a range of 25°C before melting occurs,.
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LV, CONCLUSIONS 

Based on the results of the present investigation 

the following conclusions seen justified: 

(1) The production of cordierite on a one~fire 

basis is most easily attained with end members 

- containing a high percentage of the cordierite 

  

constituents already in chemical combination. 

| (2) Up to 30% zirconia may be added to a cordierite 

body without materially Linpa 

expansion of the body, 

    

iring the thermal 

(3) The addition of zirconia to cordierite 

does not materially extend the firing range of 

cordierite bodies. 

(4) Coxrdierite bodies containing 30% zirconia 

  

possess thermal shock resistance comparable to pure 

cordierite, 

(5) The addition of up to 30% zirconia to a 

cordierite bédy does not improve the refractori-~ 

ness of the body, 

(6) A cordierite body containing up to 30% 
 gixconia may be used at a temperature of 1300°¢,
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The purpose of the present investigation was to 

undertake a systematic study of cordierite compositions 

to determine to what extent the ultimate refractoriness 

and use temperature could be increased by the addition 

of zirconia without increasing the thermal expansion 

above 4,0 x 107° em./on./e, 
A procedure has been presented for making the 

compound 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 tabulating the coefficients of 

thermal expansion of cordierite specimens containing 

increasing percentages of zirconia, the thermal shock 

resistance of these same specimens, the pyrometric cone 

equivalents of those specimens which possessed expansions 

lower than 4,0 x 107°, and the effect of firing temperature 

on the absorption and distortion of a specimen possessing 

the maximum allowable thermal expansion. 

The results of the investigation indicate that zirconia 

does not materially extend the short firing range of cor- 

Gierite compositions and the refractoriness of cordierite 

is not increased by the addition of zirconia at least in 

amounts up to 40%. It was found that a 70% cordierite- 

ace 

30% zirconia body could be used at a temperature of 1300°¢ 

without warping or undergoing shrinkage,


