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' I. INTRODUCTION

For many yeers the mineral kyenite has been mined in various parts
of the world. The ore deposits have not been worked with anj great en=~
thusiasm since the commercial possibilities of kyanite have only been
theorized as a result of labpratory experiments. Sevéral lafgé deposits
of kyanite have been iocated in recent years; and this supply, which is
sufficlent o meet the demands of the ceramic industries, has created an
interest in the possibilities fbr kyanite. The physical properties of
kyanite make it both desirable and objectionable for use in certain
fields of ceramics. The objectionable prbperties, however, have Eeen
overcome to some extent, making 1t possible for this mineral to £ind wide
application inqthe field of refracﬁofies.

The largest,&eposit of kyanite found in Virginia is located in

. P:incé Edward County. The ore deposit is known as the Baker Mountain

deposit and 1s sufficiently large to supply any demands of the ceramic

industries. The ore mined there is prdcessed by froth flotation and

magnetic aepaiation. This process has consistently ylelded a kyanite

concentrate cohtaining-Qs per cent pure kyanite.”“Acid-washingbor the ky~
anite concentrate,has_p:oduced even purer grades for commercial use.
This investigation was undertaken to study the physical character-

1aticé of this Virginia kyanite both before and after heat treatment.



II. REVIE( OF LITERATURE

Miheralbgz

Kyanite is a member of the sillimanite group of which andalusite.
and sillimanife aré also members. If has the same chemlcal composition
as endalusite end sillimanite, having the formila Al,05:810;. It differs
fron andalﬁsite end sillimanite énly in that_itlcr§5§allizeé in‘tha
$riclinic system instead of the orthorhombic system, and has a higher

specific gravit? of 3.5 to 3.7 as compared with 3.1 to 3.2 for andalusite

~and with 3.2 to 3.3 for sillimanite.

The kyanite of the Baker Mbuntgin deposit occurs in a quartzite
schist. This deposit contaiﬁs the magsive-type kyanité quartzite, which
oceurs abﬁndantly,land also\smail, needle-like masses of radiating cry-

stals in quertzite. There are included in this schist small amounts of

miscovite, rutile, heﬁatita, pyrite and quartz. Most of these minerals

are eliminated by the ccﬁcentrétion process and by magnetic separation.
This‘V1rginia kyanité occurs as deep,greenish—blué, blade-like crystals,
while”Andalusite varies from white through gray to pinkish brown. The
v1rginiaAkyan1fe has a hardnéss qf 4 to O parallel to the blade and 6
to 7 across the,bladé, vhereas, andalusite has a hardnmess of 7 to 7.5.
The tenacity of thése'minerals varies: ‘kyanite being brittle and anda-
iusite varylng from br1tt1e to hard.

An'axtéﬁsive study of all available literature wes made by the
guthor end it was found thgt many,investigators have used kyanite in the

various fields of Geramics. The kyanite used in these investigations



was, in many cases, not the pure grades of kyanite now available and

the work was not alwayé éérfied to a final conclusion. IListed below

- under suitable headings are the results of the work of 1ﬁvest1gators in-

teresésd in a particular ceramic field.

Sgholes} in an investigation on the uses of kyanite as a source of
alunina in comercial glasses, found that kysnite, 1f properly prepared,
meets the requirements for commercial glasses excellently and offers
specific advantages over the aiumina supplying materials now in ﬁse.

In discussing the favorable cparacteristics_of kyenite as a consti-

fuent in gla#s,batches he 1lists the following points:

- 1. Kyanite is prepared from the original rock or mineral
deppéit in a pulverulent or granuler condition., The parti-
cles are non-adherent, and the material wili not éegregate in

~balls or lumps as kaoliﬁ'doés, nor exhibit the fluffy, float-
ing charécter of alumina hyﬂrate. It behaves physically
like glass send, .

2. In its process of p:éparation,thanite can be reduced
to an irbn oxide content well beiow 0.1 pef cent; with not
more;than traces of éfher heavy mineralé. Since its alumina
content 1s easily three times that of feldspar, only one-
third aé mech need be added in the batch, and fhe Quantity
of iron oxide will be as low as with a feldspar containing
10.33 per cenﬁ'Fegos. . | |

3. Modern meﬁﬁods of refining produce a kyanite of alumina

content constant within 1.5 per cent, equivalent to a felds-

1. Scholes, S. R., "Kyanite as a Cheap Source of Alumina for Commercial
Glasses", Ceramic Age, February, pp. 54 (1938).



par with a constaqcy of 0.5 per cent. The impurities present
in kyanite‘are\alﬁostbentirely silica, ﬁhich offers no diffi-
~culties. Bases are absent.

- 4, Kwanité is prepared by a relatively cheap process which,
in view of 1t$ high alumina dontent, offers substantial econ-
omies in cqmparison,with other aluminous matérials of equal
;ﬁrity.

5. The available supply is very lafge. N ]
6. It has been found that kyenite dissolves reedily in &
 glass melt in which it is a batch ingredient, provided it is
ground to a fineness of about éO-mgsh. |
It was found that finely grouﬁd,vretined kyanite will readily dis-
solve in a glass melt withoutiapy traces of uﬁdi;soived mullité, if

commereial glass, with an alumina content as high as current practice

- requires, is made with kyanitevas the aluminbﬁs'ingredient of the

batch. This 1; a decided economic advantage and furnishes a new effec-
tive means of 1ﬁtroducing alumina into commercial glasses, therebj, se~-
curing in a cheap and efficient manner, the beneficial effects of alumina'
upon the strength, viséosity, ghemical durability and thermal endurance
of the glasses{ : o

For proper use, the kyanite should be ground preférably to 60-mesh,

‘but in large scele ﬁgiting a coarser granulation might be used, such as,

20-mesh. However, the grinding should be fine enouéh so that thorough
dissemination of the aluminous material takas place fhroﬁghbutvthe bateh
and rendérs the resulting glass homoggnéoué. As thb inversion of kyan-
ite to mllite and silica 1nVOlvés,an.expansioﬁ of about 10 per cent in

volume, these ecrystals offer a rélatively largé surface fof aftack, and



dissolve readily in the melting batch. This allows for coarser gramu-
lation in large-scale melting. ' |

In a further investigation, présgnted anonymnﬁslya, on the use of
kysnite as a glass material, it has been found that the alumina comtent
of kyanite requires that less of this material be used than is the case
with some other sources of alumina. Also, the balance of the composi-
tion, _sibl:lca‘, is a natural raw material of glass and the absence of al-

kalies virtually causes only a minimum of adjustment in the batch,

Kyanite is added td the batch at approximately 100°F. higher tempera-

fure, thus increasing the speed of the -operatibn_. "As a result of using
kyanite as a source of alumina, new wares and shapeé have been rreported
as being possible to mamufacture. The wbrk of this investigation is
ana.iogous to that of Scholes.v | |

"An article by Weiss explained why it is not possible to use kyanite

. as an‘ingredvient in 'giass batches. He states that because of the vary-

-ing percentages of alumina, the amouﬁt of impurities, such as iron, are

higher than in feldspar, end kyanite is too refractory a material for

~use in glass batches. He does, however, recommend the use of kyanite in glass

tan._k_ blocks.

Refi’ac tories _

In the use of kyanite in refractories l'}revig4 fbund an advantageous

factor in that lcyanite inverts to mullite on heating, and once the in~

version has taken place it is not reversible. Freed found that mullite,

2. Scholes, S. R., ''Kyanite - A New Glass Material'', Ceramic Industry,
Vol. 20, No. 4, pp. 177, (1933). L

3. Weis, J. H., "Comments on Kyanite as a Glass Material" Ceramic
Industry, Vol..20, pp. 235 (1933).

4. Greig, "Formation of Mullite from Kyanite, A.ndalusite and Sillimanite,
Jour. Am, Cer. Soc., Vol. 8, pp. 465 (1925).

5. Freed, ''A Study of Millite Refractories Formed by Galcining Kyanite,
Their Industrial Application" Jour. Am. Cer. Soc., Vol. 9, pp. 251
(1926) ' . T



pure or bonded with clay, formed by calcining kyanite éroduced refractory
bodies'éapable of withstending standard and modified laboratory tests

for high grade refractories. The bbdies produced by Ihim were highly re-
fractbry»and showed excellent resistance to deformation under 1oad‘ﬁnd

spalling. He also found a uniform rate of thermal ézpansion. The results

_of this investigatioﬁ indicate that the prospects for developmént o;

mllite as a so-called "super-refractory'f appear bright.

In an 1§vestigatioﬁmongthe use of siiiimnnite minerals in refracto-
ries,fpubliéhed anonymouglyﬁ, the results indicate that electric porce-
lains and saggers containing kyenite have a much longer life than those
ﬁade from ordinary mixtures. Fu:ther work, preseﬁted anonymoual}v has
indicated that with similar treatment the products made from the three
sillimanite“munera;s are ideﬁtical irrespective of which mineral is used.
Many eipefimenfs_have been made using calcined material ﬁldne;‘or‘mixed
with ball clay, or ball clay end feldspar, or calcined alumina. Mixtures
of calcined and raw kyanite were uéed with 5 pervcent ball clay added.

The addition of feldspar gave a vitrified product, though the refractori-

ness~waa'abové Cone 28 (161500, approx.}, even with ten parts feldspar in

115. A mixture or'76.lhper cent calcinéd kyanite with 23.9 per cent alum-~
ina (calcined at 1650°C.) gave brick which showed practically no shrinkage

and was .. of good te:tu:e;' Refractories made from calcined kyanite have

o been reported, anonymouslyﬂ, to have a high mechanical resistance and will

withstand the reducing‘or oxidizing action of gas, carbon and slag,

As an ingredient in cruciblés for glass mélfing,{Scholeag, found -

6. Anonymous, "Andalusite Minerals in Refractories”, Ceramic Abatracts,
Vol. 9, pp. 848 (1930},

7. Anonymdus, "Sillimanite®, Ceramic Abstracts, Vbl. 9, pp. 942, (1930}.

8. Anonymous, "Sillimanite and Its Use as a Super-Rerractory" Ceramic
Abstract, Vol. 16, A(8).177 (1937).

9. scholes, S. R., "The Use of Kyanite in Crucibles for Glassmelting”,
- Bull. Am., Cer. SocC., Vbl. 14, No. 10, pp. 335-36 (1955).



that 60-mesh celcined kyanite, which consists essentialiy'or mllite and

some crystalline form of silica, presumably tridjmite. mixed with a re-

fractory ball clay, known as "XX sagger”, in the proportions of 65 per

cent kyanite and 35 per cent clay, and formed into a slip with the addi-
tion of 0.2 per éént by_weight of alkalihwhich is equal parts of sod{un
carbonate and sodium silicate 8 "S"™ brand, produced a crucible which met
adequately the fequirements of the operation. The slip casated into gypsum
molds developed a wall thickness of approximately 3/8 inch in 5 to 10
mnutes. The sizes commohly made renge from 2} inches to 7 inches in

heighth; however, as the'drj atrength of the resulting body is not very

"great the dry erucibles must béﬂhandled carefully.

Upon firing to Come 4 (1310°C. approx. ), the crucibles develop ex-
cellent mechenical strength with a total of'5 to 8 per cent shrinkage

from mold size to the fired condition. The resulting crucibles may be

heated to Tedness in 20 minutes and thereafter brought up to the glass

e

meltiﬁg temperature as rapidly as'necgssﬁry without danger of breakage.
The ‘crucibles are nearly white and the low iron content, together with
limi ted éorroaion.enablés most glasses to be melted uithput appreciable
iron contamination. |

The crucib;es were sble to withstand rapid heating; therefore, they
have good tﬁérmal,endurance, low eipanaion and high strength. They were
sufficiently non-porous to prevent penetration by the molten glass and
cmsequently rapid corrosion. | )

In the use of kyanite as‘a lining for pot and tankbrurnaces, Litva~-

kovski1'® found that kyantte linings resist well the attack of the glass

lO.-Litvakovskii, "Application of Highly Bertactory Siliimanite Materials
In the Glass Industry®, Ceramic Abstract, Vol. 15, pp. 63 (1936).
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mass, and that the character of the co:rosion'is different from that

.appearing';n'grog brick. _Grog mixes obtain a "shell-1ike® appearance

on their surface, while kyanite linings become only uniformly thinner.

In an attempt to produce a kyanite lining ror the protection of refrac~
toriea for glaas tanks, Ruibnikovl; reported that a lining of composi~
tion 65 to 85 per cent kyanite, 14.5 jo:aovper cent‘ciay, 5 to 10 per
cent feldspar and 2.5 to 5.0 ﬁep cent sodiom silicate had tho following
properties: | . - | |
i. A kyanite refractory 11ning with a low water absorption
11(5 9 to 9.0 per cent}, high mechanical strength (849 to 506
 kg/sq em), a rerractoriness of 1755 to 1710°C. and an alumina
content from.4l.4 to 44.3 per cent and can be successfully

- used ror‘coating grog brick.

2. The alumina content can be increased provided that the
clay rqu content is iowered and the temperoture of riiing ia
abofe 140600, | | o - |

Blooks of ordinary composition containing 85 pe? centbgrog and 15
Der cent clay were coated by ramming, dried and rired to 1380 or 1410%.
Ihperiments showed that the adherence of kyanite coats to grog brick was
satiaractory.

In a study of the mullite conoent‘or some American tank blocks by
Thompson and Vbrmelkerlz, the conclusion wos drawn that the presence of

mllite in a tank block will lengthen its 1life by increasing the fesis-

11, Ruibnikov, "Kyanite Coating for Tank Blocks With a High Grog Content,"
Ceramic Abstract, Vol. 15, pp. 243 (1936}. ;

 12. Thompson and Vormelker, "The Mullite Content of Some American Tank

Blocks", Jour. Am. Cer. SOc., Vbl.v , Dp. 639 (1926}.

-



tance of the glass block to corrosion or _chemicai action of the molten

-glass and the glass batch. The alumina_ and silica present in a tank

block tend to form the mineral mullite when the block 1s fired to a
sufficiently high temperature. This conclusion follows from the thor-

ough study of the problem 'by Bowen and Greigls.

Reesu' in his paper of "'Alumina-Silica Minerals in Glass House Pots
and 'I‘a.nka" gave the rollowing conclusions.
1. That the elumina-silica mineral found in fire clays after
| firing has the composition 3A1 03 - 2510, and 1s called
. mllite. This agrees with the work of Bowen ‘and Greig.
2. The proportion of mullite present in fired clay increases
with the alumina contenf of the clay and with the temperature

and duration of the heat treatment.

‘Porcelain

McDowell and Vachuska > in studying the effect of caleined Virginia

~ kyanite in porcelain bodies concluded that mllite introduced from a
 calcined kyanite ground to a proper fineness and introduced in feldspar,

- flint, clay porcelain bodies in amounts over 30 per centnd the follow-

ing effects on the physical properties of the bodies:
1, Increase in modulus of rupture
2. Decreasve in coerﬂcient of expax_xsion
3. Increase in ﬂrins time reqﬁired
4, incredse in rlirvin‘g range
'5_. Color graduation of from.iﬂ;ite to.gray due to iron beariﬁg
accessory mineralé.» - o
It is reé&iréd that 30 per cent or "mo:'e of the material be used to
produce merked changes of the bodies due to the fact that there 1s little

13. goire%and Greig,(;'r%z System: .&II.ZOS.SJ.O;3 s, Jour. Am. Cer. Soc.,
ol.

14. Rees, fv.pg.. "Alumina-suica Minerals in Glass House Pots and Tank
Blocka", Jour. Soc. Gless Technology, December, 1925,

15. McDowell, S. J. and Vachuska, "The Effect of Calcined Kysanite in
Porcelain Bodies™, Jour. Am. Cer. SocC., Vol. 10, pp. 64 (192‘?).
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or no 'aeeding effect, 1.e., secondary rullite growth, from kyant te
grains. These apperently act merely as inert particles with desirable
physiqal properties, 4

In‘ an investigation on special spark-plug porcelains, Bleininger
and Rid&lels found that it was desirable to eliminate the quartz be-
dause of its inversions and to aubstitute substances not ubjéteé to
)1nversions or other volume changes. These may be highly e&lcined kaolin,
aluming, zirconia, or sillimanite, either natural or synthetic,

The results of en investigation on the‘use of kyanite in porcelain
hodies, published by Kulld.l? i{nd{cate that additions of 35 per cent to
50 per cent of calcined kyanite have the following effects on the pufée-
lain mixes: increases (1) their mechanical strength, (2) dielectric
properties at nbrmgl end high temperatures, (3) resiat_iwity to sudden
~temperature changes, and (6>] thermal resietiﬂfy.

Saggers |

Because of the high logses encm‘mtere&. in the pmoduction and hand~
1ing of saggers, there have been many additions to sagger mixes investi-
gated. Makhlla found that admixtures of kyanite and‘ andalugite have no
marked effect on the propertlies of saggers; hmfever, the fact that low
grade kyenite and andalusite were used must be considered. The results
of this work do not agreé with those of Loomisl® who found that bodies

containing finely ground caleine kyanite. taic, Georgla ksolin, and Chioc

16. Bleininger, A. V. end Riddle, F. H., "Special Spark Plug Parcelains”,
Jour. Am. Cer. Soc., Vol. 2, pp. 564 (1919).
. Iulki, A., "Using Kyanite in the Russian Ceramic Industry®, Cenmc
Abatracts, Vol. 12, pp. 383 (1933).
18, Mekhl, R., "Effect of Highly Refractory 4dditions to Sagger Mizes",
Ceramic Abstracts, Vol. 17, Fo. 7, pp. 253 (1928).
19, Loomis, G. A., "Notea on Sagger Investigation", Ceramic Age, July,
. PP« ¢ (193‘4). - -
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fire clay hed the highest r;réd strength of the-sefieg, Jittle or no ten-
dency to sag at high temperatures, and good heat-shook resistance, but
were not the best of the series in the last mentioned property.

In a léboratory investigation, conducted anony@ouslyao, to determine

the value of kyanite sagger mixes it'was found that, in general, the dry-
. ing, firing, and total shrinkage decrease with an increase in the amount

» of kyanite. The exception is found in the series where kyanite {3 substi-

tuted for grog. In this case all the above mentioned factors increase as
the amount of kyanite increases.
The raw modulus of rupture shows no surpriaing results in that little

variation 1{s produced within any one series. The results indicate the

" value of the bond clay in that as it varies the modulus varies directly.

The exception to fhis is again found in the series where the grog is var-
ieds Here an increaéed mo&ulus'is noted, probably due to the higher per-
centage of fine particles wheré the kyanite replacés ihe groél ‘The water
absorption consistently decreases as the amount of kyanite increases,
though not by overwhelming percentages. The water of plasticity does
also decrease somewhat as the amount of kyanite increases.

It iz to be noted that drying and firing cracks are not noticeable

| on the kyanite bodies; whereas they are very much in evidence on the or-

iginal sagger mii.; The strength of the bodies at thia'point'was not tes-

ted because of inadequate means.

Grog
' ' 21
In attempting to produce a kyanite grog, presented anonymously ~, 1t

was rdund that by using kyanite fines with 4 per cent talc and 2 per cent

20. Anonymous, Personal Correspondence Between H. S. Doty and United Clay

Mine Compeny. v .
21. Anonymous, "Kyanite", Ceramic Age, January, pp. 24 (1938).‘
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bentonite the resulting batch had good working properties with no appar-
ent loss in refractoriness. This material gave an excéllent grog that
would withstand well the 25 cycles of heating and chilling demanded in
glass-tank biock specifications. In fact, 35 cycles between 850°C. and
roon temperature were q;ed as a test. As the bats fired for grég pro-
duetion were in the rofm.of bricks, their expaﬁsions’were neasured, It
wis found that the miz of kyanite flotation concentrate with 4 per cent

talc and 2 per c¢ent bentonite fired at 18650 to 1700°C. would retain the

.same dimensions as the ariginal pressed shape.

“This made possible a kyanite brick of véry high kyanite content and
excellent.heat-shock'characteriétics, with an ultimate porosity below
20 per cént if a pressufe of 10;000 1bs, per_sq. in. {on a 4 inch colum)
was used. Only with kyanite rineﬁ of the size of flotation concentrate

is this possible.

'Insuiating‘Brick_

‘ 22
A high insulating material has been produced by Bole = by molding a

mass constituted of sized raw kyanite and a small emount of clay to which

hasbeen added sufficient chemical and dilute acid solution to produce

‘ bloafing of the mass. ‘By drying the rnlded mass and firing it at a

sufficiently high temperature and at a rate to produce a highly celluler
méss, a high insulating material can be produced.
: 23
The results of a recent investigation conducted by Pole and Moore

indicate thgt the prodnction of insulating refractories can be made

_ successfully from kyanite, clay and_sawdust corpposi tions. These compare

favorably in mény respects with commercial types of insulating bridk.

22, Bole, G. A., "High Insulating Material, Cersulc Abstract, Vol. 16,

No. 5, P(5) 153, (1937).

23. Pole, G. R+ and Moore, .D. G.,
Kyshite and Kyanite-Clay Mixtures When He
Yol. 17. No. g’ PP 355-67 (1938). i

"The Expénsion Characteristics of
ated", Bull. Am. Cer. S50C.,
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III. EXPERIMINTAL PROCEDURE

Selection of Bonding Agents
In selecting‘the banéing agénts to be used in forming the small
test cylinders, consideration was given to the properties possessed by
suitable materials, As kyanite is a non-plastic material, the bonding
agents seleéted must possess a high degree ar‘piasticity to develop a
high bonding strength both in the dry and fired state. Their economic
value was also considered in choosing the bonding agents used.
The bonding egents chosen end the percentages used were as follows:
Bentonite = 1%, 1.56, 2%, 2.54, %%
Dextrine =~ l.54, 2%, 2.5%5, 36, 3.5
‘Sodiun Silicate -~ .5, 1%, 1.5%, 2%, 2.5%, 3%
*Ballclay - 1%, &5, 2.5%, 35, 3.56, 4%
Incorporated together
Bentonite - 2%
Tale - 4%

*No. 5 Temnessee Ball Clay = 200 mesh

Prepé:ation of the Bodles

The percentage of kyanite used in the bodies wes very high, ranging
fron 99.5 per cent to 96 per cent. As kyanite 1s & non-plastic wateriai;
thorough mixing or‘the batches was neceééary to insure a homogeneous dis~-
tribution of the bonding agents throughout tﬁe batch. To assure that
thia wnuld be aceémplished, batches sr‘consi§erable gize ﬁére used. 5
laboratory dry pan was used for aryvmixiﬁs the baéches. and the necessary
pe:cwntaga'or water was addeﬁ al&wly to’the thbraughiy mized bateh while

in the mixer. Upon thorough mixing and sddition of the water, the wetted

batches were passed through a l6é-mesh sieve %o reduce the Jumps to & uni~ :

A



form particle size. o ’ /

Forming and Firing

The tgét specimens were formed under 3000 pdunds per square inch
pressu;e in a small hydraulic dry press. A pressure of 3000 pounds per
square inch was found to be sufficient to give a compact specimen which
'could be handled easily in the dry state. In rorming'the améll cylinders,
it waé found that 10 Per cent water gave the best results, with the
exception of 3.5 per cent and 4 per cent ballclay. TFor these two per-
' centages .it appeared that 12 per cent water gave the bggt résults.

Previous to firing, the samples were air dried and then at 110°C.
for five hours. A specimen from each percentage of bonding‘agént
used was fired to 2200°F., 2300°F., 2400°F., 2500°F., and- 2600°F. as
the reaction of raw kysnite at these temperatures ?gs d;sired. The
final temperature in each case was held :or a period of one hour. A
soaking period of one hour at’fhe end of each firing was allowed for
the formation of anj glass aﬁd mullite:growth to become evident or com-

plete.. The rate of firing was 150°F. per hour.

Tests Performed on Fired Samples

The fired specimens were tested for expansion, gpparent specific -
gravity, bulk spgcitic gravity, absorption, and apparent porosity ét
each of the terperatures Tanging from 2200°F. through 2600°F. These
tests were performed according to the procedure as giv;n in the
Jourhal of the American Ceranic Society. Test cones ma&é from raw
kyanité were subjected to the P.C.E. test outlined 1n“the Journal of the

Anerican Ceramic Society, 11, 449, (1928)(previously mentioned publica-

tion). .



~15~

Determination of ’gightest Packing Between 35-Mesh and 100-Mesh Kyanite

A series of tesis were performed using 1200 gram samples to deter-
mine the degree of packing of the 35-mesh and the 100-mesh kyenite.
This was done by varying a combination arvthevpercegtagea of thése two
_ mesh sizes from C to 100 per cent, and vibrating them af 8 gonstam:
rate until the packing had become constant. Two series of tests were
performed: first, 35-mesh and 100-mesh raw kyanite; second, ‘55~meah
and 108-1:1&3}1 ca;clzin&d kyanite. |

The purpose of perforring such tests was tavdeterminﬁ the com~
bination of the percehtages of these two mesh sizes that would give
the tightest packing. The data obtained gave the mixtures that had
a minimmm of pore space‘befween'the grains grior to the aﬁditiﬁa of a
hpnding agent. ’.I‘hizj made possible the use of small }oercentagea ol |
bonding agents. Also, hyAhaving g miniman of pore §§aca, a minimn
pressure of 3000 pounds per square inch pressure was possible in form-

ing the specimens.

Petrographie Examinaﬁioﬁ
| A petrographic examin&ﬁion was nade on Baker Mountain kyanite
concentrate to determine the stafe of the contained iron and the pre-
‘sence of any undesirable minerals. An ahalysis was made on all samples
: reééive& from the mine; namely, raw and caleined standard and acld~
washed grades of kyaniée.xv

A study of powdered samples fired through the temperature range
of 2200°F. through 2600°F. was made. The powder was obtained by crush-
“ing = aamﬁle frired to each temperature passing the powder through a

100-mesh sieve and using that materiel which was retained on a 200-mesh

sieve.
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Spectrographic Examination

A grating‘spectrosraph of the Rowland Mounting type was used in
makingAa‘spgctrographic énalysis of the Virginia kyanite. The radius
of curvature of the concave grating was 181 cm. and the grating was

ruled to have 14,433 lines/in. The theoretical dispersion of this grat-

'1ng was 9.7 Angstroms/cm. while the actual dispersion was 9.4 Angstroma/

cm. The resolving power of this grating was 30,000 in the first ofder.

The Rowland mounting uses a fixed slit which was opened 0.05 cm.



IV. PRESENTATION OF DATA AND CURVES

The data obtained in this investigation are found in Tables I-VII.
A graphical represent%tign of the data is rounﬁ'in_Figuras 1-9. ‘
Table T liats the fired properties of the bodies at 2200°F,
Table II lists the fired properties of the bodies at 2300°F.
Table III lists the fired properties of the bodies at 2400°F.
Table IV lists the fired properties of the bodies at 2500°F.
Teble ¥V 1iat$ the packing properties of 325-mesh and 100-mesh raw
-raw kyanite. |
‘Table VI lists the packing properties of 35-mesh and 100-mesh cal-
cined kyanite. |
Table VII lists the chemical analysea of standard and acid—zashe&
kyahi te. | | |
The values uaed in the graphical represeni&tion of the date are
those wvalues in which the maximum percentage of bonding agent was intro~
duced. ‘
Fig. 1 shows the per cent expansion of the samples containing a
maximin of bonding.agent. -
‘Bﬁg- 2 shows the apparent apecific gravity through the temperature
range.
Flg. 3 shows the dry bulk specific gravity.
Pig,’4 shows the fired bulk specifie gravity.
Fig. 5 shows the apparent porosity of the fired samples. :

rig. 8 showa the absorption of the fired samples.



Fig. 7 shows the data of Table V in graphical form.
Fig. 8 shows the data of Table VI in graphical form.

Fig. © shows the firing curve used in this investigation.




TABLE I
FIRED DATA
{22000F)

*Specimen ﬁxpansion ApD. Porositj Absorbtioﬁ ADPps Spe Gre. Bulk Spe. Gre
Noe 4 % % : .~ Dry Fired
*111 ~3499 32471 14,49 3.36 2.18 2,26
131 ~0.48 29,07 12,77 3.21 2.30 2.28
141 0400 29.59 13.10 3.21 2.27 2.26
151  0.00 29,26 12,74 3.25 2,31 2.29
211 -1.42 33,02 14.95 3.30 2.22 2.21
221 0472 3117 - 12,01 3,19 . 2.28 2.20
231 ~0.46 33,02 14,93 3,30 2,26 2,21
241 0.00 3287 14.87 3.29 2,28 2,21
251 -0.52 33.82 14.95 3.34 2.28 = 2.%
311 0.49 30,14 13.45 3e21° 2,27 2.24
411 0.51 3231 14,064 3.26 2,23 2.21
421 ~0450 31.28 14.06 3. 24 2.23 2,23
431 000 29.46 12,89 3. 24 2,30 2429
441 ~1.83 33.40 14,28 3.52 2,32 2:34
451 0,00 28,48 12.32 3e27 2.32 2.31
461 0.44 28.26 12.21 3023 2.34 2.31
511 ~0424 35.32 16,50 3031 2.15 2,14
521 0.75  24.19 15.74 3430 2.17 2.17
531 =0,45 34.68 16.05 3431 2.16 2.16
541 . =0.45 34425 15.82 Be29 2.16 2.17
581 =0.45 32,66 14.87 3.26 2,19  2.20
561 - =0,92 = 32.22 14.61 3,25 2.19 2,20

*The specimen numbers have the following significance:
First digit = Seriles
Second diglt ~ Percentage ({Showmn under Procedure]
Third digit = Specimen number N
Series’'l - Bentonite
Series 2 =~ Dextrine
Series 3 ~ Bentonite and Tale
Series 4 = Ballclay
Series 5 = Sodium Silicate
For example: Specimen 211 indicates a Dextrine bond, in amount of 1%;
Specimen 561 indicates a Sodium Silicate bond, in emount of 6%



Specinen Exp
NO. A 2 %
112 0,00 24.96
122 1.13 31.70
132 Y 29.34
142 - 1.85 29.55
152 1.85 29.59
212 0424 32,51
222 1.44 32,06
22 0.47 34,33
242 1.67 33.18
252 1.82 33.22
262  0.94 33416
312 1.71 30445
412 1.49 31.51
. 422 1.24 30.61
432 1.18 29.15
442 1.40 23.29
452 - 0.89 29.36
462 1.1 28.26
512 0.70 33.50
522 1.22 35.04
532 0.95 34426
842 " 0445 34.62
552 0.00 32473
562 3261

0448

~20-

TAELE II

FIRED DATA

(23000F)

15.15
14.68
‘13-09
13.24
13.19

14.97
14,95
15,79
15.38
15.34
15,33

11.33

14.51
13.82
12.98
12.55
12.31
12,31

15.61

16.46

16.06
16.08
15.03
14.57

ansion App. Porosity Absérption App. Sp. Gr.
. A . .

3e 24
316

- 317

317

- .19

3423
By 24
3.32
3e23

. 5924

328

3,11

3.17

3.19
3,17
3.17
3.18
3.20

3«23
3. 28
3.20
3.29
324
317

Bulk Spe. Gre
Dry - Fired
2.18 2.88

- 2419 2,18
. 2429 2,24
2,27 2,10
2430 2.11
2.22 2,18
2.26 2.18
224 2.18
T Ze26 2,16
2.28 2,17
3929 " 2418
2.21 2.16
2.23 2.17
2325 ’2q21
2.29 “Re25
2;52 ‘2928
2!51 '§2n18
2.31 - 2430
2.17 2.15
2,17 213
. 2915 “ 2413
2417 ' 2e¢15
2919 '3q18
2919 2-17



Specimen Expan

Noe

113
123
133
143
153
213

223
233
243
253
263

313
413

423
433

C 443

433
463

513
523
533
543
853
563

%

5,91
5.52
7.28
7.69
8431

7.88
8.63
8.09
7.94
8.01
7434

9443

6463
7425
7.58
6.83
5,67
5,58

6416
8.08
7.19
5,24
6.33
5463

31,67
31,40
29.28
29.65
20.02

33468
33,64
34,32
34420
33.62
34,17

23,32

33,36
31.35
29.25
23,44
28,07
28.12

34.08
35439

34,60

33.43
32.94
31,02

-21=-

TABLE III

FIRED DATA
(2600°F)

el

15.41
15.23
13.84

14.15

14,23

16.56
16.55
16.98
16.81
16.53
16.79

11.33

16,26
14.96
13.92
- 13.27
12.88
12.79

16.82
17.73
17.20
16.49
18.18
15.01

sion App.'Porosity Absérption App. SP.'Grq
' o

.01
3,00

- Re99

2.98

3.02

.07
.06
3.08
.09
3.09
3.09

2.68

3.08
.05
2497
2,70
3.03
3,06

3,07
3.08
3.08
2.05
3.04
3.00

Bulk Sp. Gre
Dry Fired
2.19 2.06
2.19 2,06
2.28 2.12
2.27 2.10
2.30 2.11
2.24 2.03
Le26 2.08
2.25 2.02
227 203
2.28 2,03
228 2.04
Re28 2.06
2.22 2,05
2.27 - 2.10
2.28 2.10
2.31 2.14
2.%4 2.20 -
2,16 2,03
2,17 2.00
2.15 2,03
2.17 2.04
2.19 2.07



Specinmen Expagsion

Ho.

114

124
134
144
154

214
24
24

244

254
264

314

414

424
434

444

454

464

514
524

534

544

554

564

-20=

‘TAELE IV
 FIRED DATA
(2500°F)

7o P 70
55,76 40,83 20425
84.68 , 39,25 33,54
’54068 ' 41-25 '27091
54,673 . 44.23 29.76

55485 40.36 27,64

This series at this temperature
t0o handle the specimens.

8455 53447 26,37
61.19 50,46 37.25
55,23 48.24 33.79
51.43 44,30 29,72
52.45 39.27 25433
47.82 40,84 26,35
50459 33,25 24.72
56439 50,99 37.10
58.64 53,02 38,62
59,19 48,67 38.15
57001 48.27 ' 35.18
R 51077 47071 ’ 55.41
52,21 47.82 34.09

Appe Porosity Abéorption APDe. Sp. Gre

1.93
2.52
2,66
2.63

Be4

Rulk Spe. Gra

Dry

2,17
2,17
2430
2,31
2.29

Was 50 soft that 1t was

4436

2.73

2.76

2.68
2455
2,62
2,50

2.80
2,92
2.62
2.71
2.69
2.89

2,22
2.22
2.24
2.27
2,39

2631

235

2.19
2,15
2,16
2.18
2,19

Fired

1.39
1.17
1.48
1.49
t.46

Ampossible

2.03

1.35
1.43
1,49
1.55
1.55
1.55

1.37
1.37
1.35
1.37
1.43
1.40



 TTGHTEST PACKING

Percentage
35-Mesh 100-fesh
100 0
90 10
80 20
.70 20
60 40
'50‘ 50
40 60
20 70
'20 80
10, 90
0 100

TAELE V

USING 35-MESH AND 10
RAW KYANTTE

 Volume
Occupied
5179
5;41[
5430
4,98
4,79
4,95
4.91
5¢25
5.36
-5953;

5,83

0-1IESH

Tinme For
Constant Volume
min,
s
14
16
16
17
16
17
~ 18
=0
16
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| TAELE VI

TIGHTEST ‘PA_CKIITG USDIG 35-UESH AND 100-MESH
CAICINED KYANITE

.

Percentage : Yolune . - Time For

35-1lesh 100-kesh Occupied Congtant Volume

- : _ mine

100 0 B 7.04 . 15,0
90 10 o 6480 - 17.5
80 20 6406 1500
70 o 5060 | 15,0
60 40 . 5,23 - 15,0
5 50 | 4,95 ' 15,0
0 60 o 4,92 15.0
%0 70 | 5.05 7 1800
20 80 5.04 | 15,0
10 9% | 5.45 . . 15.0

0 100 5,19 15.0



TAELE VII'
CHEMICAL ANALYSIS*

Standard Raw Kyanite

Al 0 58.77%
S 182 3770
Fezo3 . o 1.17
Ti0o 1.30
Mg0 ' o ' trace
¥20 and Nag0 . 0659
Tgnition loss 0,33

99. 9150

gcid-Washed Raw Kyanite

- Al20g 59,15%
5102 38.20
Feglg : 0.42 )
Tiop ‘ 1.20
Mg0 trace
K20 and Nag0 0.49
Tgnltion Loss 0,48
' o 99.95%

*Supplied by Phosphate Recovery Cofporation
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' V. DISCUSSION OF THE RESULTS

-Effect of Bonding Agents

Through a graphical presentation of the data, the effet¢t produced-
by the bonding agents used aids in the interpretation of theée‘data.
The velues which are plotted as points in Fig. 1 through Fig. 6 represent
the data obtained when the maxihum percentage of bonding dgent is used.
Thgre are no points shown at 2600°F; as.the,specimsgs in all cases had

expanded to such a state that they could not be handled. This is the re-~

“sult of insufficient interstitial glass'férmation and eomplete decomposi-~-

tion;or the kyanite grains into mnliite crystals,

;'The bonding agent giving the most favorable results and the one
which was used in later work‘ﬁas a combination of bentonite and talc. The
other bonding agents failed to show any glass formation at higher tempera-
tures; while the'cqmbination of bentonite and talc showed a decided develop-‘

ment of glass at 2500°F. This point {s shown in Fiéures 2 and 4. In mixing

" the batches a perreétly homogeneous body is desiréd and this factor'is

- shown by Figure 3 which is a graphical presentation of the dry bulk specific

gravity." |

" The m parent porosity and absorption, Figures 5 andﬂﬁ,.have a sharp
increase after 2400°F. is passed. This is éxplained by the large expah-
sion which accompanies the decomposition of kyanite to ﬁullité and the

lack of the formation of sufficient interstitial glass to overcome this

- expansion. Bentonitetand tale mixtures showed the formation of glass

within the body by the sharp decline of the porosity line at 2400°F,



The e:rect of bentdnitq.and talc mixtures is explained by their py-
rochemical behavior at higher temperatures. Bentonite 1s a highly colloid-
al material and serves as an excellent bonding agent in the dry state.

Tale become; advantageous as a‘rlux gt hiéh temperatures causing the ben~
tonite to produce =a glass at & lower terperature. The effect of glass for-
mation 1s shown by a higher apparent specific gravity and a delagyed ex-~

pansion.

Behavior on Heat Treatment

Although Peck™ found that pure kyahite when heated to about Cone 12

© {1310%.) decomposes into mllite, 3A1,0,.2510,, and silica, 810,, 1t was

found that the decomposition of this Virginie kyanite becomes evident at
Cone 14>(l400°C.) and is complete at Cone 15'(1435°C.). As a result of
heating to these-temﬁeratures, the Virginia k&anité bécomes white and
granuiaf. 'waevér, there is the apbearance of a very‘small péécentage of

dark particles in the concentraté which ias due to the presence of accessory

‘»minérals.

During the decomposition range from Comne 14 to 15, the expansion of -
kyenite is very sharp and its increase in volume is shown by the decrease
in specific gravity. The change 1is :rbﬁ approximately 3.5 to 2.9. The
rate of linear expansion orbkyanite 1ncrease$ with the:temﬁerature and
with the fineness of the grain;b When the grain size is reduced to 200-mesh

and finer, however, the percentage of the volume or linear change is not

”as gﬁeat as in the case of grain sizes larger then 200-me§h.

The effect of the heat treatment may'be noted from the photomicrographs

~of Figure 10 and Figure 11.

24, A. B. Peck, "Changes in the Constitution and Microstructure of Andalu-
site, Kyanite, and Sillimanite at High Temperatures and Their Signifi-
cance in Industrial Practice", Jour. Amer. Ceram. Soc., 8, 7, 407-~29

(1925).
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fig. 10
Faw Kyanite, crossed nicolse,
tint plate, 144X

Fige 11
Calcined Kya: .te

at 1435°C, crossed nicols,
tint plate, 144X



Figure 10 shows the cr&stals of raw kyanite with the characteris-
tic bladed or shaft-like structure. The decomposition of the kyanite
crystals 1nto‘mu111te and silica is shown in Figure 1l. The laerger cry-
stals are thosé which just pass a 100-mesh sieve. Comparing Figure 10
land 11, the effect of calcination is shown. The typical kyanite crystals
" have been fhoroughiy "shot-through®™ by needle-like cryatals of mullite.

" By using ca;cineérkyanite as é'source of introducing mullite into a ’
body, about 87.5 parts of mllite are introduced for each 100 parts of

caleined kyshite. Most of the remainder is silica which was liberated
by the decomposition of the kyanite. This percentage of mallite is based
on the percentagé of alumina present in the kyanite and on the specific
gravity of the fesulting compounds. Pure mullite has a specific gravity
of 3.03 and the specific gravity of calcined kyanite is approximately
2.92 to 2.96. Assuming that a meén of the specific gravltieé of tridy-
mtte and cristabalite is 2.25, as the amount of each lg not xnown, it was
fouﬁd that approximately 2,93 is the specific gravity of celcined kyanite,
having as complete a decomposition to mllite as 1s possible. The rutile

-and heavy minerals present in the unconverted state tend to alter élightly'
the above calcglation&. This 13 the reason that the specific gravity or‘

this calcined kysnite approaches that of the theoretical valug.

Softening Point (P.C.E.}

X representative aémple of the v{rginia_kyanite was made into pyro;
mettic cones. These cones were subjecte§ to the pyrometric cone equiva~
lent (P.C.E.) test in the usual manner. Based on two trials, the softening
point, expressed in terms of standard Orton cones, was 6 to 37« It waes
also found that the P.C.E. value of this kyanite was not greatly affec-

ted when compounded with small ﬁe:centagea of mineralizers and fluxes.



Grain Sizing

‘ The percentages giving the tightest packing are 60 per cent 35-mesh
raw kyanite and 40 per cent 100~mesh raw kyanite. The results of a sim-
1lar test using calcined kyanite showed'that 40 per cent.SS-mesh caleined
kyanite and 60 per cent 100-mesh calcined kyanite produced the tiehtest
packing. |

Only raw kyanite vag used in this investigation because 6f the de~-

sire of the sponsor of thisvwork. The fesults of using a tightest-packing
- mixture d1d not prove successful 1n:rorming a compact, dense body with
the percentage of bonding agents and pressurefuséd. It'dié, however,
lead to the reduction of the'gréin gize and 8 higher forming pressure
in later work, the percentage of the bondiug agents being held conetant.

\Petrographic Examination

A petrographic examination»or sarples of raw kyanita, tightest paék
of 35-mesh and 100-mesh, was made onrpowdered samples which were made to
bass thiough a 100-mesh sleve and were retained on a 200-mesh sieve.

‘-Thé samples fired to 2200°F. and 2300°F. showed no noticeable eyidence

of any dacom@osition. An examination of the kyanite samples rired to
2400°F.6gave evidence of a slight decomposition of the kyanite to mullite
on the eéges of the smalier‘graigs. This is typical of the manner in
which mllite crystals begln to form. Greig™ found this to be true in
making a study of the formation of millite from kyanite, andalusite, and
sillimanite. At\ZSOOOF., the decorposition of kyanite to mmullite has pro-
ceeded %o a high degree. There 1s evidence of some free gquartz which has

not been appreciably affected by the heat treatment; however, there is

25. J. W. Greig, "Formation of Mullite from Kysnite, Andalusite, and
Sillimanite®, Jour. Amer. Ceram. Soc., 8, 8, 465-83 (1925}.
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some tridymite and/or cristobalite. At 2600°F., there has been a maxi-

_ mm decomposition of the kyanite grains to millite and silica. The

grains of kyanite have been totally decomposed and now these grains are
"shot-through" with the needle-like crystals of mllite. The molecule

of silica which is liberated with the formation of each molecule of

"mllite ‘has taken the form of tridymite, cristobalite and/or glasa.

Spectrographic Examination

A qualitative spectrographic ezamination of the Virginia kyanite
revealed that a small part of a per cent of chromium, silver, and zir-

conium was present. The spectrograph is of-advantage in determining

every eh311 pexrcentages of an elehent and those mentioned above are not

present in amounts greater than 0.2 per cent and some in less than 0.1
per cent. This is the reason the compounds of higher percentages'are

not noted here; however, they do éppear in the epectrﬁh of?kyahite;

Supplement to Petrogrgphic Fxamination

| In determining the state ot the iron present, it was found that
rutile is present, perhaps containing iron in solid solufion. Limonite
is ﬁresent adhering to the grains of kyanite; There are also remaining
in the samplea sent to the laboratory, particles which are magnetic.

There is poesibly some small amount of hematite present,
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VI. CONCLUSIONS

The results of this investigation agree with the work of
'_Hﬁriiaonae who found by specific gravity determinations fhat time is
notﬁso vital a réctor as temperaturé in governing the rate of decompo-.
sition of kyanite, v'a'bove the initial réaétion temperatur-ei At 2600013’.,
there'has been total decomposition of tﬁe kyanite grains into mllite
crystalﬁ. | | |
- Thev results obtained ind‘ibcate that to secure a compact, dense

structure'in a body uéing at least 96 per cent raw kyanite, an increase
vin the forniing px;essure end a reduction in the grain ?126 are necessary.
| ~ The introduction of small percentages of mineralizers and fluxés
into the body does not greatlyi affect the softening point of the fired
| nixtures. | |

Smail percentages of bentonite and talc gave the bez;st reéults and .
were used in later work in compouﬁdi ng a dense, compact body using "high

percentages of raw kyanite.

23, H. C. Harrison, "Kyanite-Clay Refractories - I", Jour. Amer. Ceram.



D

VII. ACKNOWLEDGELENT

_The author of this thasis wishes 1o thank‘?rafessors I.'ﬁ.
Whittermore and P. S. Dear for the Interest, advice and guidance which
tﬁey ha?e so‘graciaualy‘given throughout this investiga¥ion. The
author wishes to thank Professor H. D. Ussery for his help and advice .

{n making the spectrographic exemination of this Virginia kyanite, and

‘the Phoaphate Recovery Corporation for the chemical analyses used in

this'thesia.



	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044

