GEORGIA INSTITUTE OF TECHNOLOGY

ATLANTA, GEORGIA 30332

Sandis Corporetion
Py 0o Box m
Alguergue, Nev Mexdieo ITILS

Attention: Mr. B. B. Berauist
Benior Duyer

Subjeot: Hmthly Progress Letter 1, Project A-T93
"Improving the Meschanicel Properties of Slip-Cast
Fuved 5ilice by Fitrous Reinforcements"
Contract Ho. 15-2002
Covering the Period from July 1 to July 31, 196h

Gontlenen:
MMMmMammmmmm&aMM
vith & eritiosl swvey of technigues, adaptation and &

& criticsl yeviev hes besn made of the warious techniques used for

doteradning the mochamionl preperties of brittle mterisls. The it
ring, brittle aylinder and conventionel tensile-pull tectnigues vere all j

wammmm m.mmas&&wmma
cupe of fobrication of test samples and relative unssbiguity of the
remulis. Wmmumwmmmmmm

be uged in an effort to overcome the recognised, specinen gnment problsss
aesociated vith this techmigue. xtuwwmamm
section of 1/2-inch Ly 1/2einch in the tensile tests.

The procedure for determining the wodulus of rupture will be foure

podnt loeding of 1/2-inch by 1/2«inch rectenguler bears &t leest heinches
in length, The izod fmpact tests will 6leo be conducted with 1/2-inch

by 1/2=inch rectangular hers.
The Young'o oodulus neGsurens:

s will be made, at least initially,
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with & sonic device, utilizing rectangular bars 1/2-inch by 1/2-inch in
crogs-section and Le-inches in length. A device for accamplishing these
meagurements of dynamic modulus ls presently under construction, and
should be completed early next month.

I, is presently planned that fairly large, approximately 75 to 150
cubic inches, specimens of glip-cest fused silica will be prepared both
with and without reinforcement, and that samples for the varlous property
tests will be cul from these specimens. This procedure should aid in
reducing the variations due to inhomogeneity and produce &n average value
for a series of test samples that will be statistically more significant.
Initially, measurements will be made on slip-cast fused silica conteining
no reinforcement. This will establish vealues for the mechanical properties
of the glip-cast fused gilica for use in evaluating the effectiveness of
a particular reinforcement. Also, 1t will provide an opportunity for
establishing and evaluating the particular procedures selected for sample
prepavation and testing of mechanlcal properties without the added
coamplications of incorporated fibers.

The first fiberous reinforcement to be evaluated will be Kaowool,
a fiberous mixture of aluminum and silicon oxides produced by the Babcock
and Wilcox Company. This is the most readily available and inexpensive
materisl with a significant potential for reinforcing slip-cast fused
gsilica. The exact techniques for incorporating the fiberous reinforcement
will be developed with this material. Ope small smmple of slip-cast fused
gilicn containing dispersed Xeowool fibers has been prepared for developing
optical and electron microscopic technigues of evaluating microstructure.
The examination of this gzample 1s in prosress.

The polyecrystalline fibers of zirconlum oxide and aluminum oxides of
saveral commercial gources are being evaluated with respect to their
physical properties and potential for reinforecement.

During the coming month, determinations of the mechanicel properties
of the unreinforced, slip-ecast fused silice will be undertakmm, and studies
of the best techniques for incorporating the fiberous reinforcement will
bezin,

Respectfully submibtted,

J. D “Walton
Project Director and Head,
High Temperature Materials Branch

JDW im



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA, GEORGIA 30332

August 31, 196k

Sandia Corporation
P. 0. Box 5800
Albugquerque, New Mexico 87115

Attention: Mr. E. B. Berquist
Senior Buyer

Subject: Monthly Progress Iletter 2, Project A-T7T93
"Improving the Mechanical Properties of Slip-Cast
Fused Silica by Fibrous Reinforcements"
Contract No. 16-2092
Covering the Period from August 1 to August 31, 196kL.

Gentlemen:

During the past month the principal effort on this project has been
devoted to studies of incorporating various quantities of fiber into silica-
fiber composites.

Slurries of Kaowool fiber and silica slip have been successfully produced
with fiber concentrations of up to 60 per cent by volume. This has been
accomplished by chopping the felted Kaowcol, in water, with a high-speed
mixer such as a Waring Blendor followed by addition of the necessary quantity
of silica slip. By maintaining the total solids concentration at a fairly
low concentration (i.e., approximately 6 per cent by weight) no apparent
difficulties with balling or clumping of the fibers has been encountered.

The solids were subsequently consolidated by felting with a modified paper-
making technigque, pressing, and firing. It has been found necessary to
flocculate the silica-fiber slurry in an effort to promote uniform felting
of the fibers and the silica particles. However, the investigations are
still underway to determine the optimum flocculation conditions, as
significant segregation of the fibers and the silica particles is still
being encountered at low volume percentages of fiber.

The fired Kaowool-silica composites have exhibited bulk densities of
from approximately 50 to approximately 30 per cent of the theoretical
density, and have exhiblted signs of & highly stratified or laminar structure
at the higher concentrations of Kacwool. This high porosity is not commen-
surate with hFﬁ?)sTrfzfjg. The bulk density of slip-cast fused silica,
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fired under similar conditions, is about 90 per cent of theoretical. There
are indications that the high porosity of the composites is s lamination
problem induced by the pressing of the green composites. Therefore,
investigations of the bulk density of the fired composites as a function
of the pressure used for pressing the green composites will be made.

Experimental firings of large, 12 inches by 4 inches by l-inch, silica
plates has shown that firing can be accomplished without a significant amount
of warpage, provided that the furnace cavity is sufficiently large with
respect to the size of the block. This is because of the temperature distri-
bution that occurs through the block when the furnace cavity is tco small.
Due to the extreme hardness of the slip-cast fused silica after complete
firing, it has been decided to shape the blocks for producing tensile-test
coupons after bisque firing to 1900° F. The shaped blocks will then be
hard-fired to 2200° F for the reguired time.

The prototype, sonic device for determining the dynamic, Young's modulus,
constructed for this project, has been checked out and found to perform
satisfactorily with test samples of known modulus. It is now undergoing
modifications to obtain greater isolation from external vibrations.

An unexpected degree of difficulty is being encountered in locating
commercial sources of polycrystalline alumina and zirconia fiber of suitable
strengths and moduli. Some of the sources which once supplied such fiber
are no longer doing so, and the fiber from others does not possess outstand-
ing strength. Inguiries and investigations are still being made.

Negotlations are underway to cobtain a micro-tensile, testing machine
for determining fiber strengths as an item of permanent equipment for the
High Tempeature Materials Branch. This device will be of great benefit
to this project for determining, and checking, strengths of fibers from
suppliers.

The development of techniques for examining the microstructure of the
fiber reinforced composites appear to be proceeding satisfactorily.

During the coming month the principal emphasis will be on producing
silica-fiber composites with low porosities and uniform fiber distribution.

Respectfully submitted,

J. D. Walton
Project Director and Head
High Temperature Materials Branch

JDW: sb



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

Cetober 4, 1964

Sendis Corporation
P, 0, Box 5800
Alvuguerque, New Mexico 87115

Attn: Mr, E, B, Berquist
Banior Buyer
Bubject: Honthly Prograss Letter 3, Project A-T793

“Improving the Machanicsl Properties of Slip~-Cnst Fused 8
by Fibrous Reinforcements”

Contract Wo. 16-2002

Covering the Poriod from Beptember 1 to Beptember 30, 14

Gentlemen;
During the past month siguifiesnt progress hms been made in the ares of

corporating fibrous reinforeement into the slip-cast fused silices matrix.
me msults from attms to mmate the fibders by & felting mma.

technique to the point where ecmmsitn bodias with adequate densities
{spproximataly that cbiained for glip-csst fused silica) could be profue
would be a formideble tagk., Therefore, an investigation into the posg!
of incorporating the fibers directly into the slip, before casting, wig
underdalen,

The technigue developed involves chopping the Kaowool fiber in water
withh a Waring Blendor, drying the fiber, adeiina the fiber to the aili, iip

mtel;y g2 per cent, e.ncl mixing the remlting slip ka & bﬂl mill, &‘..
been mixed uging dboth poreelain cylinders sand rubber stoppers in the

Blendor sppesr to be gatisfactory, mixing with the rubber stoppers for
periods up to 12 hours goems to be the most sstigfactory becsupe the Mibhe
undergo less subdivision during mixing, The resulting slip appenra
well mixed end cegts with no apparent difficulty.

Smnll test plates (epproximately 2-1/2 x 1/2 x 7-1/2 inches) ha en
cagt and fired using a slip containing about 10 per cent by volume of f .
The bars sfter firing for 3 hours and 20 aimites ot 2200° F wore sound,
crack-free and posmsessed g mxty about 85 per cent of theoretical., This
is essentially the same degree of theoretioal density dbtained for alip-
cast fused silices alone, fired under the same conditions.
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This technique for lucorporsting fiber sppears most promising becsuse
it does not appeer to Lo limited to the meture of the Cider sad 1L resmovos the
limitetion of composite shaps tiet was imposed by the felting techniqua, It
now appeers thet the composites cen be produced in cylindrical shapes, and
serious congiderantion {8 being given to utilising the dimetral-compression
test with cylindrical sauples to determine tengile gtrength wather than
the more complex tensile-~pull technigue,

It is not yown yat whether or not ey fiber segregstion ooours on
cagting., Thie is under Lmvestigstion.

During the coming month attenpts will be mede to pooduce slips with Tiber
concentrotione of up to 50 par cent by volume of solids. Cylindrical ssmples
will be produced, end ssmples Trum both plates and cylindricml bars will be
gxamined for {iber wrienteticon. The chopping of sirconie Tiber in the ¥nring
Blppdor will be favegtigeted, snd it is hoped that some physleasl tegting of
the Keowool-silice compogites can be done during the comiag month,

b, potential source of both slumine and sirconie fiber has n contected,
This firm is edming for fiber tensile strengths thw order of 17 pel. Bamples
for evelustion heve been promisged for delivery in about 30 deys. '

Regpeetfully submitied,

J. D. Walton, Jr.
Project Director



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA, GEORGIA 30332

Hovember 2, 1096k

Sandia Corporation
P. 0. Box 53800
Albuguerque, New Mexico 37115

Attn: Mr, E. B. Berquist
Jenlor Buyer

Subject: Monthly Progress Letter 4, Project A-793
"Improving the Mechanical Properties of SlipeCast Fused Sili
by Fibrous Reinforcemsnte"™

Contract No. 16-2092
Covering the Period from October 1 to October 31, 1964

Gentlemen:

During the past month considerable development has been made in techniques
for preparing slips containing Xaowool fibers and silica particles. Satis
factory slips containing fibers in concentrations up to 50 volume per cfpd
heen prepared.

It has been found that control of the pH of the slip is esmsential ¢
obtaining complete digpersion of the Kaowool fiber, and for obtaining
satisfactory casting behavior of the fiber-silics slip, A pH of 7 to 8743
parectly necessary to maintaisa the fluldity of the glip dwring incorporation
of the fiber, particularly for high fiber concentrations. However, to emain
the low settling rate of the solids essaential for casting, once dis’ger B
the fiber is accomplished, it iz necessary to adjust the pH to 3 or &

Test bers bave been cast {rom fiber-silica slips with fiber concen
of 10, 30, and 50 volume per cent. All the slips were prepgred with sql
cancentrations of 82 per cent by volume, While the slip containing 10 h

cert of fiber appears to ceast satisfectorily &t a solids concentra

welght per cent, the slips conteining 30 and 50 volume per cent of {iiber

cast too rapidly. This resulted in castings of low density and, in the cass of
the slip containing 50 wolume per cemt of fiber, poor integrity.

Sampleg of the alip containing 50 wolume per cent of fiber were dib
to 75, 70, 60 and 50 weight per cent of solids. Test bars vere cast from
samples. The dilution of the slip served to extend the camting time puffi~
ciently to produce castings with good integrity. However; the glip that was
ddluted to 50 weight per cent solids produced an excessive amount of casting
shrinkage. The slips with solids concentrations of 60 to 70 welght per cent
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produced the maximwn densitles for the fiber concentration of 50 volume per
cent. On the basis of the information obtained -4tk these slipz, an optimum
solids concentretion for the slip containing 30 volume per cemt of fibers
»auld appear to be about 75 velcht per eont.

The densities of test bavs, grepamﬁ fram the slips with verious floer
concentrations, and fired at 22007 P for 3 howrs and 20 mimibes, are precented
in Table I.

TABLE 1

DENSITY DATA FPOR FIRED BILICA BARS CONTAINING
VARIOUS CONCEMIRATIONS OF RACGWOOL PIBIR

AR T 5 RS,
Floex 5iip Composite Peyr Cent OF
Concentration Concentration Dengity Theoretical Density
(volume %) (veignt ¢ solido) (1bs ff‘“hB )

10 S 125 8¢ 3

30 e 103 T

i 5C 805 52 .6

53 .0 32 4 5

o e 1.9 23.5

5 5 30,7 52.3
£ 2 R

Microscople examination of the cast bars revesled & wvery unifarm dlsper-
glon of Tibers with random orisntation Mlcroscopic examination of bars sfter
Tiring at 2207 P for 3 hours and 20 minutes revealsd no apperent degradastion
of the fiber. A more exbensive czaminption of the microstructure of the Pired
canpositos iz presently belng conducted.

fize weagurements have been made on the Kaowool fiber alter chopplang 1o
the Unring Blender and alber balng incorporated into the sillca aslip by ball
willing with & light change of porcelaln balls. The analysis of these data
is not yet copleto.
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Tengile gtrength weasurenents, using the diesetral compression techniqus,
bave teen made on slip-cast rused silica fired at 2200° P for 3 hours snd 20
mirutes. These data, which ame being spmelyzed, vill Lo used to estavlish the
degree of stremgthening obtained with the fivrous reinforcements. Test epe-
cimens coutaining 10 volume ver cemt of fibers heave been prepared and tensile
strengths vill be determined for these during the congng nomth. Also, during
the coning month experiments will be conducted to determine the opbtimen method
of charging the bell mill with fiver (i.e. the entire quantity at once or in
#mll increments) for ovtalning a satisfactory dlspersion in the minisaps
uilling tive.

Une pound sanples eech of alusing end sirconia fiber have been oitained
from the Dabeock Wilcox Company Research Center. These sarmples ere for evslum-
tion purposes, and assweance ms teen received thet larger quantitiee cen be
parchesed by us from their niiot plant operation if needed vefore their full
seale operation goes on-gtrean.

RespectfMully s%itted »

Williznm J. cé/*oett
Project Director



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA, GEORGIA 30332

December T, 1964

Sandis Corporation
P. 0. Box 5800
Aibuguerque, New Mexico 87115

Attn: Mr. E. B. Berguist
Senior Buyer

Subject: Monthly Progress Ietter 5, Project A-T93
"Improving the Mechanical Properties of Slip-Cast Fused Silica
by Fibrous Reinforcements"
Contract No. 16-2092
Covering the Period from November 1 to November 30, 1964

Gentlemen:

Progress has been made during the past month in several phases of the
effort to improve the mechanical properties of slip-cast fused silica by
fibrous reinforcements. However, the principal emphasis has been toward
refinement and standardization of the technigue for producing the fiber-
silica slips from which the composites are made. It is essential that a
standardized technique for producing these slips be established before
large quantities of composite material are produced for the collection of
physical properties data.

A study of the distribublon of fiber sizes in the fiber-gilica slips
has been conducted. These data, which were analyzed on the basis of fiber
length-to-diameter ratios, indicated that the fiber produced by chopping
in the Waring Blendor had a distribution of length-to-diameter ratios
ranging from less than 5 to greater than 100 with a median of approximately
55. The diameters of the Kaowool fiber lie principally in the range 0.1
to 0.5 micron. There was no significant difference in the distributions
for fibers chopped for 1-1/2 minutes at high speed and 1/2 minute at low
speed and fibers chopped 1 minute at high speed and 1 minute at low speed.
After being incorporated into a fiber-silica sllp, by rolling in a ball
mill for 12 hours with a light charge of balls, the fiber had a distribu-
tion of length-to-diameter ratios ranging from less than 5 to about 50 with
a median of approximately 20. The final fiber concentration of this slip
was 30 per cemt by volume. ‘

A fibver lengbh-to-diameter ratio of approximately 20 is generally
accepted as being a minimum for obtaining satisfactory reinforcement. There~
fore, 1t would be desirable to keep the reduction in fiber length-to-diameter
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ratio to an sgbsolute minimum during preparastion of the slip. Becognizing
that this reduction is a function of the rolling time required to obtain
dispersion of the fiber, methods are being sought to reduce this time.

One such effort has been to drain and dry the chopped fiber on a screen
rather than squeezing the fiber to remove excess water before drying, as
had been done previously. This draining and drying of the fiber resulted
in a dry fiber with no lumps and balls of material such as are present when
the fiber is squeezed before drying. The reasoning was that this might
result in a more rapid dispersion of the fiber into the silica slip. How-
ever, no significant improvement in dispersion time was observed. Tests
were also conducted to determine whether or not an optimum method of
charging the ball mill with fiber existed. These tests consisted of pre-
‘paring identical fiber-silica slips with final fiber concentrations of

30 per cent by volume of fiber, For one slip one-half the final total
weight of fiber was added initially with the other half being added asg soon
a8 a smooth dispersion was obtalned from the first fiber charge. For the
other slip, the fiber was added in increments of one-tenth of the final
total weight, each increment being added as a smooth dispersion was
obtained from the previous increment. No significant difference in the
total times to produce a final, swooth dispersion was noted between

these two techniques.

The results of the attempts to determine a minimum rolling time for
obtaining dispersion of the fiber moy be an indication that the development
of a satisfactory dispersion is actuslly dependent on the attainment of a
- certain fiber length-to-diameter ratio. The problem is still under lnvesti-
gation,

The results of the tensile strength measurements reported in Progress
Ietter b have indicated a statistically significant increase of about 25
per cent in the tensile strength of a composite containing 10 per cent by
volume fiber over the tensile strength of unreinforced slip-cast fused
silica. This increase in tensile strength is not outstanding. However,
determinations of the crystobalite content of the two materisls has re-
vealed that the composite material contained approximately 2-1/2 times
as much crystobalite as the unreinforced meterial. Since it is known that
the strength of slip-cast fused silica is significantly reduced in proportion’
to the crystobalite content, the determination of a 25 per cent increase in
the tensile strength is much more encouraging. The prospect is very strong
for a much more significant increase in the tensile strength of the composite
if the crystobalite content is brought to the level normally obtained in the
slip-cast fused silica. In regard to this, it is felt that the abnormal
crystobalite content of the composite can be traced to the use of sodium
hydroxide for pH adjustment during slip preparation. Sodium 1s a strong
promoter of devitrification. The use of ammonium hydroxide will be adopted
for pH adjustment in all fubture slip preparations, and further determinations
will be made of crystobalite comtent of the fiber reinforced material,
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A four-point loading apparatus, using roller supports, has been
constructed and tested for modulus of rupture measurements. It hes
performed satisfactorily. With the assembly of the final design of the
apparatus for determining elastic modulus by the resonance technligue all
the required equipment for determining the physical properties of the
composites will be available. A precision saw for cutting specimens for
impact strength, elastic modulus and modulus of rupture is still needed.
However, the High Tempersture Materials Branch is in the process of
acquiring such a saw, and delivery is expected around the end of
December.

During the coming month every effort will be made to optimize the
technique for producing the fiber-silica slips. It is also anticipated
that work will begin on preparation of composites using zirconia fiber
as a reinforcement.

Respectfully submitted,

William J. Corbett
Project Director



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

January T, 1965

Sandia Corporation
P. 0. Box 5800
Albuquerque, New Mexico 87115

Attn: Mr. E. B. Berquist -
Senior Buyer

Sub ject: Monthly Progress letter 6, Project A-~793
"Improving the Mechanical Properties of Slip-Cast Fused Silica
by Fibrous Reinforcements,"
Contract No. 16-2092
Covering the Period from December 1 to December 31, 1964

Gentlemen:

As reported in Ietter Report no. 5, the Kaowool-sgilica slips prepared
with NaOH produced composites with excessive cristobalite contents. During
this report period, the technique for preparing the Kaowool-silica slips was
modified to substitute the use of NHLOH for NaOH. Determinations of the
cristobalite content of composites prepared from slips made with NH; CH
revealed that the percentage of cristobalite formed during a 3 hour and
20 minute firing at 2200° C was approximately 5 per cent. This is no more
than is found for slip-cast fused silica alone, fired under similar condi-
tions.

The following procedure has been developed and adopted for preparing
Kaowool-silica slips to be used for the production of composites. The A
Kaowool fiber, which is initially in the form of bats, is placed in a Waring
Blendor Jjar with sufficient water to form a 5 weight per cent slurry. The
fiber is then chopped by the action of the Waring Blendor for one minute
at high speed and one minute at low speed. The fiber is then drained on a
screen, squeezed to remove excess water, and dried for at least 48 hours at
120° F. A one gallon ball mill is then charged with 3 kilograms of 3/&-
inch diameter porcelain balls and 1 to 2 liters (depending on the desired
final fiber concentration) of fused silica slip that contains 82 weight
per cent solids. BSufficient water i1s added to the mill such that the final
Kaowool-silica slip will have a solids concentration of 82 weight per cent.
The diluted slip, which has a pH of 3 to 4 initially, is adjusted to a pH
of T to 8 by the addition of NHyOH. The dried Kaowool-fiber is then added
to the mill in 100 gram increments. Additions are made as soon as the fiber
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from the previous charge has dispersed to the point that the mill will
accept the bulk represented by a 100 gram fiber charge. At this point
the slip usually 1s not smooth, but contalins numerous small lumps of
fiber from the preceeding charge. The average elapsed time between
additions is approximately 30 minutes for slips with relatively high
fiber concentrations. The pH of the slip is measured at the time of
each fiber addition, and when necessary, the pH is brought back into

the range of 7 to 8 by the addition of NH),OH. After the total amount of
fiber necessary to obtain the desired volume concentration has been added,
the slip is allowed to continue rolling until all lumps of fiber have
disappeared and a smooth slip is obtained. Periodic checks are made on
the pHE during this final rolling period and adjustments are made when
necessary to keep the pH of the slip in the range 7 to 8. The total
milling times for slips with fiber concentrations of 30 volume per cent
or higher are 1ln the range 10 to 15 hours.

After the fiber has been dispersed, the slip is transferred to a
plastic bottle and the pH is adjusted with HCLl until the viscosity is
suitable for casting (in the neighborhood of 175 cps). Measurements of
the slip viscosity as a function of pH are being determined for slips
with various fiber concentraticns. It has already been determined from
such a series of measurements that a slip containing 30 volume per cent
fiber exhibits a suitable casting viseosity at a pH of 6.5. This is a
higher pH than was found to produce a suiltable casting viscosity when NaOH
was used in the preparation of Kaowool-silica slips. However, this is not
unusual in view of the gelling effects normally associated with scolid-liguid
slurries prepared with the ammonium ion.

While the above technigue may not be the optimum for preparing the
fiber-silica slips, it appears to be satisfactory, and it will be used to
prepare all future Kaowool-silica composites for physical properties tests.
It appears that this technigue, with only minor modifications, should be
suitable for preparing fiber-silica slips using most any fiber.

Microstructural examinations of the fracture surfaces of Kaowool-
silica composites broken in tension have produced information concerning
the fracture mode. The fibers normal to the fracture surface were found
t0 have broken in the plane of the fracture. No evidence of the fibers
pulling out of the matrix has been found. This is very encouraging, since
it indicates that the maximum strength of the fibers is being utilized.
Such is not the case when failure occurs by interfacial shear and the
fibers are pulled from the matrix.
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The precision saw for cutting samples for measurements of elastic
modulus, impact strength and modulus of rupture has been received and

is being installed. During the coming month, Kaowool-silica composites
containing 10, 20, 30, and 40 volume per cent fiber will be prepared,
and the physical properties of these composites will be determined.

Respectfully submitted,

William J. Corbett
Project Director

WIC/ jw



GEORGIA INSTITUTE OF TECHNOLOGY.

ENGINEERING EXPERIMENT STATION
ATLANTA. GEQORGIA 30332

February 11, 1965

Sandia Corporation .
P. 0. Box 5800
Albugquerque, New Mexico 87115

CAttn: Mr. E. D. Herrity
‘ Senior Buyer

Subject:  Monthly Progress letter 7, Project A~793
: "Improving the Mechanical Propertles of Slip-Cast Fused Slllc&
by Fibrous Reinforcements" :
Contract No. 16-2092
Covering the Period from January 1 to January 31, 1965

Gentlemen:

The effort on this project during the past month has been concerned With‘jf

the production of slip-cast composites of Kaowool fiber and fused silica;vand
the determination of the physical properties of these composites. '

" To date, only the data for slip-cast fused silica and a composite -
containing 30 volume per cent Kaowool fiber have been completely collected
and analyzed. Samples of these materials were cast in the form of 3/4-
inch diameter bars approximately 7 inches long, and in the form of l/2~
inch thick plates approximately 3- 1/2 inches wide and 7 inches in length.
These castlngs vere fired for 3 hours and 20 minutes in a furnace maintained
at 2200° F. The samples were surrounded by an Inconel shield during flrlng,

to reduce any temperature variations due to direct radiation from the furnace ..

heating elements. The samples were supported on fire-bricks and were located -
approximately 2 inches up from the surface of the furnace pedestal.

After firing, the cylindrical bars were cut into 3/4-inch lengths for
tensile strength determinations using the diametral compression technique.
The flat plates were sawn, using a precision saw, into samples 1/2 x 1/2 x
3-1/4 inches for elastic modulus, modulus of rupture, and impact strength ;
determinations. Twenty to twenty-five of these latter samples were obtained

- for each material. These samples were employed initially for determinations
of the elastic modulus using a resonance technique. The samples were then
broken in four-point loading to determine the modulus of rupture. The
longest piece, from each sample, that remained after the modulus of rupture
determination, was used for determining the impact strength of the sample.
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The unnotched piece was clamped in the vise of an Izod impact device with
the required 1.25 inches of sample projecting above the top of the vise. -
The samples were broken using a hammer designed to deliver up to 2 ft-lbs.
The impact values were not corrected for the "toss-factor" because this
correction was within the limits of error of the readings obtained from- the
tester. « ‘

The arithmetic mean of the values of the elastic moduli were found to be:
slip-cast fused silica: 2.5 x 106 psi

30 v/o Kaowool-gilica composite: 2.4 x 106 psi.

The data for the temsile strength, modulus of rupture, and impact strength
were analyzed statistically and found to be fitted by a Weibull failure
distribution. The mean values and Weibull slopes, m, were found to be,

Tensile Strength

10.8

slip-cast fﬁsed silica: | 1425 psi, m =

30 v/o Kaowool-silica compoéite: 1550 psi, m = 10.%
Modulus of Rupture |

slip-cast fused silica: 1750 psi, m = 7

30 v/o Kaowool-silica composite: 1600 psi, m = 1.6.
Tmpact Strength

slip-cast fused silica: 0.157 ft-lb*

30 v/o Kaowool-silica composite: 0.236, m = 1.7

These data do not indicate a significant, if any, reinforcement of the
slip-cast fused silica by the Kaowool fiber. However, it was immediately
obvious that, at least, the flat-plate samples were underfired. That is, the
properties of the slip-cast fused silica were not equal to those normally
found for this material when it has been fired for 3 hours and 20 minutes.

A subsequent check of the furnace conditions used for firing the samples
showed the temperature of the Inconel shield was indeed 2200° F as expected.

These data could not be fitted to a Weibull failure distribution due to
an insufficient number of data points, and this value is an arithmetic mean.
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Therefore, the firing difficulties could only be attributed to a thermal:
gradient in the neighborhood of the furnsce pedestal. Another series of
physical property measurements, performed on samples that were fired under
the same conditions, but supported at least 6 inches above the furnace .
pedestal, produced the following data for slip-cast fused silica:

modulus of rupture: - 3200 psi, m = 6
impact strength: 0.230 ft-1b, m = 3.2.
modulus of elasticity: 3.7 x 106 psi.

These data are in excellent agreement with previous data for slip—cast‘fﬁsed -
silica fired at 2200° F for 3 hours and 20 minutes.

As a result of the above investigations the 10 and 20 volume per cent
Kaowool-silica composites are being fired at least 6 inches from the furnace
pedestal and the 30 volume per cent Kaowool-silica composites will be re-
cast and Tired under the same conditions.

During the coming month the testing of the Kaowool-silica composites
will be completed, and effort will be directed toward producing slip-~cast
- fused silica composites reinforced with zirconia fiber. A zirconia-fused
silica slip containing 10 volume per cent of zirconia fiber has already
been prepared successfully. It should be noted that the final solids -
concentration given in the procedure for preparing slips, reported in
Monthly Progress Letter No. 6, should have read T5 weight per cent, not '
82 weight per cent.

Respectfully submitted,

William J. Corbett
Project Director

WIC/ gw
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

March 11, 1965

Sandia Corporation
P. 0. Box 5800
Albuguerque, New Mexico 87115

Attention: Mr. E. D. Herrity
Senior Buyer

Sub ject: Monthly Progress letter 8, Project A-T793
"Improving the Mechanical Properties of Slip-Cast
Fused Silica by Fibrous Reinforcements"
Contract No. 16-2092
Covering the Period from February 1 to February 28, 1965

Gentlenmen:

The results obtained during the past month for Kaowool-silica composites
indicate that no reinforcement is obtained with this alumina-silica fiber.
These composites, which have densities about 80 per cent of theoretical, are
exhibiting moduli of rupture and elastic moduli compsarsble to those found
for unreinforced slip-cast fused silica at this level of theoretical
density. The Kaowool fiber does not appear to be weakening the structure
(1.e. the fiber is not acting as a void); it just is not providing any
significant reinforcement. This may be because the fiber does not possess
very high strength, or the length to diameter ratio may be too small to
provide reinforcement. There are no known strength values for this fiber.

- It was chosen originally becsuse it provided an economical system for
studying the wvariables of composite preparation.

Zirconia-silica composites have been prepared during this report period.
However, difficulties in firing these composites have been encountered, and °
no data are available on their physical properties. Investlgations have shown
that the length to diameter ratios of the zirconla in these composites are
very similar to those found for the Kaowool fiber in the Kaowocol-silica
composites. Therefore, 1f reinforcement is found with the zirconia fiber .
(tensile strength: 35 x 103 to 150 x 103 psi) 1t will be reasonable to assume
that the failure of +the Kaowool fiber to provide reinforcement was not because
of ite length to diameter ratio belng too small.

During the coming month physical property measurements will be.made on
the zirconia-silica composites.

Respectfully submitted,
- . ” - -

N 0 T l C E William J."Corbett
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ENGINEERING EXPERIMENT STATION
ATLANTA, GEORGIA 30332

April 15, 1965

Sandia Corporatibn
P. 0. Box 5800
Albuquerque, New Mexico 87115

Attention: Mr. E. B. Berquist
Senior Buyer

Subject: Monthly Progress letter 9, Project A-T793
: . "Improving the Mechanical Properties of Slip-Cast
Fused Silica by Fibrous Reinforcements”
Contract No. 16-2092
Covering the Period from March 1 to March 31, 1965

 Gentlemen:

As reported in Monthly Progress Letter No. 8, difficultles have been
encountered in the firing of slip-cast, zirconia fiber-fused silica
composites. The fired composites were badly distorted and exhibited severe
cracks following a normal firing at 2200° F for 3 hours and 20 minutes.
The indications were that the expected prestress of the composite was
greater than anticipated. It was known that the zirconia fiber undergoes
at least a 10 per cent increase in density when heated to around 2000° F, -
The conclusion was that this shrinkage coupled with the difference in )
coefficient of thermal expansion between the zirconia and the silica
placed too much stress on the fused silica matrix, causing it to fail.
Therefore, & sample of the zirconia fiber was pre-shrunk by heating to
2200° F for 2 hours. A fiber-silica slip was prepared using this fiber
and composlies were cast. These composites did not fail on firing.
However, upon sectioning, the composites exhibited extreme fiber segrega-
tion. Apparently pre-shrinking the fiber changed the surface properties
sufficiently that a satisfactory casting slip was not obtained.

‘ During the period covered by this report, a quantity of high-strength
alumina fiber was purchased from the Babcock and Wilcox Company. Two types
of fiber were obtained. One type had been fired to 1800° F after production.
The other type had not received such a firing. Composites containing 10 and
20 volume per cent of filber were prepared using the high-fired alumina fiber.
Upon firing these composites cracked severely as the composites prepared.
with the zirconia fiber had done. Consultation with the Babcock and Wilcox
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Company revealed that shrinkage would be expected at 2200° F even for ,
the alumina fiber that had been fired to 1800° F. Therefore, a quantity
of the alumina fiber has been pre-shrunk by firing at 2200° F for 15
minutes.

During the coming month efforts will be made to obtain composites
-using the pre-shrunk alumina fiber, and further efforts will be made
to obtaln a slip with the pre-shrunk zirconia fibver, that will cast
satisfactorily.

Respectfully submitted,

' Williem J. Borbett
Project Director

WIC/ jw
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ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

May 13, 1965

~

Sandia Corporation
P. 0. Box 5800
Albuquerque, New Mexico 87115

Attention: Mr. E. D. Herrity
Senior Buyer

Sub ject: Monthly Progress letter 10, Project A-T793
"Improving the Mechanical Properties of Slip-Cast
Fused Silica by Fibrous Reinforcements"
Contract No. 16-2092
Covering the Period from April 1 to April 30, 1965

Gentlemen:

During this report period composites have been prepared using both
zirconia fiber and slumina fiber that had been pre~shrunk by firing to
2200° F. Density determinations were made using fiber that had been held
at temperature for times ranging from 15 minutes to 2-1/2 hours. From
these density measurements it could be determined when the fiber had been
fired sufficiently that it would undergo no further shrinkage on re-
exposure to 2200° F. Composites prepared from these fibers were prepared
and fired for 3 hours and 20 minutes at 2200° F. The fiber content of
these composites were 10 and 20 volume per cent. Contrary to expectations,
these composites cracked severely on cooling to room temperature.

After determining, by x-ray diffraction, that the crystobalite contents
of the composites were no higher than anticipated, s simple stress analysis
was performed for these composites. This analysis utilized the difference
in the coefficients of thermal expansion of the fiber and the fused silica
to determine the tensile strain developed in the fiber on cooling from 2200° F.
From a kpnowledge of the tensile strain developed in the fiber and the concen-
tration of the fiber in the composite, the compressive matrix stress could be
calculated. The predicted fiber tensile stress developed by the zlrconia
and alumina fibers after cooling from 2200° F in a silica matrix were
estimated to be:

zirconia: A o, = 2.8x 10° psi

alumina: o, = 3.6 x 10° psi.

Using these wvalues the compressive stresses in the silica matrix were esti-
mated for various fiber concentrations. These data are presented in Table I.

NOTICE

t is not 0 pe used by anyone.

10 €7

hout perr -~ asaarch Sponsor
oot issi fﬂwﬂ%wmh&m(
‘ -~ { €.
W‘tgiangpn’e‘ﬁ?r‘sem Station Security Qffic
an

This documen



Contract 16-2092
May 13, 1965
Page 2

TABLE I

ESTIMATED MATRIX COMPRESSIVE STRESSES
FOR VARIOUS CONCENTRATTONS OF ZIRCONIA OR AIUMINA FIBER

b e e e e e e

_Fiber ‘ Concentration Matrix Compressive Stress
(v/o) (psi)
Zirconia - 20 ) 7.0 x 10*
Zirconia - o . 3.1 x 10&
Zirconia ‘ 5 1.5 x 10°
Zirconisa , 2.5 . 0.7 x 3_01‘L
Alumina 20 8.9 x 10“
Alumina 10 L.0x :Lo2+
Alumina 5 1.9 x 10&
‘Alumina 2.5 ‘ 0.9 x 10

=

The tensile stresses predicted for the fibers are of the same order of
magnitude of the measured tensile strengths of these fibers. Therefore, it
is well within reason that these fibers will develop and maintain these
stresses in a silica matrix. However, it can be seen from Table I that
both the alumina and the zirconia fiber in concentrations of 10 volume per
cent, and greater, will produce compressive stresses in the matrix that
exceed the compressive strength of fused silica, 2.3 x 10" psi. These
predictions indicate that the buckling and cracking of the 10 and 20 volume
per cent composites prepared with the alumina and zirconia fiber, even after
shrinking, can be attributed to the development of compressive stresses that
exceeded the compressive strength of the matrix.

In view of these results, composites were prepared using 5 and 2.5
volume per cent alumina fiber. These composites did not exhibit visible
cracks after firing. However, these composiies had rather low densities

 due to the slips from which they were prepared being too dilute.

During the coming month 5 and 2.5 volume'per cent composites wvill be
prepared using the alumina fiber and the zirconie fiber. The solids
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concentration of the slips will be adjusted in an effort to obtain higher
theoretical densities. It is also planned to produce some composites
using an oxidation-resistant carbon fiber and silicon carbide whiskers.

Respectfully submitted,

William J. Corbett
Project Director

- WIC/ 3w



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA, GEORGIA 30332

June 18, 1965

Sandia Corporation
P. 0. Box 5800
Albuquerque, New Mexico 87115

Attention: Mr. E. D. Herrity
Senior Buyer -

Subject: Monthly Progress Letter 11, Project A-T793
"Improving the Mechanical Properties of Slip-Cast
Fused Silica by Fibrous Reinforcements"
Contract No. 16-2092
Covering the Period from May 1 to May 31, 1965

Gentlémen:

During the period covered by this report the effort on this project has
produced information on the optimum conditions for sintering slip-cast fused
silica containing zirconia fibers or synthetic mullite fibers. Also, it has
been demonstrated that 5 volume per cent additions of zirconia fibers or
silicon carbide whiskers can produce increases of 25 to 50 per cent in the
elastic modulus of slip-cast fused silica.

During the sintering of slip~cast fused silica, in the presence of air,
'a portion of the vitreous silica recrystalizes to form cristobalite. When
the samples are subsequently removed from the furnace and allowed to cool
in still air, stresses are produced in the sintered body due to the significant
volume change that the cristobalite undergoes. If too much cristobalite has
been formed the magnitude of the total stress will be sufficient to degrade
the mechanical properties of the body. If the amount of cristobalite formed
is kept relatively low by a reduction in sintering temperature or time, it
is found, usually, that the mechanical properties of the sintered body are
also low. Bince it was recognized that this phenomena could well affect the
properties of fibrous reinforced fused silica, a study was performed to
determine what percentage of cristobalite could be developed in such a
compogite before degradation occurred. The dynamic elastic modulus, which
can be determined with precision by a sonic resonance technique, was chosen
as the physical property index for this study.

Large (1/2 x 3-1/2 x 7 inches) composite plates were cast using silica
slips containing zirconia fibers and gynthetic mullite fibers. Composites
were produced with each of these fibers, in concentrations of 5 and 2-3./2
volume per cent. The large plates were bisque fired to a cristobalite
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content of approximately 2 per cent*. The plates were then cut into many
small samples approximately 1/2 x 1/2 x 3-1/2 inches. The elastic modulus
was measured for these samples and the samples were subsequently fired for
various total times to develop varying amounts of cristobalite. The
elastic modulus of each of these samples was then redetermined. From the
data thus obtained, plots of the variation in elastic modulus with cristo-
balite content were prepared. These are presented as Figures 1 and 2.

It can be seen from an examination of Figures 1 and 2 that the elastic
moduli of the composites increased with increasing cristobalite content
until a concentration of about 13 or 14 per cent was obtained. For
concentrations greater than this the elastic moduli decrease progressively
‘with increasing cristobalite content. This latter phenomena is almost
certainly due to micro-cracking of the composites as a result of the
internal stresses that are developed. The percentages of theoretical
density for the composites ranged from approximately 78 per cent for the .
samples containing 2 per cent cristobalite to 88 per cent for the samples
containing over 40 per cent cristobalite. The percentages of theoretical
density at the maximum values of elastic modulus were about 84 per cent
for the samples containing 5 v/o fibers and 86 per cent for the samples
containing 2-1/2 v/o fibers.

It can also be seen from Figure 2 that the elastic modulus of the
composite containing 5 v/o zirconia fiber is significantly greater than
the elastic modulus normally obtained from the slip-cast fused silica
alone. Experience has shown that the slip-cast fused silica alone will
sinter to about 89 per cent of thegretical density and have an elastic
modulus of not more than 3.75 x 10° psi. The elastic modulus of a slip-
cast fused sillcg bedy having a density 84 per cent of theoretical would
be only 3.2 x 10° psi. Therefore, the elastic modulus of the 5 v/o zirconia
composite was 25 per cent greater than the best that can be obtained from
the slip-cast fused silica, and about 50 per cent above the elastic modulus
of a slip=-cast fused silica body of a similar theoretical density. While
the elastic modulus of the 2-1/2 v/o zirconia composite did not exceed
3.75 x 106 psi, it still exhibited a 10 per cent gain over a sllp-bast
fused body with a density 86 per cent of theoretical.

The results obtained with synthetic mullite fiber, shown in Figure 2,
do not exhibit the dramatic improvement found for the zirconia fiber. At
the present time no explanation exists for this.

Four small samples of slip-cast fused silica reinforced with 5 v/o
silicon carbide whiskers have been produced. The resulting composite
densities were only 65 per cent of theoretical. However, the elastic

* .

The percentages of cristobalite reported are based on the total silica
content of the composite and are referred to an arbitrary standard used by
this organization.
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Figure 1. Dynamic Elastic Modulus vs Cristobalite Content
for Composites Containing Zirconia Fibers.
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moduwlus of these composites, fired to about 13 per cent cristobalite content,
was 2.2 x 106 psi. This is approximately 50 per cent greater than slip-
cast fused silica at the same percentsge of theoretical density. The
relatively low density obtained for this composite was a result of the

small quantity of slip involved and unfamiliarity with the particular

system. It is felt that this low density can be overcome with further
experimentation. '

The modulus of rupture of the 5 v/o zirconia composite has been
determined using specimens with a span-to-depth ratio of 12:1, and found
to be about 3750 psi. Unfortunately, at the present time no value for
slip-cast fused silica is available on specimens of a similar span-to-
depth ratio. These data are presently being determined.

During the coming report period composites containing 10 v/o zirconia
fiber will be prepared and tested. Also, attempts will be made to produce
some zirconis fiber composites having fiber length-to-diameter ratios
considerable grester than has been used previously.

Respectfully supgétted,

William J. Cofbett
Project Director

WIC/ §w
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SUMMARY

The principal objective of this study was to determine if the mechanical
properties of slip~cast fused silica could be improved by the incorporation of
discontinuous, randomly~oriented, ceramic fibers.

The potential reinforcements investigated were an amorphous alumino-
silicate fiber, a zirconia fiber, a synthetic mullite fiber and silicon
carbide whiskers. Three techniques were developed for producing slips
containing fiber and finely-divided silica. These were: (1) ball milling
of fiber and fused silica slip, (2) blending of dried and reground fused
silica slip with chopped fiber and water, and (3) direct incorporation of
whiskers into fused silica slip. Casting slips with fiber concentrations as
high as 50 volume per cent were cobtained using the ball milling technique.
The per cent solids content of the fiber siips was dependent on the volume
per cent fiber and was in the 70 to 82 per cent range.

The slips were cast, using plaster molds, as flat plates, cylinders and
a small radome shape. Good fiber dispersion was obtained with a random
orientation of the fiber. The sintering parameter which most influenced the
mechanical properties of these composites was the cristobalite content. This
parameter was established for a firing temperature of 2200° F. Sintering
time was varied to control the cristobalite formation for a particular
volume per cent fiber in the slip.

The variation of elastic modulus with per cent cristobalite and per cent
of theoretical density, modulus of rupture, tensile strength, and impact
strength for fused silica were used as standards to determine any degree of
fibver reinforcement., Although no reinforcement was detected, volumes of
2-1/2 per cent and 5 per cent synthetic mullite and 2-1/2 per cent zirconia
fibers were not detrimentsl to the mechanical properties of fused
silica when evaluated on the basis of per cent of theoretical density for
fused silica. The elastic moduli of 5 per cent zirconia fiber and 7-1/2
per cent silicon carbide whiskers were respectively 50 and 25 per cent greater
than fused silica at the same porosity.

When uged to determine the strength of composites which are dependent on
short fibers for reinforcement, the value of the modulus of rupture test was

challenged since the geometric computations are based on the strength of the
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outer surfaces. Since the surfaces of these composites did not contain
appreciable amounts of fiber, this eritique seemed confirmed by the test
results. Similarly the significance of the Izod impact strangth and tensile
strength, using the diametral compression test,'were cri@ically analyzed.
The value of Weibull statistiecs in the analysis of these data for brittle
materials demonstrated the value of the tensile strength test.

It was demonstfated that the incorporation of discontinuous, randomly-
oriented, ceramic fibers into slip-cast fused silica is possible, without
sacrificing the fabrication advantages of the slip-casting process. The
feasibility of obtaining significant improvements in the physical properties
of slip-cast fused silica by the incorporation of discontinuous, randomly-
oriented, ceramic fibers was not conclusively demonstrated, but a foundation
for further study was established with every indication this is possible.

An outline of an advanced research program of further investigation is

presented,

vi



I. INTRCDUCTION

A number of investigations in recent years have established slip-cast
fused silica as an excellent candidate material for aerospace thermal protec-
tion systems, EM window applications and high intensity nuclear radiation
environments. The combined properties of low thermal conductivity, low
coefficient of thermal expansion, low density, low and stable dielectric
properties, and excellent thermal shock resistance are unknown in any other
single material. However, for large structures or for applications requiring
a material to withstand very. high acceleration rates, the mechanical properties
of slip-cast fused silica are often deficient.

The objective of this study was to determine if the mechanical properties
of slip-cast fused silica could be improved by the incorpofaxion of ceramic
fibers. It is well known that improvements can be obtained in the tensile
strength, impact strength, modulus of rupture and modulus of elasticity of
metals and plastics through the incorporstion of fibrous reinforcement. How-
ever, unlike such composite materials as glass fiber reinforced plastics and
whisker or fiber reinforced metals, where the matrix is more ductile than the
reinforcement, simply incorporating a high-strength fiber into a ceramic matrix,
even with good fiber-to-matrix bonding, does not insure reinforcement. To
take full advantage of a high-strength, high-modulus fiber in a fiber rein=
forced composite, a significant proportion of the load must be carried by
the fibers. Accomplishing this in a composite where the elongation of the
mabtrix at its ultimate strength is greater fthan the maximm elongation of
the fiber at failure is no particular problem, provided there is good matrix-
to-fiber bonding. However, in the case where a ceramic matrix is reinforced
with high=strength, high-~modulus fibers, the fiber may not be able to assume
a significant portion of the load before the matrix has reached its maximum
elongation. Therefore, to reinforce a ceramic matrix successfully, particu=
larly Wiﬁh the aim of improving the tensile strength, prestressing of the
* fiber in the fabrication of the composite is required. Such prestressing is
nost readily accomplished, of course, by selecting & matrix-fiber system‘wﬁere
the fiber has a greater coefficient of thermal expansica. :Slibucast fused
silica, as a ceramic matrix, has a singular advantage from this standpoint

because of its very low coefficient of thermal expansion.



With the aim of preserving the fabrication advantages of the slip-casting
process and avoiding anisotropic mechanical properties, this study was concerned

only with the use of discontinuous fibers, randomly oriented within the matrix.



II. FABRICATION OF COMPOSITES

A. Materials

The refractory, fibrous reinforcements investigated were on amorphous
alumino-silicate fiber, a synthetic mullite fiber, a crystalline zirconia
fiber and silicon carbide whiskers. The amorphous alumino-silicate fiber was
of the type normally produced for insulation purposes and sold under various
trade names, such as Kaowool, Fiberfax, etc. This material was used principally
for developing fabrication techniques, since it was relatively inexpensive
compared to the high-strength, high-modulus fibers and whiskers. The strength
and elastic modulus of this material were unknown. The average fiber diameter
was about 3 microns, but the range of diameters was quite wide. The synthetic
millite fiber was an experimental product of the Babcock and Wilcox Company,
- Refractories Division, Augusta, Georgia. This material, as produced, exhibited
tensile strengths of up to several hundred thousand pounds per square inch. The
fiver diameters were in the range 2 to 10 microns. The crystalline zirconia
fiber was obtained from the H. I. Thompson Fiber Glass Company, Gardena,
California. This was a stabilized zirconia fiber containing 10 to 15 per cent
neodymia. The tensile strength of this fiber was reported by the manufacturer
to range from 35,000 to 150,000 psi, and the elastic modulus from 30 x 106 to
50 x 106 psi. The fiber diameters of the zirconia were in the range of 2 to 8
microns. The silicon carbide whiskers were obtained from the Carborundum
Company, Niagara Falls, New York. The dimensions of these single crystal
fibers were 0.5 to 3.0 microns diameter, and 10 to 300 microns length. The
strengths of these whiskers are of the order of 106 pSie

The finely-divided fused silica used as the matrix material was a product
of Glasrock Products, Inc., Atlanta, Georgla. This material was obtained both
as an aqueous slip containing approximately 82 weight per cent solids and as a
dry material that had been wet-ground, dried and reground. The particle size of
the fused silica ranged from less than one micron to 50 microns with a median
of about 8 microns. The cristobalite content of this material was less than

0.5 per cent.



B. Slip Preparation

Three different techniques were developed for producing slips of the
fiber and fused silica particles. The first of these consisted of ball-milling
the fiber into a preprepared slip of fused silica. The fiber was added as the
dry staple in the case of the synthetic muliite and the zirconia, since the
staple was fairly short to begin with and the fibers were quite brittie. In
the case of the amorphous alumino-silicate fiber, where the material was
initially in batte form, the material received a prior chop in a Waring Blendor
for one or two minutes. The fiber was chopped in water with the fiber concen-
tration less than 10 weight per cent. The fiber was then dried and added to
the slip. The milling technique was not used with the silicon carbide whiskers.

It was found in using the milling technique that the fiber charge had to
be introduced incrementally. Otherwise, the entire mixture would become so
stiff as to prevent any grinding action. The usual procedure for preparing
slips with the milling technique was to charge a 10-inch diameter porcelain ball
mill with approximately two liters of slip containing 82 weight per cent finely-
divided fused silica, sufficient water to produce the desired final solids
concentration, and three kilograms of high~density, l3/l6~inch grinding
cylinders. The fiber was then added in 50 or 100 gram increments until the
desired quantity of fiber had been incorporated into the slip. An increment
of fiber was not added until the previous charge had been dispersed. The
milling times for preparing slips by this method varied from about one hour
to 15 hours, depending on the fiber content of the slip.

The distribution of length to diameter ratios of the individual fibers
after incorporation into the slip by milling are presented in Figures 1 and
2 for the amorphous alumino-silicate fibers and the zirconia fiber. These
were typical results and were also representative of the fiber sizes obtained
when slips were prepared with synthetic mullite fibers. It appeared, as a
matter of fact, that a smooth slip, free from fiber lumps, could not be
obtained until the fiber lengths had been reduced to several hundred microns
or less. Attempts to produce slips with a total solids concentration of 70 to
82 weight per cent in a similar manner with a Waring Blendor were totally
unsuccessful. The fibers, whose lengths were greater than those obtained by
ball milling, would matte and lump, and a smooth, fluid slip could not be

obtained. -
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As the fiber was added to the ball mill, in that technique for producing
slips, the viscosity of the slip would rise sharply after the addition of more
than about 5 volume per cent fiber*- This could be overcome by the addition
of water in excess of that normally contained in the silica slip**. However,
this could be overdone. A slip that was too thin would not cast properly.

The solids would settle too fast and a true cast could not be achieved. It
was found, in general, that satisfactory slips containing up to 5 volume per
cent fiber could be prepared by adjusting the total solids concentration to
about 80 to 82 weight per cent. Satisfactory slips containing 10 to 30
volume per cent fiber required adjustment to about 75 weight per cent solids.
Slips with fiber concentrations as high as 50 volume per cent were obtained,
but the total solids concentration had to be held to only about 70O weight per
cent. It should be mentioned, that it vas equally important that slip not be.
too viscous as for it not to be too thin. A very viscous slip would not cast
either. Rather, it would gell after the mold had absorbed very little of the
water, and a true cast could not be obtained. The best casting viscosity was
found to be in the neighborhood of 150 centipoise, as measured by a Brookfield
Viscometer using a number 3 spindel at 30 rpm.

The second technique developed for preparing slips from fiber and finely-
divided fused silica involved the use of silics that had been wet-ground, dried,
and reground. In this technique, the fiber was chopped in a large excess of
water (e.g., 100 grams of fiber in 750 ml of water) with a Waring Blendor. The
fiber could be reasonably well~dispersed in a very few minutes. The dried
reground silica was then added, with further mixing, to obtain the desired
fiber~fused silica ratio. The slurry was then allowed to stand for about
24 hours to settle the solids. The necessary quantity of water was then

decanted from the slurry until the solids concentration was in the neighborhood

*

The fiber concentrations in this work are stated as the volume percentage of
the total solids content. This eliminates any confusion or conversion in going
from a discussion of slips to a discussion of the composite body.

Considerable effort was devoted to investigating the feasibility of reducing
the slip viscosity while maintaining a solids concentration of 82 weight per cent
by pH adjustments. However, the deleterious side effects of the cations added
were too great, and adjustment of the solids concentration was determined to be
the most satisfactory method of reducing the slip viscosity.



of 80 weight per cent. The slip was then resuspended by rolling, without
grinding media, on a rolling mill. Some additional adjustment of the water
contgnt was often necessary to obtain the proper slip viscosity. 1In general,
the relationship between fiber content, solids concentration and slip viscosity
was similar to that found for the milling technique. Slips with fiber contents
greater than 10 volume per cent were not prepared with this technique. The
desirable aspect of this technique was that the dispersed fiber had greater
length~to-diameter ratios than could be obtained in the milling technique.

The data for alumino-silicate fibers, presented in Figure 3, are representative
of the distribution of length-to-diameter ratios produced with this technique.
The third, and simplest technique developed, lent itself only to the
production of slips containing whiskers. In this technique, the pre-prepared
silica slip and enough excess water to reduce the total solids concentration

to approximately 80 weight per cent, were placed in a blender jar. The
whiskers were then added incrementally with continuous mixing. A very satis-
factory slip, containing 7-1/2 volume per cent silicon carbide whiskers, was

prepared in this manner.

C. Casting

The composite bodies were cast using gypsum plaster molds. The composites
were cast both as flat plates 1/2 x 3-1/2 x 7-1/2 inches, and as cylinders
3/huinch in diameter and approximately 7 inches in length. These shapes were
chosen with a view to the techniques to be used in measuring the physical
properties of the composites, and their dimensions were chosen so that multiple
specimens could be obtained from each composite. For example, from each flat
plate, about twelve 1/2 x 1/2 x 3-1/2 inches, specimens for elastic modulus
and modulus of rupbure or impact testing could be obtained, or six modulus of
rupture specimens could be obtained having dimensions of 1/2 x 1/2 inches by
about 7-1/2 inches. The cylindrical bars were suitable for sectioning into
approximately twelve 3/l-inch diameter cylinders 3/L inches in length. The
cylinders were used for obtaining a measure of the tensile strength.

The body shape appeared to have no influence on the fiber orientation
within the cast composite. Microscopic investigations of composites, cast
from slips with the proper viscosity, revealed the fiber to be weil—dispersed

with a completely random orientation. Segregation of the fiber was encountered
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only when the slip was too thin. Then the fiber would be concentrated in the
center of the cylindrical bars, and on one side of the plates. The plate mold
used a glass plate on one of the large, flat sides and was filled from one end.
It was at the surface next to the glass plate that the fiber would be concen-
trated when the slip was too thin. If the slip was too thick, it would gell
in the mold rather than cast, and the resulting body would be extremely weak
and porous.

Cne complexvshape, a small radome 6 inches high and 5-1/2 inches at the
base, was cast using a slip with a fiber content of 10 volume per cent. The
wall thickness of the cast radome was purposely held to about O.l-inch. The
fiber dispersion in this body appeared to be extremely good and the body had
very good green strength.

D. Sintering

The normel procedure for sintering slip~cast fused silica is to fire in
an electric furnace in the range 2100° to 2300° F for an appropriate time. In
most sintering operations, of course, the firing time is dictated by the maximm
density that can be reasonably obtained since, usually, the greater the density
the better the physical properties of the sintered body. Unfortunately, how-
ever, fused silica transforms to cristobalite at an appreciable rate in this
temperature range, and the firing time is controlled by the amount of devitrifi-
cation that occurs, rather than by the amount of densification that is obtained.

Cristobalite undergoes a sharp decrease in specific volume in the neigh-
borhood of 400° F. This leads to the formation of internal stresses on cooling
from the sintering temperature unless elaborate precautions are taken to anneal
these stresses.. Even then the resistance of the sintered body to subsequent, -
sudden, extreme changes in temperature is drastically reduced if an appreciable
amount of cristobalite is present.

Therefore, an optimum sintering time is established by determining the
point at which the deleteriocus effects of the cristobalite overcome the
improvement in physical properties due to densification. Unfortunately, the
exact rate of devitrification is dependent on such factors as the furnace
atmosphere, moisture content, cross section of the casting, ete., and this
point mist be determined experimentally. Such was also found to be the case

with the fiber~fused silica composites.
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I1I. TESTING OF COMPOSITES

A. Techniques

The specific physical properties for which improvement was sought by
incorporation of refractory, fibrous reinforcements were modulus of elasticity,
modulus of rupture, tensile strength and impact strength. Measurement of the
elastic modulus of the specimens prepared in this study were made using a sonic
resonance technique. In this nondestructive technigue, the specimen was
vibrated, in flexure, with sound waves. The fundamental resonance frequency
was established, and from this the dynamic elastic modulus was computed g/.

Originally, the modulus of rupture measurements were made with the same
size specimehs used for the elastic modulus and impact strength measurements.
The samples were loaded on a 2-inch span in guarter-point loading. However,
the results from these measurements were not consistent with previously
obtained data for slip-cast fused silica using greater span-to-depth ratios _/.
Also, the location of the failure in the L:1 span~to-depth specimens did not
appear to be randomly distributed. Rather, there appeared to be a blas toward
failure under one of the upper loading points. Therefore, a span~-to-depth
ratio of 12:1 was adopted with the specimens being loaded over a 6~inch span
in third-point loading. All vzlues for the modulus of rupture reported in this
work were made under these conditions unless otherwise noted.

As 1s generally recognized, measurements of the tensile strength of
brittle materials are accomplished only with the greatest difficulty. This
is particularly true if the classical tensile test, using dogbone, or similar
reduced cross section specimens, is employed. A critical survey of various
techniques for determining the tensile strength of brittle materials revealed

a very promising technique, known as the diametral-compression test 3/. This

1/5. Spinner and W. E. Tefft, "A Method for Determining Mechanical Resonance
Frequencies and for Calculating Elastic Moduli From These Frequencies," A.S.T.M.
Proc. 61, 1221-1238 (1961).

2/J. D. Fleming, "Fused Silica Mamual," Final Report, U. S. Atomic Energy
Commission Contract No. AT-({L40-1)-2483, Engineering Experiment Station, Georgia
Institute of Technology, Atlanta, Georgia, September 1, 106k,

_§/A. Rudnick, A. R. Hunter, and F. C. Holden, "An Analysis of the Diametral-
Compression Test," Materials Research & Standards, 283-289 (April 1963).




test is also sometimes referred to as the Brazilian test or indirect tension
tests, In its simplest form, a right circular cylindrical specimen is compressed
diametrically between two flat platens. The maximum tensile stresses are
developed normal to the loading direction across the loaded diameter and are
proportional to the applied load. Under proper conditions, these tensile
stresses cause the cylinder to fracture along the diametral plane Jjoiningz the
lines of contact of the specimen and the platens. The tensile strength can
then be computed from the load at fracture.

The diametral~compression test does produce values which are dependent on
the specimen size, as do many other "tensile test"” techniques for brittle
materials; and, therefore, it cannot be stated that the results represent the
"true tensile strength." However, it is an experimentally simple technique for
obtaining the characteristic strength of a specimen of brittle material, having
a ﬁarticular size and in a state of tensile stress. Therefore, it was extremely
well-suited to this research program because any improvement in this character-
istic strength was evaluated by reference to the value obtained for unreinforced
slip-cast fused silica.

The impact strengths were determined with a Testing Machines, Inc., Model
TM 52004, impact tester using the Izod test. An unnotched specimen, 1/2 b'd
1/2-inch in cross section, was employed. The specimen protruded 1-1/k inches
above the upper edge of the Izod vise. The tests were conducted in the 0-2 fte
1b range of the tester, where the scale is calibrated in 0.0l ft-lb increments.

The porosity, or per cent of theoretical density, of the composites was
determined by weighing and measuring the dimensions of precision sawn specimens.
The cristobalite content of the composites was determined by quantitative x-ray
diffraction referred to an arbitrary standard used by this organization. In
comparing the area under the cristobalite diffraction peak for a powdered
gample of a composite to the area for the cristobalite standard, a correction
was made for the volume of the composite sample that was occupied by the

fibrous reinforcement.

B. Data Reduction

Since, as is usually the case for brittle materials, measurements of such

properties as modulus of rupture, tensile strength and impact strength on a

12



number of similar specimens produced a statistical distribution of values

for the property under test, every effort was made to assign an indication of
the stat: :ical significance to the mean obtained from these values. For the
modulus of rupture and tensile strength data Weibull statistics E/ were used.
To establish a good fit of empirical data to any failure distribution (including
the Weibull) requires hundreds of data points. However, this does not imply
that statistical tools developed for numerically large tests do not have
applicabllity to smaller tests. Where as few as 10 specimens are involved,
it is possible to develop an estimate of the true fallure distribution with s
graphical technique. In the case of the Welbull distribution, ranking tables
have been developed for small tests (numerically less than 50) for estimating
the most likely distribution curve as a function of the number of specimens
tested and for generating a 90 per cent confidence interwval about this
estimate 5/. This technique of "median ranks" was used to obtain estimates
of the Weilbull distribution curves of the daba for modulus of rupture, and
tensile strength, obtained from the composites tested in this study. The
number of specimens tested was usually between 10 and 50. When the property
under test (e.g., dynamic elastic modulus) was not described by the Weibull
function (i.e., weakest link hypothesis), an arithmetic mean was computed.

In the presentation of data, when the mean was obtained from an estimate of
the Weibull distribution, the value of the slope of the Weibull curve, mn,

is given to provide an indication of the degree of variation in the data*.
When the mean value of a particular property was obtained arithmetically,

a conventional confidence interval is presented at the 95 per cent level.

L/W. Weibull, "A Statistical Distribution Function of Wide Applicability,"
J. Bppl. Mech. 73, 293-297 (1951).

Q/L. G. Johnson, The Statistical Treatment of Fatigue Experiments, New Yorx:
Elsevier Publishing Company, 196k. )

*

A rather low value of m, 1 to 3 or 4, indicates a large variation in the
data from which the mean was obtained. Larger values, 10 or greater, indicate
a very small variation in the data from which the mean was obtained.

13



A supplementary benefit was derived from the use of the estimates of
Weipull curves in the data reduction. 4 straight line fit of the median rank
points on Weibull paper is a good indication that the failure distrivution
can be represented by a Weibull function. Occasionally, however, the data can
be best fitted only by two or more straight line segments. This generally
implies that two or more failure modes are active, and often multi-segmented
distribution curves can be correlated with particular characteristics of the
gspecimen failures so that the cause of the different modes of failure can be
identified. ©Buch was the case in this investigation. In the analysis of the.
data on tensile strength from the diametral-compression test, it was noted
that “he data could usually be Titted only by the use of Two straight lines.
The low strength specimens failed in a single mode, which, according to the
Weibull slope, was an exponential, or random, distribution. Above a certain
strength level, however, the specimens all failed in a distinctly separate
mode, which, according to the Weibull slope, was a normal distribution.
Subsequent investigation of tie ~est specimens revealed a definite correlation
between physical condition and to¢ two apparently separate failure modes. The
low-strength specimens, which exihibited a random distribution of tensile
trengths, all had cne large void, or a series of very small voids along their
axes. This was *raced back to a characteristic in the casting of the cylindri-
cal samples from which the specimens were cast. In the casting of the 3/h-inch
diameter, T-inch long, cylinders, even with a slip containing only finely-
divided fused silica, these voids were formed at various points along the bar.
When the bar was subsequently cut into a number of specimens, some would contain
these flaws and others would not. The larger voids were apparently caused by
& bridging effect of the solids at the center when the casting was almost
complete. The smaller voids were caused either by = similar bridging of only
a few large particles, or by the progressive rejection of entrained air from
the slip as it cast, with the eventual entrapment of this air as fine bubbles
at the axis of the casting. Various techniques such as pressure casting,
vibratory casting and priocr de=airing of the =lipy failed to correct this
condition. Fortunately, nowever, the gpplication of Welbull statistics with
visual inspection of the fractured specimens enabled these nonrepresentative

specimens to be iderntified and rejected.
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Cs Alumino-Silicate Fiber Composites

As mentioned earlier, alumino-silicate fiber was used in the early phases
of this investigation principally for its economy. Lerge quantities of fiber
were being consumed in studies of slip-making techniques and composite casting.
In spite of the fact that nothing was known about the fiber strength or elastic
modulus, and there were no particular reasons to think thatlthey were oulbstand-
ing, some of the composites made with these fibers were fired and tested. This
was done as much te gain familiarity with the firing and testing of the composite
structures as to determine the potential of the alumino~silicate fiber as a
reinforcement. The slips for these composites were prepared by milling and,
therefore, contained fibers with length-to-diameter ratios in the neighborhood

of 10:1. The properties of these composites are presented in Table I.

TABLE T
PROPERTIES OF ALJMINO-SILICATE FIBER COMPOSITES

Fiber Concentration (v/o) 10 30

Composite Density (% of theoretical) 80 ' 80
Cristobalite Content (v/o) 31 32

Elastic Modulus (psi x 106) 2.48 + 0.0k 2.39 + 0.08
Tmpact Strength (ft-1b/inch) 0.hk2 + 0.06 0.40 + 0.07
Tensile Strength (psi) 1650 (m = 7.8) 1550 (m = 10.4)
Modulus of Rupture (a‘)(psi) 2450 (m = 8.7) 1150 (m = 1.1) (v)

(a)Determined with a 4:1 span-to-depth ratio on a span of 2 inches.

(0)

Specimens exhibited some fiber segregation.

L

D. Synthetiec Mullite Fiber Composites

Composites were prepared with the synthetic mullite fiber, initially, with
fiber contents of 10 and 20 volume per cent. However, the sintered castings
axhibited much Euckling and cracking. It was known that this fiber underwent
¢ significant shrinkage in the neighborhood of 2200° F. Therefore, it was

reasoned that this shrinkage, coupled with the prestress due to ‘the difference
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in coefficient of thermal expansion between the fiber and the matrix, was
inducing too greal a compressive load on the matrix and causing failure. In
an effort to overcome this, samples of the fiber were densified by heating to
2200° ¥ for about 15 minutes. Slips were prepared using the preshrunk fiber,
and composites cast containing 10 and 20 volume per cent fiber. The sintered
bodiles again buckled and cracked.

Following the results with the preshrunk fiber, it was tentatively
concluded that fiber concentrations of 10 volume per cent or greater placed too
mich compressive load on the matrix due to the prestress from the difference in
coefficient of thermal expansion. A very simple analysis of the load induced
on the matrix by thermal prestressing appeared to confirm this conclusion.
However, some doubt existed at this point also, as to whether or not the
cristobalite contents of the previously prepared composites were opﬁimum
(it will be remembered that the effect of the cristobalite content on physical
properties was discussed under FABRICATION OF COMPOSITES). The cristobalite
contents had been 20 volume per cent or greater. Therefore, composites
containing 2—1/2 and 5 volume per cent of the preshrunk fiber were prepared,
by milling, and the firing conditions were carefully investigated. This was
accomplished by, initially, bisque~firing the flat-plate samples. The plates
were then sawn into the usual 1/2 x 1/2 x 3~1/2-inch specimens, sbout 12
specimens being obtained from a single casting, as usual. The cristobalite
content, per cent of theoretical density and dynamic elastic modulus of these
specimens were then determined. The value of all these properties was quite
low, as was to be expected.

Each of the specimens prepared in the above manner was then Iired,
separately, at 2200° F for varying lengths of time. The cristobalite content,
per cent of theoretical density and elastic modulus were again determined for
each of these specimens. BEach specimen, of course, had developed a different
cristobalite content and density due to the different firing times, and the
influence of these on the properties of the specimen was reflected in the
dynemic elastic modulus. These data, for both the 2—1/2 and 5 volume per cent
composites, are presented in Figures 4 and 5.

The data presented in Figures 4 and 5 indicated quite clearly that an

optimum cristobalite concentration did exist, and that it was in the range of
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12 to 16 per cent. Therefore, additional composite samples, containing 2-1/2

and 5 volume per cent of synthetic mullite fiber, were firéd at 2200° F for the
*

length of time necessary to develop approximately this amount of cristobalite

The physical property data obtained for these samples are contained in Table ITI.

TABLE II
PROPERTIES OF SYNTHETIC MULLITE FIBER COMPOSITES

Fiber Concentration (v/o) 2-1/2 5
Composite Density (% of theoretical) 85 85
Cristobalite Content (v/o) 14 1k
Hlastic Modulus'®) (psi x 10°) 3.50 3.60
Tmpact Strength(a) (ft-1b/inch) 0.32 0.33
Tensile Strength (psi) 1800 (m = 12.7) 1600 (m = 16.4)
Modulus of Rupture (psi) 3450 (m = 9.0) 3700 (m = 12.5)

(a)

Insufficient number of data points to establish confidence intervals.

E. Zirconia Fiber Composites

The investigation of composites produced with high~strength zirconia fiber
~ was being conducted simultaneously with the investigation of the composites
containing synthetic mullite fiber, and followed very similar lines. These

composites also exhibited buckling and cracking in the initiglly-studied

*It had been deduced from the previous study of cristobalite development
that this time was approximately one hour for the particular sample dimensions,
nature of the furnace, furnace atmosphere, etc. However, it cannot be
emphasized too strongly that the time required to develop a particular amount
of cristobalite is extremely dependent on these variables, and that this
particular time interval is valid only for the conditions used in this study.
The time necessary to develop a particular cristobalite content for a different
set of conditions, unfortunately, must be determined empirically under those
conditions. There were even indications, from this research, that the total
time interval 1s dependent upon whether or not the firing is interrupted. This
difference could not be reasonably accounted for by the time lag involved in
bringing the sample back to temperature after the interruption.
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concentrations of 10 and 20 volume per cent. Likewise, this fiber, which also
underwent considerable shrinkage in the neighborhood of 2200° F, was preshrunk
and additional composites prepared containing 10 and 20 volume per cent fiber.
These composites buckled and cracked, and it appeared as though the prestress
on the matrix was too great, as was thought for the synthetic mullite fiber.

Simultaneously with the synthetic mullite fiber composites, an investi-~
gation of the effect of cristobalite content on the properties of the zirconia
fiber composites was conducted. Composites containing 2-1/2 and 5 volume per
cent preshrunk zirconia fiber were cast using slips that had been prepared by
milling. These composites were bisque-fired and sawn into 1/2 x 1/2 x 3-1/2-
inch specimens. The cristobalite content, per cent of theoretical density,
and dynamic elastic modulus were determined, and the specimens refired for
various lengths of time. The cristobalite content, per cent of theoretical
density, and dynamic elastic modulus were then redetermined for each specimen.
These data are presented in Figures 6 &nd 7, and an optimum range of cristo-
balite content is clearly indicated.

Following the determination of the optimum cristobalite content for the
girconia fiber composites, additional 2—1/2 and 5 volume per cent composites
were prepared by milling, using the preshrunk zirconia fiber. These composites
were fired to bring them into this optimum range and the physical properties

were determined. These dats are contained in Table III.

TABLE IIT
PROPERTIES OF ZIRCONIA FIBER COMPOSITES

—
—— —

Fiber Concentration (v/o) 2-1/2 5
Composite Density (% of theoretical) 86 , 83
Cristobalite Content (v/o) 13 12
Elastic Modulus (psi x 106) 3.6?(‘3) 4,67 + 0.0L
Impact Strength (ft-1b/inch) 0.36(‘9“) 0.31 + 0.03
Tensile Strength (psi) 1550 (m = 6.5) 3150 (m = 4.2)
Modulus of Rupture (psi) 3200 (m = 25.7) 3600 (m = 18.8)

(&>Insufficient number of data points to establish a confidence interval.
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Figure 6. Dynamic Elastic Modulus of a Zirconia Fiber Composite As a Function
of Density and Cristobalite Content (2-1/2 volume per cent fiber).
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In an effort to obtain an indication of the effect of the length-to-
diameter ratio of the reinforecing fiber on the properties of fiber-reinforced,
slip-cast fused silica, a slip was then prepared with preshrunk zirconia fiber
and dried regound silica slip as described in FABRICATION OF COMPOSITES. The
fiber content of this composite was 10 volume per cent, and the mean length-to-
diameter ratio of the fiber was approximately 50:1. This composite was fired
using the previcusly-obtained data for optimum cristobalite content as a guide.
The physical property data obtained for this composite are contained in
Table IV.

TABLE IV

PROPERTIES OF A ZIRCONIA FIBER COMPOSITE WITH A LARGE
FIBER LENGTH-TO-DIAMETER RATIO

R
Fiber Concentration (v/o) 10

Composite Density (% of theoretical) 81

Cristobalite Content (v/o) 10

Elastic Modulus (psi x 106) 1.64 + 0.01

Impact Strength (ft-l1b/inch) 0.29 + 0.02

Modulus of Rupture (psi) 2050 (m = 6.8)

F. Silicon Carbide Whisker Composites

A limited quantity of single crystal silicon carbide whiskers was obtained
for an investigation into the potential of this ultra-high-strength material for
reinforcing slip-cast fused silica. A slip was prepared with the technique
outlined for whisker material in FABRICATION OF COMPOSITES. Unfortunately,
there was only enough of this material to produce one 1/2 x 3-1/2 x 7~-1/2-~inch,
flat-plate sampie with a fiber content of 7-1/2 volume per cents The sample
was fired at 2200° F to a cristobalite content of 11 volume per cent, and the

physical properties were determined. These data are contained in Table V.

G. Slip-Cast Pused Silica

In order to determine if reinforcement was being obtained by the incorpora-

tion of fibers, it was necessary to determine typical values for the physical
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TABLE V
PROPERTIES OF A SILICON CARBIDE WHISKER COMPOSITE

Fiber Concentration (v/o) 7-1/2
Composite Density (% of theoretical) 81
Cristobalite Content (v/o) 11

Elastic Modulus (psi) x 106) 3.48 + 0.03
Impact Strength (ft-1b/inch) 0.30 + 0.01
Tensile Strength (psi) —__(a)
Modulus of Rupture (psi) 3450 (m = 13.1)

(a)

Sufficient material was not available to prepare tensile test specimens.

e ot
—— mey

properties of unreinforced slip-cast fused silica, particularly with the
testing techniques used in this program. Therefore, this was a continuing
phase of this research program. Figure 8 contains the results of a study to
determine the optimum cristcbalite content, similar to that performed for the
synthetic mullite fiber composites and the zirconia fiber composites, and
Table VI contains what are considered to be the maximum, or best, physical
properties obtainable with the material used in this study. Theoretical
densities of 90 per cent are not always obtained without excessive cristobalite
contents, but under the best conditions this is possible. Therefore, the
property values presented in Table VI were the criteria against which the

effects of fibrous reinforcement were Jjudged.

TABLE VI
PROPERTIES OF SLIP-CAST FUSED SILICA

Density (% of theoretical) 90
Cristobalite Content (v/o) 11
Elastic Modulus (psi x 106) 4.85 + 0.10
Impact Strength (ft-1b/inch) 0.35 + 0.05
Tensile Strength (psi) 3100 (m = 11.3)

Modulus of Rupture (psi) 3500 (m = 10.7)
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IV. DISCUSSION OF RESULTS

All of the processing variables in the production of glips from fibers and
finely~-divided fused silica were not exhaustively investigated. However, the
techniques developed in this work have been defined well enough that they are
within the capabilities of anyone skilled in the art of slip casting.

The condition of the composites that must be obtained in the sintering
process have been discovered, at least for the systems investigeated in this
work, and there is every indication that this condition is generally spplicable.
That is, the cristobalite content of the sintered body should be about 12 to 1k
volume per cent of the total volume of the fused silica matrix*. The curves
presented in Figures 4 through 7 show quite clearly that, as this cristobalite
concentration is exceeded, the dynamic elastic moduli of the composites fall
off, even though the density of the sintered body continues to rise. This can
be attributed only to the development of micro-cracks from the internal stresses
caused by the volume inversion of the cristobalite as it cools. The presence of
these micro-cracks would cerbainly reduce the other physical properties. There~
fore, it was only necessary to use the dynamic elastic modulus to locate the
range where the optimum physical properties would be expected.

As is usually done, these samples were removed from the furnace at 2200° F
and allowed to air~cool. Adumittedly, the occurrence of this micro-cracking
could possibly have been overcome by step-wise cooling of the composites in the
furnace. However, this was considered to be unrealistic. If these composite
naterials were ever considered for use in severe thermal environments, as they
reasonably must be, the micro-cracks would develop as soon as thermal shock
conditions were encountered.

Figure 8, of course, demonstrates the similar behavior of slip-cast fused

silica without any fibrous reinforcement. It has been recognized for some time

*These exact values are, of course, dependent upon the nature of the
"eristobalite standard” that is used. An absolute cristobalite standard has
not been developed, and any organization that develops its own (this is usually
done by the prolonged heating of fused silica in the devitrification range) may
obtain different values for the optimum range of cristobalite concentration.

The important point is that, by using the technigue developed in this work, this
range can be established based on any arbitrary "cristobalite standard." There
are indications that the standard used by this organization is no more than 80
volume per cent cristobalite, rather than the desired 100 volume per cent.
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that an optimum range of cristobalite content existed for the slip-cast fused
silica. Howéver, to the knowledge of these investipators, this i1s the first
time that this range has been accurately determined. It must be mentioned,
though, that these data should be applied only to the particular material such
as used in this work. If a material with a radically different particle size
is used (which should result in a body with an appreciably different porosity),
or if the material is fabricated into a body with considerably more porosity
than in this work (e.g., Tused silica foam), the optimum range of cristobalite
content may differ from that found here. The results of the dynamic elastic
modulus versus cristobalite content investigations graphically demonstrate
that any determinations of the properties of slip-cast fused silica are of
little value unless the cristobalite content of the specimens is stated.

It is obvious from the results of the optimum cristobalite content studies
that the results obtained for the composites produced with the alumino-silicatbe
fibers, and presented in Table I, are of little value. The cristobalite
contents of these composites are undoubltedly too high and the resulting micro-~
cracking would have controlled the physical properties. The physical properties
of the remainder of the systems studied (Tables II through VI) should be repre-
sentative since the cristobalite contents were held to the optimum range.

One of the principal difficulties encountered, in attempbing to determine
if the properties of the fiber reinforced composites were superior to the best
obtainable with unreinforced slip-cast fused silica, was the variation in
porosity between the systems. This was an unavoidable situation.. The slips
containing fibers Just would not cast to the same per cent of theoretical
density that was obtainable with slip-cast fused silica alone; this was
apparently due to the geometric interference of the fiber.

It is Xnown that the influence of porosity on the properties of ceramic
bodies is quite significant, and slip-cast fused silica is no exception (e.g.,
Gammon, Harris and Vasilos é/). Therefore, many properties of the composites
which are recognized as being porosity dependent cannct be compared directly to
those of the relatively dense slip-cast fused silica as given in Table VI. Some

R. E. Gannon, G. M. Harris and Thomas Vasilos, "Effect of Porosity on
Mechanical, Thermal, and Dielectric Properties of Fused Silica,"” Ceramic

Bulletin Lk, 460-L62 (1965).
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translation to account for the effect of porosity must be accomplished. In the
case of elastic modulus, at least, this can be done by comparing dats for slip-
cast fused silica to that for the composite at the porosity level of the com-
posite. Data for the elastic modulus of slip-cast fused silica as a function
of porosity were used and are reproduced in Figure 9. .

A comparison of the elastic moduli for the synthebtic muliite composites
(Table II) with the data of Figure 9 at the per cent theoretical density of
the composites shows that the elastic moduli obtained for the composites is
almost exactly the same as for the slip-éast fused silica. Therefore, there is
no indication of the synthetic mullite fiber composites being superior in
elastic modulus to slip-cast fused silica with the same porosity. Likewise,
for the 2-1/2 volume per cent zirconia fiber composite (Table III), the
elastic modulus of slip-cast fused silica is about 10 per cent greater at the
same per cent of theoretical density and no improvement can be claimed for the
incorporation of 2—1/2 volume per cent of zirconia fiber. However, the indi-
cations are very different for the composite containing 5 volume per cent
zirconia fiber (Table III). In this case, the elastic modulus of the composite
is about 50 per cent greater than slip-cast fused silica at the same per cent
of theoretical density. As a matter of fact, the elastic modulus of this
composite, at 83 per cent of theoretical density, is almost equal to the best
obtainable with slip-cast fused silica alone (Table VI). Similarly, the
elastic modulus of the silicon carbide whisker composite (Table V) is about
25 per cent greater than the elastic modulus of slip-cast fused silica at the
same level of porosity. Therefore, there are, at least, indications +that the
incorporation of zirconia fiber or silicon carbide whiskers info slip-cast
fused silica can improve the elastic modulus.

A comparison of the impact strengths for all the composites, with the
impact strength given for slip-cast fused silica in Table VI, shows no evidence
of improvement in this property. Due to the extremely short (several hundred
microns) lengths of the fibers in most of these composites, this may not be
too surprising.

A further complicabion in evaluating the fiber reinforced composites
arises when the modulus of rupture data are examined. There is no significant
indication of an improvement in this property by the incorporstion of fibers.

However, even more unusual, there 1s no significant varistion in the modulus
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of rupture, except for the composite containing zirconia fiber with a high
length~to-diamebter ratio. This is so in spite of the fact that the composite
densities vary down to 81 per cent of theoretical and the elastic moduli
differ significantly. A careful consideration of this in the final analysis
of this program has led to the conclusion that the modulus of rupture test was
not significant in this work.

The above conclusion was reached in the following manner. In the modulus
of rupture test, the outer layer of material (the "outer fiber") determines the
load at which the specimen will fail. This is due to the intrinsic fracture
behavior of a brittie material. Once the outer fiber has failed, the specimen
breaks catastrophically. The modulus of rupture specimens tested in this
research were always loaded with a cast face on the tension side. That is, the
tension face was always the face that had been next to the mold during the
casting of the composite. Due to the nabture of the slip casting process, the
material immediately next to the mold (the "skin") will usually be composed of
the finest silica particles. Therefore, the skin on each casting can be
expected to be very similar even if the hody of the casting is more porous than
usual due to the presence of fibers, or other void producing influences. As a
result, except I the case of the one zirconia fiber composite containing
unusually long fibvers, the modulus of rupture of the castings was controlled
more by the nature of this skin than any obther factor. In the case of the
zirconia fiber composite mentioned, the elastic modulus, or stiffness, of the
specimens were unusually low which undoubtedly led to the lower modulus of
rupture for this material.

If the fibers had been continucus and unidirectlonally oriented, as the
gteel in prestressed concrete, the cast face might have been in a complete
state of compression. In which casé, the modulus of rupture would have been
controlled by this condition rather than the density of the skin. However,
with the discontinuous, randomly-oriented fibers, a complebe, uwniform state of
compression was most unlikely. Also, if the reinforcing fibers had been
duetile, as are metal fibers, they might have acted as crack arresters and
influenced the modulus of rupture values. DBelng brittle themselves, though,
they could not arrest the high veloclty crack front once it had been initiated.

The conclusion regexding the invalidity of the modulus of rupture test was

confirmed by the results of a few experimental tests and a microscoplic examina-
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tion of specimens containing fibers. A few specimens containing a sabtisfactory
dispersion of fibers were broken in rupture, with the surface that had been
against glass (see Casting under FABRICATION OF COMPOSITES) as the tension
face. These specimens broke at a lower load than specimens of the same com-
posite when the cast face was in teunsion. The surface which had been against
the glass was not a cast surface since the casbing direction is always toward
the porous plaster. Also, fiber could be seen frequently on this surface,
while it could not on the cast surface. The fiber was not observed to be
present at the cast surface even if it was uniformly dispersed throughout

the specimen.

It is now recognized, therefore, that the modulus of rupture test, to have
any significance for composites similar to those in thls work, should be
conducted on a sawn surface. This would eliminate the anomalous results of the
casting skin that is always present. However, abt best, the modulus of rupture
test probably has 1little real value for such composites except as a reflection
of any increased stiffness that might result from an improvement in the elastic
modulus by the fiber. The initiation of failure can still be expected to be
controlled vy the physical condition of the surface. And, unless the surface
is in uniform compression, which is most unlikely with discontinuous fibers,
any flaw will develop into a crack front when the specimen has flexed encugh
to produce the tensile stress necessaxry for propagstion. It is extremely
doubtful that the discontinuous, internal zones of compression produced by the
prestressed fibers would arrest the crack front, and the brittle fibers cer-
tainly could not since they would already be in a state of tension. It
appears therefore that the route to improvement in the modulus of rupture, or
impact strength, lies with improving the elastic modulus through the incorpora-
tion of high-modulus fiber; wunless, of course, a complete switch to ductile
Tibers is made in an effort to arrest the crack fronmt.

The most valid test for any improvement in ability to withstand tensile
stress obviously was the diametral-compression test. The entire center of
the specimen 1s placed in an almost uniform state of tension, and the test is
affected 1ittle, i1f at all, by the speclmen surface condition. The validity
of this test for determining any improvement in tensile load-bearing capabllity
by the incorporation of fiber is supported by the data contained in
Tabvles II and IIT. The tensile strength values for the synthetic mullite
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fiver, and zirconia fiber, composites correlate very well with the values for
their elastic moduli. That is, the 2-1/2 and 5 volume per cent synthetic .
millite fiber composites and the 2-1/2 volume per cent zirconia composite all
.had about the same elastic modulus and similar tensile strengths. The 5 volume
- per cent zirconla fiber composite, on the other hand, had a much higher elastic
modulus and, as would be expected for the higher modulus material, a much
higher tensile strength. Also, the tensile strength of this composite is
almost identical to that obtained for the unreinforced slip-cast fused silica
(Table VI). If the tensile test is valid, this would be expected since the
elastic moduli of the two are very nearly the same.

The really encouraging fact in the similar tensile strengths obtained for
the 5 volume per cent zirconia fiber composite and the unreinforced slip-cast
fused silica is that ﬁhe porosities of thése two materials are significantly
different. This difference in porosity would certainly be expected to be
reflected in a lower tensile strength for the zirconia fiber composite, if the
fiber were not contribﬁting to the tensile strength. This, therefore, is
conslidered to be a strong indication thal an improvement in tensile strength
can be obtained, with the zirconia fiber at least. Unfortunately, a sufficient
guantity of silicon carbide whiskers was not avallable £o produce both flat-
plate samp;es and cyliﬁdrical bars. Therefore, tensile test specimens were not
available for this composite.

The single attempt to investigate the effects of increasing the length-to-
diameter ratio of the reinforcing fiber (Table IV) produced some really
anomalous results. The per cent of theoretical density was very low, in
keeping with the idea 6f geometrical interference of the fiber on the cast
density: = the longer the fiber, the greater would be the degree of interference.
However, the reduction in the modulus of elasbticity is even greater than would
be expected, by comparison to the dats for slip-cast fused silice presented in
Figure 9. Rather, the measured modulus of elasticity is almost exactly what
would be expected if the 10 volume per cent of fiber were acting as an addi-
tional 10 volume per cent porosity (see Figure 9). As a matter of fact, this
is probably the explanation for the behavior of this composite. The additional
S volume per cent of porosity of tThis sample (as compared to the best slip~cast
fused silica) is probably localized in the neighborhood of the fiber and, as a



result, the degree of contact between the fiber and the mé.'br:ix is quite low.
This would cause the fiber to appear as a void in the measurement of dynamic
elastic modulus. As has already been pointed out, the lower modulus of rupture
value obtained for this composite is most probably a reflection of the reduced
stiffness. Time did not permit the determination of the tensile strength of

this composite.
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V. CONCIUSIONS
From the results obtained in this research program, the following major

conclusions have been reached:

1. Composites of discontinuous ceramic fibers and finely-divided fused
silica can be prepared by slip-casting.

2. The allowable amount of devitrification of the fused silica matrix
during the sintering of these c¢omposites has been determined.

3. The maximum physical properties obtainable with the unreinforced
slip~cast fused silica matrix material were established (Table VI).

4. The feasibility of obtaining significant improvements in the physical
properties of slip-cast fused silica by the incorporation of
discontinuous, randomly-oriented, ceramic fibers has not been
conclusively demonstrated, but there were good indications that
this is possible.

5« The biggest single problem that must be overcome, in order to
demonstrate if reinforcement is possible, is densification of the
composites.
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VI. RECOMMENDATIONS

Although the results obtained do not demonstrate conclusively the rein=-
forcement of slip-cast fused silica by discontinuous, randomly-oriented fibers,
this program does provide the means to produce composites of previocusly
unattainable percentages of fiber which can be fabricated to almost any
configuration by the technique of slip=-casting. To take advantage of the
experience and knowledge acquired during the performance of this work it is
advisable that the question of fiber reinforcement in fused silica be resolved
with an advanced programs

The first effort in such a program would be toward obtaining greater
composite densification. Until the composite theoretical densities are brought
nearer to that obtainable with unreihforced slip-cast fused silica, unequivocal
comparisons in properties cannot be made, nor can the reasons for any successes
or failures in obtaining reinforcement be determined. The best approaches to
obtaining increased densification gppear to be slip=-casting under pressure, or
the use of fused silica with a much finer particle size. Slip-casting of fused
silica under pressure has been previously accomplished g/, and slips containing
fused silica in smaller particle sizes are avallable commercially. Either of
these approaches offer the distinet possibility of mitigating the apparent
geometric interference of the fiber in the casting process, and should lead
to greater cast densities. It is in the casting step that the improvement
must be obtained, for the sintering time and temperature are dependent on
devitrification.

The most promising reinforcements, of the ones examined in this research,
appear to be zirconia fiber and silicon carbide whiskers although the others
deserve more study. These should certainly be incliuded in an advanced program.
Oxidation resistant carbon fiber certainly merits investigation. At least
two other fibrous materials are known to be under development by commercial
organizations at the present time, and are very near market announcements.

The properties of these fibers will make them immediately recognizable for
inclusion in a future program.

It is possible to produce slips with a fiber concentration up to 50 per
cent where previous investigations were complicated by excessive devitrifi=-
cation of the matrix. These ranges require further study to resolve the effect

of fiber concentration on the reinforcement of fused silica.
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The use of chemical precursors to produce improved bonding between the
matrix and the fiber should be investigated. For example, zirconyl chloride
might be added to a zirconia fiber-~fused silica slip during preparation.

When the cast composite is dried, the zirconyl chloride should be present on
the surfaces of the particles and fibers. Upon fifing, the zirconyl chloride
will decompose to form zirconium oxide and quite possibly improve the bonding
between the zirconia fiber and the matrix. There have also been indications
from previous work that such precursors may slso reduce the devitrificstion
rate during firing. Therefore, an added benefit might be obtained in that
gregter densification could be obtained before the critical cristobalite
content was reached.

An extended program is necessary to finalize the basic information
obtained in this study. This would prevent a possible interpretation of
these preliminary results as negative. Such premature conclusions could

hinder future investigations of fiber reinforced brittle materials.
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