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FOREWORD
The process of slip casting fused silica has been under development at
Georgia Tech since 1956. Sovn after the initial work with slip cast fused
silica it was noted that this material exhibited a number of the desirable
properties of transparent fused silica, such as a very low coefficient of
thermal expansion and a dielectric constant and loss tangent which changed
~very little with changes in temperature and frequency. Other properties were
--considerably different such as opaqueness to radiation and lower thermal con-
ductivity and dielectric constant thran the transparent material., 1In addition,
the slip casting process allowed the formation of large and intricate shapes
which would be prohibitively expensive, if nct impossible,using the conventional
molten fused silica techniques,

Early in the work with this material it became apparent that slip-;ast
fused silicé should be an ideal material for such hypersonic aerospace appli-
cations as radomes, EM windows and léading edges; in 1964 Georgia Tech
published two handbpoks:'"Fused Silica Manual” by J. D. Fleming and "Slip-
Cast Fusad S$ilica” by J. D. Waltonm, Jr.; an’ N, E, ?oulos. The '"Fused Silicax
Munual" was a compilation of available pAropert.\;: data on transpaxent .fuse'd‘
silica-and slip-cast fuéed_silica. .“Slip-Cast-Fusad §ilica" was primarily
voncerned witﬂ thqrfabricac10n, ptoé;rties and gnviroumenpal evéluntion of
slip-cast fﬁsed ailica matevials, o

| Since 1964 tha quality control of commerxcially available fused silica
-8lips has been conﬁiderably improved’und a highex purity raw material has
" been used to make a far bupefibr'fueed silica slip. For identification, the
two available types of fused silica slip are referrqd to in this mnnua1 a8

(1, technical grade, and (2) high purity.
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of assistance in designing any item to be fabricated from slip-cast fused
‘silica and is not limited to the design of radomes or other military havdware.

‘Volume II provides information specifically for the design of radomes and

R S RN

In addition to the improvement in fused silica slips since 1964, a
considerable amount of work has been aécomplished in developing design
procedures., These procedures include mechanical, electrical, and thermal
design and the design of attachment systems for radomes, Although the data
presented in this manual can be used for éenera% design purposes, they are
collected and presented in such a way as to be of maximum value to the radome 5
designer, This manual is prepared with the intent of providing the designer j
or engineer with the data and background necessary to specify the fused silica
raw materials and the fabrication of the raw material into finished hardware, to

design the radcme and attachment system, and to qualify the finished radome for

environmental or flight testing.

This manual has been divided into two volumes, Volume I describes the
fused silica vaw material, its processing into slip, the fabrication of
hardware, including casting, drying and sintering, and the physical and

mechanical properties of slip-cast waterial, The data in this volume can be

attachments and data on rain erosion testing and rain erosfon vesigtance of
glip-cast fused silica. This voluma is intended primavily for those

intevested in the design of vadomes only,

iv




VOLUME I

ABSTRACT

This volume provides a3 summary of the current status of the knowledge
of designing slip-cast fused silica hardware, It is intended to provide

the user with a basic knowledge of the material and processing techniques

as well as basic design information. Pages, figures and tables have been -

numbered by chapters so that the manual can be easily expanded as

e

additional info:mation is developed. Subjects covered in this volume é
are: fused silica raw material preparation, size reduction and slip %
preparation, slip casting, drying and firing and room temperature and §
elevated temperature properties. i
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CHAPTER I

INTRODUCTION -

1.1 Backgreund

Silica (silicon dioxide, SiOz) exists in several crystalline forms ‘in
nature. - The most abundant forms are quartz sand and quartz crystals, Fused =
silica -is ‘an amorphous (non-crystalling) form of silica and is usually prepared

1~;byAthé flame or arc fusior of quartz sand, If a very high purity iused srlica"

>

s

ey g oy T
ES R AR
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o prbdﬁct is desired, high purity quartz.crystals or synthetic SiO2 ave the

materials. fused, -

peER

g

; “Another crystalline form of SiO2 which is important to the discussion of } :

L

°

1 fused silica and its properties is cristobalite., Fused silica begins to
,éonVLtt to cristobalite at high temperatures beginning at about 1600° F and_-‘
continuing to the melting point. The rate of formation of cristobalite is

A dependen@ on many factors iﬁcluding the presence of other crystalline forms of
:siéz, impdrities,'angSphere, time and temperature. Cristobalite exists in |
two -crystalline forms: a-cristobalite below about 400 to 500° F and B-

4ucrist6balite aboﬁe‘this-temperature. The transformation (inversion) from one

A\ form to the other is accompanied by a large volume change with resultant o

- stresses developed within the fused silica structure, 'Hence, if cristobalite iaA

':present in excesgive amounts the inversion will weaken or completely destroy a ,

' fused silica article.

.'Probably the single most attractive property of fused silica is its high

s e 2k ” 3708 N
- P e
B

:, resistance to thermal shock. This resistance is due primarily to its extremely

oo e

low-coefficient of thermal expansion, 0.3 :xc'l()"6 in/in/°F, Because of this

,‘
P

pggperty, fused silica has long been used in applications where articles are

subject to rapid chenges .in Cempera;ure,such a8 high intensity lamps and

a1




: laboratory ware. It has also found use where high dimensional stability

ié‘required,‘in séch as telescope mirrors and other precision optical products.

One Qf‘the reasons that the use of fused silica has mot been more wide-
spread is the difficulty of working it.;f}used silicg cénnpt be said to have
a trughmelting‘point in thg sense that;%here is an abrupﬁ'change:in viscosity
at a certain tempgrature.- Figure 1-1 }hows the viscosity of fused silica |
:u;with xespect to tempgraﬁﬁrevfrcm‘%400° to 4400% F.'fASTM_CBSS defines the
-softening point of a~g1asé_as a temperature at whica 2 uniform fiber 0.55

to 0,75 mm in diameter and 23,5 mm in length, elongates under its own weight

" at a rate of 1 mm per minute when the upper. 10 cm of its length is heated in a -

specified furnace.a; the rate oﬁ 5° G per minute, For a glass 6f the densiﬁy
" of fused silica? this tempera;qre'gorresponds to a viscésiry.of.107’6'péise§.
Examination of Figure 1-1 shows this to be at a temperéture of approximately
.3100° F, This is the ﬁumbe:~normally quoted as the melting point of fused |
-g1lica. However, to work a glass properly the viscosity musé be on the order
" of 104 poise, Examination of Figure 1-1 shows that this viscosity is nnt
«feached.dntil a temperatdre of approximately 4500° F. 'Working-at these high":
1.
- temperaturas mgkea.fused silica articles very costly, especially for large -'
sizes. | o
In 1956 the Georgla Institute of Technology began workingrﬁith a o ‘j
rebonded form of fused silica. This technique involved the process of slip t
casting, It provided fabrication techniques for forming'iarge and intricatél
shapes to close tolerancas which would be prohibitively éxpensive using the
 conventional molten silica forming techniques., The rebonded fused silica
shapes can be processed at temperatures from 1800° to 2400° F ;nd can be

produced with densities from 30 lb/ﬂ:J to densities @pproaching the 139V1b/ft3

-of the conventlonal fused silica,
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Some of the physical properties of the rebonded .fused silicé are con-
siderably different from the conventional fused silica while some, such as
thermal expansion and specific heat, are unchanged, As‘the properties of
this new class of materials were investigated, it became apparent.that re=
bonded fused silica had the properties required for use in aerospace applications
such as leading edges, nose cones, and radomes, Since 1956 the majority of
the structural work with slip-cast fused silica has been directed toward its
application as a radome material, This was due primarily to the excellent
electrical properties of this material. As requirements for radome materials
kave become increasingly more stringent, slip-cast fused silica has emerged
as one of a very few non-composite materials which can meet present and
future requ ments, Since the majority of the current interest is in

radome applications, this design manual is primarily directed at the design
and fabrication of radomes, However, this does not preclude the use of slip-

cast fused silica for other acrospace applications,

1.2 Radome Materials

Slip-cast fused silica is one of a very fow materials that is suitable
‘for use in radome and lcading edge applications above Mach 5; howevgr, as
;:#aquiremanﬂs for missile cpeeds increase, imbrovementa are needed in ablation -
’ ~and rain erosion yesistance of slip-cast fused silica. At the 3amq't1me that
imprermencs are sought in thase two 5reas, every offort should be wade to
 retain the other desirable physical and electrical attiibutes of alip-cast
" fused silica, N | |

The selection of a-hypersonic-radome mgterial is based on these critecia

V({l):dielqctric voperties, {2) weight, (3) thermalemcchanical rospowse, -

7
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é1(4)-thermal shock resistance, and (5) rain erosion resistance. The
capabilities and limitations of slip-cast fused silica in each of these

areas are as follows:

1,2.1 Dielectric Properties

The dielectric properties of importance in radome design are the
dielectric constant and loss tangent and the change in these properties over
the range of frequencies and temperatures for which the vadoma is being
designed, In most cases the dielectric constant should be less than ten, with
not more than 10 per cent variation in that value over the anticipated tempera=
ture range, In addition, the value for the loss tangent should be less than
0,01, TFigure 1-2 shows the dielectric constant at 8 to 10 GHz as & function

of temperature for a number of candidate radowe waterials. It can be seen

R W

e

that, compared to wost other cervamics slip-cast fused silica has a low and

W v

relatively stable dieclectric constant. A low diclectric constant is desirable

since it allows a greater tolexance in the wall thickness of-a radowe.

i
fi
_g
';E

Figure 1-3 is a plot of loss tangent’ versus tewmperat  for the same uaﬂdiddta

radome umtefials. It can be seen Lhan slip-cast fusod silica and SGVanl

sl

others have an acce pLabIe value of less thaw 0 01 at temparatu:ns up Lo

2500° T,

©.1.2.2 Weipht
| The weight of a paxtinular radome is 4 tunutxon of i&s shnpe and -
di«legtric constint because of electrical and aerodyvamic ‘onﬁﬂrdi“tﬁ. The ;  
.ralativeiy low diﬁiacnrtc1constaut of slipecast fused silica resules in |
thicker-walled vadomes; howoyer; ihe‘chickur wall does g&t-presonc a4 weight

problem because of the low density of slip-cast fused ailica, The velative
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weight of slip-cast fused silica for a half-wave wall radome operating at X-

band frequencies is compared with other ceramic radome materials in Table 1-1.,

TABLE 1-1

WEIGHT PARAMETER FOR RADOME MATERIALS

T~

Dielectric Weight
Material . Density (p) Gonstant (<) Parapeter

(ib/in’)

Ly
/e

BéO : N S 04105 6,60 Q,061
Curﬂieﬁiﬁe | '

Glass Cexamic 0.9 560 0,040

0,046
sbs . ewes. A . oam

e
Heasursd at § to 10 Gile,

$3.2.3  Fhereal-Yochanical Respogss.

_1¥é>$ei323061y.1ﬁ@ tensile {2500 pst) and floxucal (5000 psi)

strength 9f $iip-cast ¥used silica has buen considered by soee to be Lo 1w

for radome applications. Hovever, oxperience bas shown that. thesc streongtd

levels ate sufficient oy sero-mechanical loads assoviated with Lyperseale

wissile flight. With wost other radoes wmatesdals, Righ sivowgth s reQuived

i-3
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to survive the thermal shozk associated with such flight environments, How-
ever, the low thermal expausion of slip-cast fused silica vesults in low
thermal stresses, and therefore, little strength is required to resist these -
stresses. Another property of SCFS which is attractive for high temperature
Aapplicac.ions is the fact that its stremgth increases with increasing

tempervature up to about 2000° F,

1.2.4 Thermal Shock

The thermal shock properties of slip-cast fused silica ave well
knoun, and the ability of this waterial to withstand t:h&mal sheck nzy be its
 single most attvaceive propevty, The low thexmal ka&n&i&“ ei ui\l@ pater mi

- gives slip-cast fused silika its unique resistance to themai shacs;.

»' IJ’& Ra R Ext\\éﬁ@ﬁ
1: &'ig-mat Enmﬂ sugm hazs a di»advamm,c whe uﬁtﬂg}aﬁ’ﬁd h.c utimg :
. eewmin pﬁiéi‘ial‘n, it wauld %:g i vale. emsm;i res;smvc;. a faﬂ&mg'@-_%_ fain
'gms;@-'ﬁ revistance of p@sﬂblé xfasiﬁw ﬁééefiiis'- tw oxder @i’l’déeiﬁéiiﬂg rain
g ‘gﬁﬁﬁiéﬁ yesistance would be in thivee géssgmi categarics: - goud, i.ﬂx and
m:‘; : is\ r;iﬁgs ;;mping ‘“?Eﬁs and Bel wnldbu gami, ,‘\.‘éifﬁié:‘i'tie“, g_ia@s eérmigz .
wind '.ﬁli.{}-ms!; -émdswiié fairy, m‘ﬁ'sli'@‘-msi tmé silica au& 1?:&& ar. AL :
:nitm tige, ihe daka aecwsnp Lo ﬁiassi;y §i,; “&,“""S?‘-’dﬁ oy fai age wg“
) .w;ahahh.' hwev‘e», the Wi?y-h;wd mmm ut ﬁi;ﬂ (lardocss sa;f.-"'.m ;,ﬁsf :mé sseti‘)
.4 and the high mudulus of this maetui ruggcsﬁ that it should be snpe wr iw
both fovws of wmmrne.
u should bo pointed out i privnciple tha{ the vadosw shape, ws velated
8 < ié;mct angle, can be &mtgﬂo&_&o veduce the rain owﬁm Jamsge to ';my

saturial,  ‘Theveiove, if a sufficiently saall cone angle is used for the
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forward portion .of the radome, and if a protective tip is employed all
candidate materials can survive encounter with rain at Mach 6. The intrinsic
rain erosion resistance of the material used, however, will detemine the
allowable angle of attack and, thevefore, the manueverability of the vehicle
in rain.

it should be pointed out that the «ilica-based materials may exhibit
improvéd réin erosion vesistance at high temperatvraes.. Prelimipary cxéeri-

wents at Georgla Tech indicate that the impact damage wechauism fa slip-cast

-fused silica produced by lead pellets from a 12-gauge shotgun. undevgoos

considavable changoe between room tempoervatura ard 3000° F,
W¥hen slip-cast fused silica and dense fused silica glass were wvaluated
at Maeh 3, it was found that the evosice vosistance of the Jdense matervial was-

suparior te the slip-cast 3/, Uhen these materials vere yunm at dach 5, it

©was found that the dense waterial fatled catastvopalealiy, whaﬁ&as,'the alig-
Ceast watoviel wavoly incosssed in cvosion vate over thet of the Mach 3

eavirommeat 3/, 1€ was aluo found that demse strony saterials ameh as elip-

cast copdivrite ale failed catastroghically #t Mach ¥ vhon the tip aves vas

wot protoctad, This veversal s mevit suggests that stvouy Jowsde saterials

Riy show relatively poov wils erowion résistasce st hypersosic velogitivs,

L3 veseral Qonparizen of $1ipsGant Pused Bilics Propesticd R1th Other

ﬁﬁbié'lfz‘ﬁuagaiﬁﬁ.9?99“r;1&£,@§ siigvcafé fused sii§c§ wi§h cﬁéas fused
.#iliga»aﬁﬁ ﬁeﬁétai_@t&é%-uéwasﬁc-&at&f&&ls._ The proparties that sake slip-
#ﬁﬁﬁnfuiéd silien‘an&f;ciivé sor aeraspane’apgaiaaﬁiéﬁé ave 1t low thetwmal
cénécaéivity, therwal expansion, dlofeciric ¢ogstaac,_1ass Lahgenl, add

density, Disadvantages appear io be its lov tensile and Ylesuwtal strewgth
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i and its ‘water absorption, Howev:r, the strength is-sufficient for applied ‘

o mechanical stress, and the .low ‘thermal expansion prevents thermal stresses
. from »becbming a problem. Slip-cast fused silica is also unique in that it

becomes strohger‘ with increasing temperature, The problem of water S

absorption may be.overcome by sealing with an orgamic coating.
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CHAPTER II

- RAW MATERIAL AND FUSED SILICA SLIP

. 2.1 Raw Material

<At present, two types of fusgd silica slip are available commercially,

>AF9f convenience, these types will Bé referred to as technical grade and high
LkpurityﬁzﬁThg major difference is in the chemical purity of the slip; the

‘degree of purity results from differences in starting materials and milling

techniques, Tﬁigh‘purity slips have lower alkali and;aikaline earth content

_thﬁh technical grade materials.

The raw material for the technical grade fused silica is generally

'4.prépa:ed~by fusing a high quality quartz sar:, either by electric arc melting
--of byiflame fusignu'.The material geherally‘retains some residual poroéity,r

" and, in addition to the impurities present in the sand, may pick up further

impurities from the graphiﬁe‘electrodes;used in the arc fusion process, The

;resuLtingvfused silica is translucent to opaque and ranges in colox from off
“1whitg fo;dark_gray or even black, depending on the carbon and oxygen content.

}The'slips produced from these materials_renge from off white to gray.

. The raw macerial for high puvrity fused silica siip is a transparent

“*high“purity grade of fused silica and .is produced in a number of ways, All
.‘cdmmercially produced_slips’describéd”in this manual were produced from

ftransparenc vitreous silica produced by the electric melting of selected high-

purity quartz crystals in vacuum or low pressure inert gas, Such a method of

production results in negligible hydroxyl content and virtually the same

.nmtallic impurities as in the starting quartz crystals. Table 2-1 glves

spectrochemical analysis for a typical high purity and a typical technical

2-1
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TABLE .2-1

 TYPICAL SPECTROGRAPHIC ANALYSES:

OF FUSED SILICA GRALN.FOR SLIP-MANUFACTURE -

Oxide ,Technica_l.AGrade S .. High Purity

B :\;: - o/o A ‘_ . . :;: - ) . %

510, (by difference) 99,78 ' 99,97

ALoy R 25 U S 0.018

Fe0 .~ 0.001 0.0015
0.030 0.0025
0.022 0.0002
10,021 i - 0.0008
0.002 0.0015
0.002 - 0.0012
0.002 0.001

" 2.2




'Jéxode;fused5silioa'stopting materiaI; ‘A second ﬁooion-meohod is the flame
{fﬂlfusion of_highoour;ty,qogégojoowder.in an ogyhydrogengflame. The molten
particies-impinge\On-a hoo?ed»sorface, and ouiléauo a vitreous boule,  The
-Aglifosedysilica.from this process cootains from,05015~to-0.04.weight per

f icgnt'(ﬁ/o)'hydroxylifrom‘the flame, and is’sl@ghtly lower_io metallic

<oontaminants than the starting quartz powder due to volatilization.. The

- tbird-method?utilizes:syntheiic silicas which have lower mgtal@icfimpurity

levels than either of the~two'§jpeé“obove. The “irst of theoo‘is formed by.

. vapor‘phaoe hydrolysis of a highly purifiea silica compoundAouch as silicon -
-'tetrochloride, followed by fusion of the silica in an oxyhyd:ogen flame.

:Ihis process yields high (up to 0.1 w/o) hydroxyl content but virtually no
metallic contaminant. The material is produced by the- oxidation of silicon
_tetrachloride and subsequent fusion of the silica in a "wator free’ flame
_such as an oxygen/argoniplasma° The resulting silica contains virtually no
:impuritios, either as hydroxyl or meta}s. At present there are norindications

that any of these materials are not suitable for high purity fused silica slip

Je

production,

,2§2a811p Production

Fuged silica is an unusual material in that casting 8lips can be prepared

"L;'zwith this material without the aid of the acid treatment, deflocculants and

--fofouspension,aids which are required with.most other oxidas, This is.generally

i gttributedifo the fact that the silicon atoms in truncated tetrahadra ac the
&surface.of silica particles complete tetrahedral coordination by ottaching '
B a‘hydroxyl ion in~place of the missing oxygen atom, This layer of bound

,hydroxyl promotes slip stability and controls che pu of the slip.

B
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.Milling;must be- carried out in water, as dry grigding followed by
dispersion ﬁill not‘give the desired degree of hydration for a stable slip,
"even through the use of wetting agents, Also, it is doubtful that the
particlefsize distribution produced by dry grinding would be as suitable

for a slip as that provided by wet grinding, Standard porcelain-type mills

are suitable for technical grade slips since the impurity level of the starting

material is comparable to the level of alkali and alkaline earth impurities

- picked up from the mill lining, However, 85 per cent alumina mills and grind-
ing»media are recommended for technical grade slips and are mandatory for
high-puritf slips. The higher purity and density of the mill lining provides
less contamination through mill wear and lower levels of hammful impurities

in the material from the mill and grinding media. Ninety-nine per cent-plus
alumina mills are not recowmended because of their rapid wear rate and added

cost,

When granular materials are used as wmill feed they should be minus eight

mesh, If the feed is in the form of tubing cullet or a thin flake material

and will fracture readily, much coarser feed may be used, If the feed has .

been crushed in iron bearing crushers, some“provision wmust be made iér-
‘femoving excess iron éontamination. Magnetic methodsrave‘satisfactcryAfor: _
technical grade.materials..bqt ﬁéshing with concentrated hydfochlnric'acid_'
-diluted 3:1 may be necesary to obtain sufficipnt_iron rewoval ;n.a high=
'_putiCy slip. ' — h ‘ B o

The followiug‘example.isriilustrntive of the m’lling proceaa'fér a one=
_;gallon batch of high purity fused gilicn s1ip-and shows the chnngaa‘occu:ring

dur;ng milling.
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A one gallon batch of high purity fused silica casting slip'was milled

from cleaned transparent fused silica tubing cullet, -he cullet was milled -

_ with deionized water in four-85fper-cent«ai§mina-cne-gallon mills with 85

per cent alumina grinding media in the form of 5/8-inch dirmcter spheres,

The mill cavity was 8 inches in diameter. Eachk mill charge was as follows:

4600 gms - 85 per cent alumina grinding media
1380 gms - transparent fused silica tubing cullet
390 gms - deionized water .

The will charge was initially 82.6 w/o solids. The slip was ground at a mill

speed of approximately 60 to 65 revolutions per minute, which is 60 per cent -

of critical speed for the wmiil, Critical speed, the speed at which the vadial

G forces on the grinding wedia cause them to ride the mill.lining,_is;-

- calculated from

608 SR
W= S== - (21
R o ¢ Ax

- where :h::”criticallbpeéd tpm, and

Ry~ mill ingide zadius, fuet._

‘;1_AL intervals, 50wl samples of slip wnru withdrawn from one oi the mills
‘7¥and used tor the datermination of pn and particla size distribulion. ?arcic1c4 |
"fsize distribuhiuns were checked until wean partxcle diamatar hudvbeeu '

}Vindicatud and in several cases the distributions wore thendad to Iinu1

_particle fractions, Analysia was based on ASTM D422, Plots of thh gartic‘o
’if;sizefdtscribnctuhs for various milling times are shown in Pigure 2-1, .

Figure 2«2 is a plot of mean particle diamoter as .a function of mllliug:-
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time. All slips tended to settle badly until the mean particle diameter was
brought down to approximately eight microms. |
During mill.ing, the partiéle size curves changed from an apparentl_y

"bi-modal distribution at & and 8 hours (reflect ing a rempant feed |

distribution) to t;he usual ‘log norpal c}istribut:ion. As reported in the
. literature 3/, slips with 10 to 15 per cent of the partml&s larger than

60 yndiameter were pnstab'levan‘d tended to »seﬁ;tle._ after 24 hours of m;llmg,

- this condition was no longet" observed, and"the' slip was 'stable. Hith_incrcase:}
milliug t:ime. the pa ox t.he slip shifted frem aeutral to acidxe as seow in: |
R;.gum 2-3 The pi appears to be a funetion of alip partiele spae:ific suxﬁau.

and t:he dagree of hydmtion of" chc ;mrhieles. - ’i‘ho iinal wan patcicle diamter ‘
"at t.he slxp wag Eim.:’ t:hem uould be uscd for most harciwan applmatitma.
Unfo:t:umcely, u: 15 twt msuible dimeely w s&al&«-np 5:311 ami tami

.A"_.-"‘Nfgﬁs and muiing tmxes to p*‘:sdu&t:ion si.& mus. it is aenessaty

?',A'v-""f‘_-:_adjust: these pasmnars exp&rmnully &or ezaﬁh ﬁili..

"-.?.2 3 m.»a, &:f%:id'? @g ?tis&d_"“*i!isa;ca_"‘kiiw m"_a e

ay of tim g;m;aeri:ies ot tused sii ea slips ww smnzme b, |
IIMrphy «i in 1969 m smndy [hat cumpam& f@urwcm mchnicﬁk bx*adcz mims',::
ami ume higixupu:ity s-lap. 84 ince um, nm isagh-»pc ity sup lms bcemé ;
- awaaiable ummhilv. and mdmuﬂ ;,radg sh@» im:q bem mptowd o a
B _'.i»wm . nsut@m. leveie As & result, smuch of the Jdata pMimsay n.porw
: ,’au w h'mget apphcabw, p.nrticularly mte speeuu‘gsaphu anﬁlyses' the '
.- '_iauwmg cm:a were mllectmﬁ £tm sups produced - From late 196:‘3 ko lam

»-_'194‘ 1 and ste more reproseutative of curvently . nihbl@ n_na&erha»l‘s-.
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2.3.1 Chemical Analyses

Analyses of two technical grade and nine high purity fused silica

slips are shown in Table 2-2, Analyses were made by emission spectroscopy, .

with the exception of the alkalies, 'which were det:eminedvf,r‘om flame photo-

metry, From these results, it can be seen that the term *high purity" when -

. used to describe the fused silica slip is 'sonu_mhat of a misncmer, The
i milling précesa adds so many impurities that it becomes difficult to detect -
: . the ﬁliﬁfez‘éﬁce in chemical sunalyses between the two types. In TableA 2«1,
it:he{té is an order of ﬁaghizudé Qifference in the anounts of Gao and two ordexs
. ésmgnitude difference in &gﬂ b&meen the ‘higt.\ purity andﬁtha technical grade
_;;'fust,d silica mll feed,  Afger miniug. the diﬁf&:ém:é "_in, alkaline eagth |
‘ V,ﬁ.ﬁm.ent 4s s!\mm buween s:he tea kypes i Table 2~ is aoasiéuably 1ess,.
1 ';Based ﬁfl the slips ptessm:g.d iw Tablu 2-2 the mniw value Eaz' z;he aikaiixw B
_'Eneargh «mi&e eaﬁtﬁat fa ctu: &eehuk.al bmiﬁ b ::iai is 0.44. ;zar gemc, bhiie
: tha rsia;m far ;ha nine m;,t\a-au:ity slips iz 0. 33 ;ser eent, Waile aa
;'-‘}__eﬁpiﬁtai ug;per iimt @f 0.35 per cant alk&awe cam; enwe n.igi;t b@
i ',esubhﬁwé a8 @ b%miaw baluaéﬁ wc&m wal ssade aad hiﬁk*pﬂt‘ity @:@ti&ls;

'1t i i)ﬂ'iéwd ma the rate of d’e\fiteihaa&mﬁ way be pareially mntwnui

o oy tke lmatiua of ghe mufitms,_ 'tim; ig, the m;writ.es.iemtﬁ& w;mm

:um fused wilica glass starting saterial f:.zay ‘have & euch more profound @h@u s

: (en éevitr;fﬁcatmn A.an the sam alssynt and Lype oi i:zpuruaes FE erspa:sed

beﬁm- thé wmﬁ siimn g:ams durhw the milliag pmess.

L !_ﬁevu atieuﬁeu iy also be partially wutml od by veanent m‘ystai*me

- vucled present v the technicel grade waterisl, Thetefore, i€ i 5ot possible .

to isoiai:e £uuy the cootrolling factors in davu.riﬂcaum vate at aus time,

2-10
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2,3.2 Physical/Chemical Properties ) B : L "

:The physical and chemical properties of the same fusgd_pilica7slips

are summarized in Table 2-3. The pH is primarily a function of particle size

and, ‘therefcxe, surface area, More finely ground slips generally have lower

_ pH values., ‘The viscosity varies inversely with mean.particle diameter and

directly with the Qeight per cenﬁ solids. It should be pointed Qgt‘that this

hqldswtrue only for‘slips‘ﬁilled'with no attempi to control  pH. éarlier
slips in some instances were made more'viscou3-by shifiing the pH’'by acid

gr’basé’édditions.~ Apparently the pH as &~ result of4grind1ng results in a

minimum viscosity, maximum stability slip.

| 2.3.3 Particle Size dnd_Distribution :
The,particles infa fusedléiliég;slfp §1i1 rgnge from 50 to 60 p
on iownAto sub micron sizeé. The ééfticies afé.of ifgegular; gngular shape,
often occurfiﬁg inf;hin flﬁkég as éhéwn in Figure 2-4, The .particle sizec
disttihufion Ls~generélly considefédcﬁo b; 16g norﬁal and as a,resulﬁ:willA
usually plot as a straight line on log probability as in Figure 2-1ﬂ  The:~
;éarticle sizefdistrxbution for -the nine slips degcfibed above is shokn-in

iigure 2-3 as plots of bumvlative welght per cent undersize versus- log

dismeter. Th-se measurements were made by the sedimentation/hydrometer method

.aﬁ‘specified in AST D422 with the exception of Tl and HP,, which were made

L with a Coulter Gountet. The distribucion s quite similar, having approxi-

| mately the samg~alope;invthg straight,linefportion,and'differing only in

- mean particle size,

2 4 Fuaed Silica §1ip Specificat;ons

A fusgd silica a*lp spec;fiaation prepared at

Georgia Tech 1/ is attached
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as Appeundix I. It should be noted that this specification applies only to
high-purity élipso Briefly, the specification requires that the slip meet

" the following requirements,

1.

3.

4,

Mean particle size can-be specified to suit individual needs, For example,

“thick shapes would require a larger mean particle diameter to avoid drying

problems,

For technical grade slips, requirements are not as stringent, and the

recommendations of Murphy 2/ are generally sufficient. The major require-

ments are:

A residue of not more than 5 weight pex cent retained on a

, 325 mesh screen,

A minimum SiO2 content of 99.5, with less than 50 ppﬁ-total -

alkali metals, (sodium, potasium lithium) and less than

300 ppm total alkaline earth oxides (calcium anq magnesia),

No .detectable crystalline silica in the slip.

Maximum water content of 18 weight per cent,

1. Initial residual qristobalite content of less than 1 volume

per cent.

Devitrification rate such that ccistobalite content less than 15

v/o after 3-1/3 hours at 2200° F (Note:

this is not to imply

that 3-1/3 hours i{s a proper firing time for all slips, It

provides a good compromize between density and cristobalite

content, and serves merely as[a_ﬁasis'for comparison of properties). =

Ty ) o
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- 3. Aﬁmiﬁimum modulus of ‘rupture of 3000 psi after 3-1/3 hours at
22000 f'(In Liéuﬁpf cristobalite measurements). .This measurement
ma§ be used as & single requirvement. In general, higher strengths
can be ébtained at'lbnger sintering times, but optimum strength

- for some materials has been obtaiped in ac little as 2-1/2 hours,
A'_Again, the reqqirement is qarglyfa»minimnm value for useful

~hardware,

PN

k't f2.5“dSlip»Sto?agg*ahdﬁg§ndling

- Fused siiica c;sting slip should be stored in polyethylene or similar
vpélymeric'containers or in polyethylene-lined metal drums, The slip should
not be iﬁ‘contact.with any metal, It is not necessary to keep the slip in
suspension except prior to use, The containers should be continuously rolled
'or otherwise agitated for 48 hours for proper resuspension, §lip should not
be allowed to freeze since this apparently precipitates silicic acid from the
~ .slip and prevents casting of a demnse body. The elip generally contains a
small portion df =4 +10 mesh material, which is slightly smaller than the
interstices in the grinding media bed. This material should be screenad,

usually to -20 mesh, at the time the plaster mold is filled,

2.6 Slip Aging
| For reasons not yet understood, some fused silica slips have undergone
-changes in viscosity, pH and sintering rata'with age. The.viscosity énd pH
 havé:tended to increase and dacrease slightly, respectively over a period of

-geveral months, The sintering rate however increased steadily over the first

'“‘,two to three weeks, after which it leveled off, Since the viscosity and pH

.. changes present no particular difficulties in use, it is recommended that

_ :slipa~be'used‘on1y after}agingifour_weeks from,date of manufacture,

2-17
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CHAPTER III

FABRICATION & PROCESSING

3,1 1l..roduction

A number of different fabrication techniques have been used to produce
rebonded fused silica objects, Amwong these techniques are slip casting 1,2,3/,
aggregate casting 4/, isostatic pressing 5,6/, hot pressing 7/, and electro-
deposition 6/. Of all these techniques, slip casting provides a product with
the highest strength, minimum cost and greatest ease of fabricatiom. -With
this technique, an aqueous suspension of finciy ground particles (casting
slip) is poured into a plaster mold which defines the shape of the object
'-to be produced, Capillary action in the porous plaster draws water frbm the :

slip into the mold‘ increasing the solids contght*pf thezslipradjacene to_"
tha plaster forming a-solid Wdll. 'ihe'thicknass-ofrchc wall inereases with
-the time. the slip is. ‘left in the wold, ﬁhen.sufficiépt‘thiekness has built" |
;up. the oxcessrslipzis drained,” loav;ng_avéensp,bgc sgmnéhat;igé;hor§ $§??df,
zi;iin the wold, B S VV S

Axter additionai dryinb tima, Lha shape becom;s rigid and strong enéugh

>‘j_1:o be removed from the mﬂlﬂ-wich4hare£ul'hand;1ng,g It is then furthox dried. -

| at an elevated tampgratura’(ISG“-:p 300']?) and sintoved t%’ita_finnl density,

"‘f,Sinceging‘ignusualiy accomplished at_cempethtures.betwcén 2300° and 2300° ¥,

. 2:2_Mold Fabrication

2 1 Hasmcr Hode; Freparation

Ihu master model is a pattern ftﬁuawhich the plascnr wold is east.

_It uIn be fabticaced ‘fyonm vircually any 1mpermaab1c mncertal. _?orAmost




applications, aluminum has been the most satisfactory material, due mainly
to its light weight in comparison with stainless steel and brass.. For long
production runs where durability is the main concern, stainless steel should
be considered., Light weight fiberglass mandrels have been used, but these |
have required filling with plaster to gain the rigidity necessary for with-
standing the rigors of pulling a large mandrel from the mold. Where weight
requiremgnts have eliminated even aluminum, a éellulose-lignin laminate has
been successfully used, With both this mandrel and fiberglass mandrels, the
-surface-has been varnished, sanded, and polished priQr to use,  With metal
wodels, a high surface polish is necassary-for use. |

Since the drying and sintering shrinkage of slip-cast fused silicé
usuagly rangas from 1 to 2 per cent depending on the puritf and the f{ineness
of‘therslip, models éhould be hﬂde correspan&iugly ovetsizé to compensate.
‘ he actual shriukagn should be &ctafminad from mcaaurumunta ‘of test bars
‘ aintet&d at vary;ug txms and temperatute or, ‘a8 du cvan b&c&ut apptoatmarianff
| of a radoma shap&, a cylzndcr uith the tup Lﬂd elosad4 'Thxs éata uiil : |
-:ﬁarmallv be - tahﬂn i caujunsaion with modulus oi ruptur* and ather propcfty
xz;me&aurimﬁnts used to datermina apaimnm aiutcring cand;tions apptepsiatﬁ for

. the ga:cieular knr&wara end usu.

34135& ?'Olﬂ ﬁk$iﬁﬂ

ﬂald design shouid be- kept 58 s&mpl as possible, ﬂ?o&uinscanaa,i,,;_1“

1{~tauﬂd ‘Daxs van ba d:anu-uast in an opanvnuded eylaﬂdr;cal mold wiah che

hqtta@ ‘emd resting Qﬁ A gtana-gzace. ﬁisks cai ba ma&t by plscing a shur

" length of wmethyl-serhacrylate or polycarboaste pipe on 3 flat plaster surface

to fonu the wold cavicy. For pressure casting, 4 Fisture cust be made to




,l:»larger parncl&s seme t:wazd the be&tam ana pm&uen a emt‘ser s.hp iu ehis '
o 'f.;ama. hxparieme has. slmm t.ita: cwaaﬁr ealigs cast. fsstet than finer S

- 'f.-parti\.la shys. e .: "

_.-_.by wdight). ar. this ea:misaeaay appxanaamw mm gas phsmur smd 1200 gﬁﬁ

R A a1

hold a cover plate over the mold cavity, and the walls of the mold should be
‘thick enough to withstand the internal pressure. For casting large shapes

(up to 30-inch long radomes), a 3-inch minimum plaster wall thickness has
been satisfacteryl for pressures up to 20 psi. The outer contour of the mold :
shoﬁld conform as closely as possiﬁle to the inner or casting surface. For

' example, an ogive radome could be cast in a conical wold oxr even a mold with o _ _~'_

~its outer surface formed by portions of two congs. - The unifom wan thickness

‘aids in obtaining a uniform wall thickness in :he'casting. .The tendency

t:cmatd t:hxcker walls in the tip avea of radomes has been attributed to the :
~greater hydrcstac:c- head»at. t:he'r.ip vhen cast tip down, It i.s felt that: this |
‘ 'diifercmtml pressure, uhxle a cm\tributiu&. factm, is insuffmzent to accamt- : :
A 11»for,@bs_atved _thzt;kenxns, A larg,er mld volume/mlq surfage :at;io at the up |
eéuld also--eéuse t‘.&mi& A third psssibihhy is that the ti.xﬁ.ker walls are due

| "ir.o ‘& pa::cia.le si..e gz‘adienn ::hat dovamps during lom,-tim east.im,. 'Iiw.»

3 2. 3 mm P&.gamtiﬁn

Any g@@d s:’i&e ok wmwul poﬁcerg gslazs-,ér my by uﬁ&é., The mx C

o 18 usualiy mde up pT 50 per wm ccus.smw.y (uo patt:s \.at.oriSO parta piasmt'

"_.‘_";ws:er are e@quimd ior 100 m of wold voluse. & hig.mr piasmhto-wamr

I '-rat:io way. be- uscd t:e obtain greater mla durabinty but tlui-s grcaaer

.du*abxluy vesuits in lwer water absorptiw and hwcr casain;, rams. mn S

_i~ei£¢ct,9£_ v;rqu vatubh;s sqch, as -a‘ial;mg.- tm, wix time, water ctmmnt_. ote.,




on strength and absorption of the mold has been summarized in references §f
and 9/, while additional informatiom is available from plaster manufacturers.,

Briefly the steps in mold preparation are:

1) Accurately weigh plaster and water. Variatioms in composition
can cause undesirable variations in casting properties of the

wold,

Sift the plaster- into the water and allow to slake (soak) .for_
- 3 to 4 minutes, Sift;mg breaks up lumps, and slaking allows

t:hotough wetting of the p‘aster.

) Mix the plascer vetil ic bagins:t:q "eveam® ox mickéﬂn. ;' Hixisig

: aheum be thoxougha hm; shwis. wo% be vigomts& euuug?x ea

em.min air. m tm mx, .«iizsmg uamnv raquxr% 2 ko 3 aimw&. 3

?eut tb@ ;&iﬁ%tet’ into the mold, - L plaster i& ;wus:‘s.d b&.ﬁom
- se i;.ss ﬁ\w%mned snaﬁeimﬂy ' aattlmb msuits is~ sm
,immsemaus mkds ii miaing is em\umaa mt ma ismg a

', tm the phsmx- zzs:sy “sea" b@ﬁ@:ﬁ@ che mid is. fauad ﬁmpiéwly

mé_‘ft i:r.:ia rnemm mmm né.dt t&dﬁ-ﬁ\?él dass ami wéei, 011 m
o sts&%s hé&'@ w%li En: mm@ug wi‘ gxm mdul to ﬁmuﬁ &m _
the hca& @S w&w swﬁ ai gw piasw&, mﬁm rwvai d;ﬁfiml&.
I.w aapanﬂm} mﬂ&, lw mema w:.ctwiw w&e s. aud
wodels uus: pmviﬁfm im: sﬁe@i ing aw z:l pesnble rmaxes.
HM& variatism can be hélé to &: eﬁ.nim by usm:, wager - the sw

tmrature cach !:ime .‘m& by tﬁm&axg s&a&in@, apd mixiug amfuuy ﬂg;tm

o

Ty

-'. az?é’;’..




slake and mix time may have to be gstablished for each wold configuration
since, for example, large batches must be poured early to insure £{lling
the mold completely.

Béfore use, the mold should be dried to a low moistuve content. nryihg

- temperatuves should be kept below 120° F, pavticularly in the latter siages

. oflérying, to prevent caleination of the piéster; Prying to a constant
weighc is the usual practice although drying tu a higher— moisture content

raduces the im.cial casting rate of the mold, a desirable feature under somg

_ cire.umstanceas.

.3" :Sz—ia'{ji&.&.ﬁi!}& Fused Siliea Parts

3 3 i iﬂsmag Raﬁz,

;hp eaanmg 1s a iilt:fat.ian pwu‘ss and has hum deserided m

" ",Gat:ml from t.n.s stsmdgmiuﬁ by &:ma.k snd ‘m}osé’l mf; ’E‘hg mll tim.km.ss "

W, \aries é;reei.ly mah the square xoot ﬁi u&siiﬁg time, t,-'

f'ﬁ:—hgg@ tha 'ﬁﬁpﬂt;&égaiity.ﬂéﬁﬁsuﬁé Xy is datinud by.'

2P “3 .
sz 3 (y-l)(bh)

g‘_

- ‘whers, R = pwportﬁxm&i&y cfenstﬁm‘.

B

P * pressute diop across vast wall

B« void fractaon in cast wall

e
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Sp = Specific surface of solids (by penmeability measurements)

" = Viscosity of suspendine nedium
y = volume of slip containing volume (1-E) of solids
¢ = gravitational comnstant.

From this it follows that casting rates can be increased 1) by higher applied

'pressure, and 2) by using a slip with a larger mean particle diameter (lower

:“specific surfac2). In the case where the driving process is only the

capillary suction in che plaster, the castiong process is referrud to as.

drain casting. In cases where uitai&t‘ pressure is apphed to the slip or

where che back face of the mold is under vacuum,.thc process is termed

| pressurc or vacuum ussxtgd CaSLING. &s-a rule-of-thumb, shapes with wall
thx;snusses under 1i2~1n;h axe g&ueraliy draia case whi e thicker shapes aré
pfessura cast Pressuta cassins halps xeaue& ths a&@unﬁ of 3eatlia5 at slip
iu tue wald cavity,

fh& biﬁpi st & ‘mechod of es,.ablishmg ﬁit& castiag ttme znr a gi'@‘@ﬁ wa?.i
ﬁii»&diﬁss i?a w wake o t.ial useimg umﬁér S:sm-m »w@;:mm of pmsswe aud -

a@i& amistnra (aﬁlés aﬁe g@n@.ully aau@;c ioned by drwing to consisnk w@ipht at.

: ampetatuxes “undot 1‘.0'* sv) Ww the trial wall thickaess and Casting i,

©a geed value for .ﬂkﬁiﬁiﬁia casting Biws say b gstizsisd fiou

S Jn - : , S
T (-3
¥ - < ,

vhere W = grial wall thickness

-
(120

rejguited wall thickness
81 « trial casting Cime

4, = poquired casting time.
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Fleming 11/ studied the casting rate of a 7.5um mean particle diameter slip
at applied pressures of from 0 to 60 psi. This work indicated thai for drain

casting, wall thickness could be expressed as

W= 0.048 /8 ~ 2.7 ~ 0.0207 (3-4)

whore W

¢

wall thickness (inches)

g

L]

- casting time (minutes).

For presgure casting, the wall thickness can be approximated by
W= 0,002 /88 « 0,087 (3-5)

u%m»z. F = gage pnssurse gpsi).

’Iius is an apywxmaeimx. sineg the ptop@ttmmiuy eonstau; is uat usacc:lv a' '

.lmeax: i‘mmt son of P, ‘I.his s boen ae:ri.bu c.d g0 W meh m&m. Aﬁcocx '

and Mebowell 1074 ,n&iuah that the suction at tiw plasm&: im*s'ﬁaxcs mth

‘im.&asmg prossure, v.hs,le Flming dake iudixau that povosity in tho cast
wall gmeresses with pressure, Both ﬂaiﬂuim seéum fesult in m;;_tw .

s . P I S T --';4'5.‘. e = = e
peosartlaasiicy suasianis LGE W00 W uspeuec.

- Bquatiows 3-4 and 3-§ are plotted in Figure Bel, These curves. provide &

good basts for prediviing trial casting times, Whon ususyg these &&:’v‘as. ane

should vomesbar that slips with wean wvrisle dizaerer ﬁi@ﬁtu&’ u\sa\a NI pwill

usunily cast at @ rate highor than that shown, while sore fisely gmm\d siips

will cast sove slowiy, Thise curves ate genorally accurateé to & 0 por vewt

Yor slips with wean particle dissoters from 7-3 g,
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- casting, wall thickness couid be expressed%as

- where W = wall thickness (inches)

Fleming 11/ studfed the casting rate of g 7.5un mean particle diameter slip

‘at'applied pressures of from O to 60 psi, This work indicated that for dre.n

W= 0.048 /8= 2.7 - 0.0207

8= cgstingﬁtimej(minutes).

_Eo?ﬂpresSufe casting, the wall th;ckness‘can_be~approximéted’hy

W= 0.012/3F-- 0.047

where PA= gage{pressure (pai). ¢ o o ~'Jﬁi_-

© This is an approximatiéh:-since the proportionality constant is nqﬁfexaéﬁly_a‘

linear function of B, "This has been attributed to'two mechanisms. ﬁAgébqﬁt;~

‘:,andAMcDowell 10/ indicate that the suction of the plastex;inpreasgs with.

- increasing pressure, while Fleming'a;dat&>indicate that poroslty in ‘the cast’

wall increases with pressure, Both mechanisms would"résult in higher -

-'"proportionality constants than would be expected,

Equations 3-4 and 3-5 are plotted in Figure 3-1. These curves provide a
-good basis for predicting trial casting times. When using these curves, one

should remember that slips wiih mean particle diameter greater than 7.5umwill . -

. usually cast at'a rate higher- than thatrshown, while more finely‘ground slips'J

will cast more ﬁlowly;‘ These curves ave generally accurats to + 10 per cent

-'fo: 3lips with mean particle diameters from 7-8 ym,

3<7
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3.3.2 31ip Casting

At this point, the mold is ready for use, The slip, which has been
Athoroughly dispersed by rolling agitation for 48 hours or until all ;ettled
solids are back in suspension, is then poured through a 20 mesh screen or
finer to reﬁo§e51arge piecés of fused gilica which are usually present,  For
¢ . drain caﬁtiné, the slip is_3imp1y poﬁfed into the mold, and the mold is
‘_coveréd with a damp clbtﬁ to'préﬁent formation of a skin on the liquid surfaca,
: For :pressure castlng, the- slip 18 usually pumped into the mold from an outside

Areservoir. In casting hollow shapes such as cylinders or radomes, ig is

usua11y>desirable‘to‘placa a displacement mandrel in the center of the mold

"~ - to reduce the mold cavity volume and thereby, the volume of slip required.

After casting to the desired wall ‘thickness, determined either from casting

~ time or in pressure casting by measuring weight loss 'in the slip reservoir,
jthe excess slip must be removed from the mold With small shapes such as
crucibles or 12 to 18-inch long radomes, this may be done by inverting the
mold and pouring off the excess whilefholding the cast shape in the mold.A

| With lﬁrger shapes, the alip§§§_usua11y‘removed from the mold by siphoning"
or vacuum suction. The slip dfained'from the mold cavity after casting has
been "scalped" of coarser particles, and reuse of this material will lead to
drying problems, Smail shapes can usually be removed from the mold and dried
at room temperaturz overnight. Larger shapes, because of the leathery

coadition ol thé'walls, should be dried in the mold until shrinkége ceases

\befo:e removal from the mold,

The method of drain casting each radome varies with jts size and wall
-thickness requirements, but the mold is usually rotated from a tip-up or

tip-down position to tha opposite position by turning the mold sometime -

"z




\during the casting operatién. A typical pressure casting set up to allow
this is showm in Figure 3-2, 1In some cases, the mold rotation is simply for
handling expediency in drying and removal of the radome from the mcld. In
other cases, the mold is rotated during the casting Operat;pn in attempts to
minimize wall thickness gradients due to particle settling;? Rotating the mold
with a green radoﬁe can result in the green wall's pulling away from the mold
when the long axis of the radome is horizontal to the floor., This problem can
usually'be,eliminated by making certain that the radume mold {s not rotated
unless the mold is full of slip and undeF air pressure or unless the radome
has thoroughly dried in the monld. ’ |

- If the purpose of rotation is to minimize wall thickness gradients,

" filling of the mold may be accomplished in either a radome tip-down (as shown
in Figure 3-2) or tip~up position depending on previous determinations as to
what is the best position.for entry of £ill ~.ubes into the mold. After
filling, the mold is left in position for some specified period of time then
rotated 180 degrees for another specified period of time, Rotation can be
accomplished as often as necessary provided the mold remains full of»élip
‘and pressure (above atmospheric) is retained on the slip in the mold, The

Vnormal procedure is to end up with the mold in a tip down position., The
excess slip is drained out through the tip (if the final shape requires a
‘hole in the tip of the radome) or is pumped ¢rom the mold, The green casting
is then allowed to dry thoroughly in the mold., During this drying period,
the green radome is supported by the mold walls as it shrinks in drying.

After this drying phase is completed, 8 firing base is attached to the open
(base) end of the mold, and the mold is rotzted to a tip up positioﬁ. The

maximum stress on the radome wall occurs when the long axis of the radome
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Figure 3-2. Typical Pressure Casting Setup for Slip Casting
Fused Silica Radome.




‘“f‘~'gnq;mold are in a horizontal position. It is assumed, however, that the dry
A ’fradomeyEQS'sufficient strength7to withstand this stress."The mold is lifted
; 5 awgy from the radome in preparation for further drying or firing.

N

In_sﬁme&cases due to radome geometry, wall thickness, and final tolerance
,Ak;5requifements,fitfis:désirable to move the freshly cast radome as little as
"'::possible 80 as to prevent.any possibility of stressing the walls of the green

i'*casting. In this case:thg_rAdomg is cast,-diied and fired with the tip up
‘1A53;fﬂ?ﬂ?li[;imgsfilTh? radome ‘mold is\nofAmovgd ffom filling untillthe radome is
| &&ied;'Hfhe;main pﬁrposé of this\technique isAﬁo eliminate any strains in
:'the radoﬁe'that night occﬁt due fo-wall flexing during mold rotation., The
 mold is filled and drained from thé‘base end, The rédome remains in the

| mold until it has dried sufficiently to withstand movement without f;gxing

'ifs:walls. | |

j As soon as the excess slip is removed, the radome casting begins to

-dry and shrink away from the walls. The mold walls provide no support.
>iTherefore, it is most important that the mold not be moved or vibrated in

any manney foﬁ several hours, ‘For satisfactory completion of drying and for

‘iemoval of the radome from the nmold, the pressure plate and internal displace~

1‘ment mandrel used In casting must be removed. Special handling tools and

techniques are required to be sure the radome does not fall out of the moid

~during this operation,

3.4 _Drying |
o Drying is a critical portion ¢f the Iabricatiocn process, particularly
lffoi lafge shapes. At the end of casting, the pore séﬁces in the cast part.

{arevfilléd}witb~water, and a thin film of water surrounds each particle.




‘Since the particles are not in direct contact but are cushioned by a water
layer, the cast part has very little strength and will slump slightly if
removed from the mold, At this point, castings from slips with 7 to 8 pm
mean particle diameters will contain approximately 8.5 to 10 per cent water,
depending on the packing efficiency of the particle size distribution.

As drying progresses, water is removed from the system, bringing the
particles closer together until finally, at the Ycritical moisture content,"
the particles are in contact. Numerous studies have indicated that the bulk
of the drying shfinkage occurs during this period. Measured values for drying
shrinkage of castings from 7 to 8 ummean particle diameter silica slips
indicate drying shrinkages in the range from 0.05 to 0.l per cent, Since
these measurements were referenced to model size rather than actual mold size,
the linear drying shr}nkage is more probably in the range from 0,2 to 0.4
per cent, allowing for plaster rold setting. expansion of approximately 0.2
per cent, This small shrinkage corresponds to a small moisture reduction on
the order of 0.3 to;0.7 per cent, At this point, and certainly by the time L
1.0 per cent moisture has been removed from the cast pgrt,‘thé'péxt'ﬁayvbe~_lx:
safely remqved from the mold. | | R

Thus the :wo,mpst'impor;anc poin*s in drying large,slipncaa;ffuséd ailica’;! i

shapes are:

(1) Drying should be carried out in the mold until the moisture
content drops below the critical point (from 0.5 to 1 per

cent loss).

 (2) Drying rxate during this time should be slow enough that moisture

gradients across the cast wall are not large enough to cause -




cracking from differential shrinkage. These conditions are
difficult to estimate or define from existing data and must be
determined by trial and error for the particular part and mold
configuration used (drying rate is also restricted by mean
particle diameter. More finely ground slips will form cast
parts with smaller and, therefore, less permeable pores).

After the critical moisture content is reached, the part may be rapidly
,dried Small shapes have been successfully dried at 350° F, but for most
shapes it is recommended that drying temperatures be kept-below 125° F.
After the moisture content has been reduced to 1 or 2 per cent, the part
~ should be dried to at least 250° and preferably 350° F before sintering.

The dried part must be handled with care as it has low strength,
Fleming 11/ reports e dry strength of approximately 160 psi at a porraxcy
of 17, 8 per cent (~ 1, 81 gm/cm ), vhile Pivinskii and Gorobets 12/ report
values from 425 to 1065 psi at’ bulk denszties ftom 1,92 to 2,03 gm/cm

'l (Flemings valuas are morce consiscant with bulk densitiea achieved with
i};Lcommetcially avnilable slips) nartis, at.al. 13/ teported dynamic Young re _
"?fmoduli from 4, 2 to 5, 6 x.lO5 psi at bulk densicies from 1. 865 to 1.852 smlem .
“The following axe offered as examplas of d:yins ptoblems that have been

o encountarcd*'

anmple 1; In fnbricating 18-1 nch diamBCer by 1~£nch thick plates and B

,‘12 x 24 x 3/4~inch plates, drying- uarpage and: cracking vere severe. rh&
 :Awatpaga rcsulted ftom shrinkage on :he face expoaed to air. The problem.wns )
{,fpolved by two aimila; methods, - Fixst, the cast disk wae sandwiched betwden

. tWo 1-1/2-inch thick slabs of plaster, Saturated kaolin waol fibe vas usad -




to geparate the part and plaster slabs., The part was alicwad to dry through
the plaster. The slow drying (up to 2 weeks) eliminated warpage ané cracking.
Similarly, the rectangular plate was left in the wold and covered with a
layer of wet kaolin wool, followed by a wet plaster slab. Again, the

resulting slow drying eliminated warpage and cracking.

Exanple 2: An 18-~inch base diameter by 52-inch high radome shape cracked
both in the mold and after removal from the mold. Cracking was eliminated |
by leavihg the wold cavity sealed for S days. At this time the displacement
: 'ma_ndtel could be removed without stressing the shape, and the shape could be
- safely removed and dried:at Toom cemperatqre. n ?:hi's. case, leaving. the shape
sesled in the mold and undisturbed for 5 days waa_guffiétgqt to dry_»_"ahé. aha_ﬁe'f_ '

pa_stj.:'t‘.he cri.t_:ieal_ moisture -.e:éntem:.

Bxample 3- ‘Ihe shap& deacrihed in t:he pmviaus example, .s.ms cast ftocu

| ‘«.-‘,A_:a slip e»chib tit\g agins. by a radame mrmfac:utet. ' A chitmer uanul shape.
‘.-,18~inch baae dumet:&r by :‘50-1:“:&: in lem_;nh was cact at Gﬁorgia Tu:h usinb

' "flqli_p £_rogz.the sawe hat-ch. In bath cises drying had t‘.o be Ieuschemd to .

i_»‘_vﬂnarae w.éi;ka, The dryhg coadit:icns outsi&e the- mom wcm in the ranga SO‘ '

" }f.,to 95° P am! 30 tu 50 pet cent a‘elan\*e lmmicii.cy. “The ean-rem drying tim o

-_"suggeshed an abundsnce of sub-micron parneies in the slip, but. parttele |
_f,size analysis by sedim&ntatiau and sctmﬂ.ns exe»cmn mieroscope failed ta
,canf&m chis. D:yms, tice less than thrae waaka tesulteé in mnsxtudmi

cucks tn t.ha udcme wal.l on remval ftom tht: wold.,

&

- 3. 5 Sincertng

smtetins is the £urt:her Comolidulcn cf tha asgtegnte o£ ffme panicles




- of amorphous silica upon heating, This heating is normally carried out at
temperatures between 2100° and 2300° F.
' During sintering, a mechanical bond is formed between the particles of"
| the casting, increasing both 'densit:y and mechanical p.operties. The sintering

- process is affected by a number of variables. Among them aré chemical purity

‘_ of the fused ailica, time and temperature of sintering, sintering atmosphe:e, '
' V_.-'ermd ,part;icle size of the silica slip. Since many of the physical and '
mg(yhgnieal properties. qf the sinterxed caat:igg are somcwhat in:e_:dependan_t;,
S --i.c' i3 not possible tb_- :eacb'op:iml,prope:t:y levels for all prgpert';iesr
'aimun:aueously. ?or emple. maxinmm flexural 'étrehgth isl' reached undey
canditians different from t.hcse neeessary for miuimum perosicy. For this
- _reaaon, sinteting sehedules zust be detemined by the end use of t:he castiug.
» mring sm:.enng. two ceupetins pt:oceases ar:e oceuxring as’ shm-m
- f‘fjf"sehematieally in Figere 3-3. , ?i:st, st.x:eagthcnmg zs aceutrmg by an
s im.mase in t;he boua betmsen parucles umi by a tesul.ting hxcuase in u:a
..‘:'i._':density of the r‘aating, bot;h due to sintaring. The sewml p:aﬁesa 1s "- i _
__fdevittifiueiow at: tempeumres over 21)00" ?. vitmous sﬂiea ctysuniacs '
. :Aj.‘;" :o £om E-cnswbantn. iﬂmn the matins [ woled the ﬁ-uistebalite L
ehin;as o a highe:‘ densu.y fom aoeristabaliﬁe bawuen e.w' and- 480% 7 o
'l""i.ﬂl(-oo te 258‘ C). m a;e@mnyins 3 per cant vcsluue ah:inkage s surﬁaicn&'”?,
to set-up n‘i\‘t‘octa(ﬁw in. the- structure and to wuh.n umt:icseably. ac m o

r_:"point dn sinteﬂng, ‘the stmngthening eﬁeﬁt‘. of sinwrms is hahﬂced b)'

- 'the weakenms effr.ct of ctisr.a\balite. iﬁﬂ PNP“W valuas begin to fall. o

t;hia vay.- ptoperty vnues-mh n wdulus af tupture. tenss.le sr.mngth,

"ioung's liudnlus. etc..,dh ruch uxm values. £011md by a dnclina in

- ptopeny levels as sintering eonumus.
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3.5.1 Effect of Chemical Purity on Sintering

Since the amount of cristobalite formed during sintering limiis

the amount of densification and strengthening during sinteri.ng, variations

in the devitrification rate will determine limits on thesa propert:ies. As
“discussed in Chapter 2, there are sisnificant differences in the chemical
analys_es of technical 'grade and high purity slips. These differences arve
: ‘:ef).ef.ted in the devitriﬁcatioﬁ rates of castings made from t:hevtwo mate_a:‘ials"

as Aslho‘_m in Figﬁ:e 3«4, The cuxve for the technical grade material reflects

- data from a large number of technical grade slips produced over a period of

- 10 years. 'rhg‘currehtly av"a_ilable -technical grade slips trend tt‘)i}éfﬂ&' the
-tight: hand oy louest rate port:;on of the broad band, 'Ihe high purity slips
) ,gshaw a similaf spteaci of values (diseetted l:sy the Icg seala). but. the aetual

zates axfe much !mr, mmittins lengar siateving tmes ami higher vsmes for- '

Amdulus of mpcum snf.i bulk deus;ty as vell as lwes: vaiues £or paf:osicy

-'Sim:&tins ptnpeteies of the tve maeruts are cwwfx.é in ?igums 3-5, 3-6

o ,amﬁ 3=7 ﬁm éiffaremea are wot &35 preacuieed at t;im 1mr :an. ratire, Emt‘

‘at 2&00" &’ the’ differences are quita &pp&x‘smii At 2359' ¥ ma tecimual grade RO
' "'slip ga&s :hrangﬁ a pomity mam while the high purit:y slxp miim& (13

-dﬂﬁ!‘ﬂ!&é;_ M-w}é’ F t}.& techns.al guda siip mmes a ainfkia porosity’ o_s - .

e sround m per cent, and ‘the high purity aaterial sioters to leas than one

© per sent- po:osuy. Similar behavicr 1is shown for bulk dsnsity. In both Lm;_ N

ELI v

5&3 :&wrsu m t%e bulk &enﬁi:y aﬁd porouity euwen for the technmal grad:
fn&t@rial is believed to msuit fron em:enive cﬁasml:aune formation, ianwed
"-by ﬁw begimtng of’ simerms nt. . wuch slover rate in the criuolnlitee

~'Wbile the modulus of fupture cuyves reach’ siﬁii;: caxini at the lwar-wapen-»

" tuve, the saxisunm for the high purity materiel is such broader, of feriug wore

- 3«18
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easily controlled sintering. At the higher témperature,rthe high purity slip

sinters tu a higher modulus of rupture before excessive cristobalite formation

. oceurs. o )

3.5.2 Effect of Time and Temperature on Sintering

Figures 3-8 and 3-9 show time-temperature-property level surfaces

- for porosity and modulus of rupture for 'a high purity slip with a mean

particle size-of 7 ym. Both figures show that by increasing temperature

greatex deunsification and strengthening is achieved.,” This result is due.to

- the difference in activation energies for sintering and devitrification.

Values for high purity slips were calculated as approximately 65 and

115 kcal/mole, respectively, by Harris and Theiling 13/. The higher

_activation energy for devitrification indicates that for a given increase

in temperature the sintering rate will be increased more. than the devitri-

fication rate. In terms of Figure 3-3, the effect is to shift the. maximum

-point further to the right;

For Figure 3-8, contours of porosity versus -time at constant temperature’

are concave upward at low temperatures., As temperature increases, the curves

become wore linear until over a short interval a section with a concave-

downward curvature is obtained. Such curvature is due to the beginning of

formation of significant numbefs of closed pores, which permit viimination of

open porosity at bulk densities below theoretical dengity, Closed pores

appear to be formed beginning at porosity levels of 9 to 10 per cent, This

is in agreemeni with theoretical predictions lﬁ/.

- Ir Figure 3-9, contovrs of modulus of rupture versus time at constant

AR

temperature show a steady increase in maximum value and a correvponding
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Figure 3-8. Porosity as a Function of Sintering Time and Temperature ;
for High Purity Slip-Cast Fused Silica with 7 Micrometer §
: Mean Particle Diameter. ' i
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Figure 3-9. Modulus of Rupture as a Function of Sintering Time and Temperature
for High Purity Slip-Cast Fused Silica with T Micrometer mean
Particle Diameter.
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‘decrease in peak breadth with increasing temperatures, At high temperatures,
control of sintering time becomes increasingly critical, requiring a necessary

trade-off of modulus of rupture an&greproducibility of sintering conditions.

3.5.3 Effects of Atmosphere

The ‘densification and devitrification rates for fused silica are
affected by moisture and oxygen content of the surrounding atmosphere in much
‘he same way as by temperature, A number of authors consider correct
: Qtoichiometry'to be. a prereqﬁisite for devitrification 17,18,19/. In their
Qiew, most fuéed silicas, particularly the silicas produ;ed\by flame fusion
‘processes;\are onygen deficient and must be oxidized-in order for devitrifi-
»cation to.proqged. By this view, water vapor ée:ves as a source of oxygen.

- Another yigwlis that“the weakening‘effeét of-hydroxyl_units in the silica
glassAstfucture cétalyzes devitrification 18,20/. In either event, the
effects are similar, Figures 3-10 and 3-11 show bulk density and modulus

of rupture versus time for a 7-micron mean particle>diameter technical grade
slip. As expected, steam:provideS'enhanced sintering, while argon retards
sintering, Higher water partial pressure would be:expécted to provide .further
enhancement, while vacuum sintering would be expected to retard sinteging

further,

3.5.4 Effect of Particle Size on Sintering
' Slips with lower mean particle diameters have greater specific
surface area and a greater numbaf of particle-particle contacts. This results
in an increased sintering rate, particularly in‘che early stages of sintering,
Figure 3-12 shows elastic modulus versus sintering time for three high purity:

slips with mean particle sizes of 4, 7 and 17 ym. The bulk density and
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1§oros£cy should be minimal, the sintering temperatures should be in the range

modulus of rupture curves show corresponding increases in slopes during the
earliest portion of sintering, Despite the increased surface area of the
more finely ground slips, no measurable effect of particle size on

devitrification rate has been observed.

3.5.3 Selection of Sintering Conditions

The selection of sintering conditions must be dictated by the
property requirements of the finished item, as well as by the capabilities of
the fabricator's kilns., Figures 3-13 through 3-19 show room temperature values
of bulk density, pu.osity, modulus of rupture. and dynamic Young's modulus of

elasticity for a technical grade slip and two high purity slips sint:ored at

several temperatures for varying times, These illustrate thé intexdependence
_of ‘several properties and can be used to establish tentative sintering

~ schedules, Because of variations in temperature profiles and siﬁcering

characteristics in various fabricator's kilms, an actual sinteriﬁg achedule'_

_  must berdetermiaed.by'méking trial firings,wich cither the desived part or
- similaxr shape. Radomes, for ina:nnce; way be replaced with clesed-end
" cylinders for initial tests, "The sintering temperaturd .is again dupendant

on the actual hardware item, TFor example, one propérty which must be -

controlled tn a radome is its dielectric constant. The dielectric constant

. - 13 a.fuhction of the final 5u1k deénsity, To tnsure a reproducible dialece. -
f:}fftric constant, hs,well as pieeiﬁe physica; diménaions which will minimice
"jmnchining,,sincering'should be cafried-out at temperatures from 22C0° to
‘12250° P, where sintering rates are slow enough that sintering times can be

;'"conttolled-adeQustely. On the other haud, for a crucibie application, where
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o§_2300° to 2500° F to insure an iﬁpervious part with some degree of
mechanical stzength,

With its low thermsl expansion coefficient, it is viftually impossible
to thermal shock a slipwcast fused silica part, Therefore, where bottom-
loadidg kilns are available, thoroughly dried parts may be placed in a furnace
preheated”to the sintering temperggurg and~remcved and air quenched after -
;intering.'

All of the data reported here were taken from slip~cast fused silica
sintered in silicon carbide, electrical resistance heated kilns, Some
commercial fabricators have used gas fired kilns, but it is felt that with
“the variations in flue gas moisture content and their effect on sintering
- more precise control is available with electrically heated kilns (see 3.5.3).
PRECAUTIONARY NOTE: All of the data reported here for high purity fused
~ silica slips were developed from non-aging slip, the material which has been
| used for the great bulk of high purity slip-cast fused silica, It is possible
for glips which exhibit aging to exh.bit a higher sintering rate‘than norxmal,
Sintering times on the order of 60 to 70 per ~ent of the predicted terms have
been observed. For this reason it should be emphasized that SINTERING

CONDITIONS SHOULD ALL WAYS BE VERIFIED WITH TRIAL FIRINGS BEFORE PRODUCTION

HARDWARE IS SINTERED, and sintering conditions should be rechecked ‘periodically

to insure ghat both material sintering rates and kiln_conditions~are'remaining
constant, )

-From & standpoint of minimizing property variations acrogs the wall of a
radome or other part, i~ is desirable to control heating ra;eé at sintering

temperatures so that the backside temperature remains within 10° F or so of

the frontface temperature. To solve the necessary heat conduction
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relationships, Boland 21/ has prepared a series of charts shown in Figures 3-20,
3-21 and 3-22, When using these charts, one calculates the value for the
horizontal axis from the known temperature conditions. Once thié value is
obtained, the appropriate value of a'r/R2 may be read off the vertical axis of
the chart, From this time, heating rates may be calculated for the desired
conditions, Examples of the type calculations that can be made are shown

below,

Example 1

Property gradients can be minimized in slip~cast fused silica by
minimizing the temperature differences in the silica whenever any part of the
silica is at a temperature where the cristobalite growth rate is significant.
.Suppnse a slip~cast fused silica radome with a wall thickness of 0.75 inch
-is to be fired at 2200° F. Cristobalite does not form rapidly at 2000° F
or below, and the radome may be heated to 2000° F in almost any manner which
is convenient, It would probably be most economical to heat the silica in
the shortest possible time, Therefore, suppose the surface of the radome
will be raised to 2000° F suddenly (as rapidly as possible), and then, after
a suitable soak at 2000° F, the surface of the radome will be raised to
2200° F at a counstant rate. How long shoul& the radome be soaked at 2200° F?

Suppose the available expevimental data indicate that the radome should
be soaked at 2000° F until the backside temperature comes up to at least

1990° ¥.”

A ———p———

*A maximum allowable temﬁerature differential of 10° F during initial
heating has proven to be satisfactory at Georgia Tech for the firing of
slip-cast fused silica components up to 0.75 inches in thickness.
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32 T T T
Cods: @ = Thermal Diffusivity
T = Firing Time
- £ = Wall Thickness

Rl T, = Initisl Temperaturs N

Tg = Surface Temperature

T/p=g\~ Termiral Backside

- Temperature
t=71 :
23;" ’ -
" ar L .
- 2 28
v =
24 - -1
22 -
2.0 1 I L ] |
0.0001 -0.0002 0.0005 0.001 0002 - 0.005 0.01
L _ ~ Te~Tr=0
' t=71
T, =T

$

Figure 3-20, Transient Heat Conducticn in a Radome Initially at Temperature
T,, aa External Surface is Held at Temperature 'l‘s wvhile Internal
Surface is Insulated. (Reference 21, page 20.)
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15 b Code: « = Thermal Diffusivity -
T = Firing Time
R = Radius of Bar .
T = |nitisl Temperature
T, =- Surface Temporaturs
14 - r=0 = Terminal Temperature |
' of__Bar . ‘
13 N
QT :
R o
1.2 |- 7 :
1.1 -
10 ' =
] ] i | 1
0.0001 0.0002 0.0005 0.001 0.002 0.005 0.01
T“?T;u 0
t=7
T-T;

+

Figure 3-21. '-'I‘ransient Heat Conduction in a Cylindrical Tes'! Bar,
Initially at Temperature T,, as the Surface is Held
at Temperature Ts. (Referénce 21, page 21.)

3-41




cir

2 ] l 7 T
Code: « = Thermal Diffusivity
Cr = Heating Time
R 2 = Wall Thicknass of Radoms - .
0~ R = RadiusofBar | 3
T;. = initial Temparature
: T; = Final Surface Temperature
Ty =gl = Terminal Backside _ ‘
s _L”) _Tempegpt;:l_tefor Radomg da
| T(,,,lj = Terminal Temperature .
t=1]

"+ “at Center of Bar

— L [ 0
0.0 0.1 0.2 0.3 04 05
T,-T(x,o T'-T(:,
t= rl ) =7
o W
Tf —Ti T' - T‘

Figure 3-22. Transient Heat Conduction in & Radome or Cylindrical Test Bar
Initially at Temperature T,, as the Surface is Raised to a
Temperature Tf at a Constant Rate. (Reference 21, page 22.)
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Then the question can be answered by referring to Figure 3-20:

T, = 2000° F 7 (3-8
t=
T, = 70° F A o (3-8)
R (3-9)
t=1 _10 3-9
T = T35 = 0.00052
s i
9151@ 2.72 (from Figure 3-20) (3-10)
A ~
0.75 £p42
2 , (5= ft)
T B2 o272 12 ~ 0,93 hr. (3-11)
o 0.0114 £t%/hr ‘ .

The soak time at 2000° F need be only abhout 56 minutes. This number is con-
servative as the minimum value of the thermal diffusivity of the silica was

used (o = 0.0114 £t2/hr) 1i/.

Example 2

How fast can the surface temperature of the radome, described in Example
1, be raised from 2000° to 2200° F, assuming the radome is initially at 2000°'F
uniformly?

ASuppose the available experimental data indicate a maximum allowable

343
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*
~ temperature differential of 20° F in the radome while the temperature of the

N
- radome is, at any point, above 2000° F, Then the questfon can be answered

7/

by referring to Figure 3-22; .

Tf = 2200° F (3-12)

i o o — = e

- © -
. - 0]. 2180° ¥ (3-13)
£=1_ |
Ti = 2000° F (3-14)
T - '['x =0 ?
'—f"—-"',%u'!: 0.10 (3'1 )
£° %
-a—,;l ~ 5,0 (from Figure 22) (3-16)
z‘o
s 2 5 &Rt -
T ag = 1,71 hr. : - (3-17)

o 0.0114 £t“/hr

The surface temperatur2 of the radome should be raised from 2000° F to 2200° ¥

at a}tatergo' faster than 200° F/1.71 hr & 2° F/min,

Example 3 ' . EE o R &
Suppose a cylindrical test -bar of fused silica, initially at 2000° F

.*A maximum aliowable temperature differcntial of 20° F at temperatures ,
above 2000° F appears marginal for glip-cast fused silica radomes 0.75 inches
in thiskneas, based on experience at Georgia Tech using electric kilms.
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uniformly, is heaied to 2200° F in the same manner as the radome in Example
2. What size test bar would give rise to the same temperature differemtial
as experienced by -he radome (20° F)?

Referring to Figure 3-22

1%~ 95
R (3-18)
l
Roo {JL00) Q018 L5 /D) o 0,088 £t (3-19)

The radius of the test bar should be approximately 1.06-inch.

Example 4 (\
Suppose the test bar in Example 3 was origimally at room temperature

(70° F), and suppose the bar was first heated by suddci.ly raising the surface

temperature to 2000° F, How long must the bar be subjected to this cordition

~ before the center of the bar comes up to at least 1990° ¥f

Referring to Figure 3-a1

T, e 2000° F o »\W '(3-20), .
_EH. o]“ 1990° ¥ o (32D
Yt e v ’
1, e 700 X | o (3=22)
Ts i [r = Ol - , '
- -rt = 1d 1;20 s 0.00052 ' (3-23)
L
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@ 1., 1.42 (from Figure 3-21) (3-24)

FUNI

1.42 R, 1.62 (0.088 ft)’
~ "

~ 0,96 hr (3-25)
@ 0.0114 £t2/hr

-

The soak time need be only about 38 minutes, which is only slightly longer
than the soak time for *the radome considered in Example 1 when subjected to the

_ same conditions.

3.6 thhining of Slip-Cast Fused Silica

Althoughrslip-chét fused silica parts can be match cast to fairly close
tolerances, some degree c¢f finish machining is often required. Such finishing
- thould be carried out in a manner that wiil prevent coutamination of the parﬁ.
>For this reason distilled water is the preferred cuoiaaﬁ. ﬁln_addicien,
* teoling fixtures, particularly those pavts in,cantéeifwich the silica should

 be made from non forzous materials. Diamond grinding with low (1000»20@& nim)

‘wheel speeds and low mntérialr£¢adAraics has pra§ﬁuiantis§acﬁuty,~althﬁugh sewa,'

"ff@anuﬁacturars':eéo:c satisfactory rasults with duwse silicon carbide vheels,

" Feed rnces.ai& limited by the thickness of the patt,_singﬁAee&wﬁrﬁtivaly ng -
-VBfiﬁdins-vrassure can cause tonsile failuru at the back vide of the pgrt;l 
,Qoniual'shapes with 0.076~inch:wails have be&u-&uce&asfuliﬁ_m&@hxaad? but
it is felt that chia}apgroaehes a-lover limit on wall thickness., afrer
’ mschining, parts should be dried ané, if size pgrmita, Icachod with dixucé

(3:1) aqua regia to remove all traces of grinding wheel debris. Drying
" followed by heating to 1000° F is usually sufficient to remove wost organie

contaminants such as grease.
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3.7 Sealing of Blanks

One of the major prablemé iu using slip-sast fused silica for radome
spplications is _the'facrthat: it i{s a poro;;a material, subject to water
ébéoﬁption. .I_n‘ the area of 'st.téng::“hs and densi.t:ies of concern for radoume
apph.ca::i.m';,a:e this pomsiz:y way range from 3 to 12 voluma per cent.

Qne mached of sealins fused silica is to fuses the surface using an arc-

. r?:.aam }at a:‘ ozyacetylem wteh 2"1, This pm&uees & deunse, glassy layer
‘uuh 10 f.vmmscteﬁ pazas.- 'Ehs.s type of sealim k&& :he s&vantage of ;kméu&iﬁg
a sfxxl which mll wiﬂxatam the %w Eempetaw:aa &a th@ gadawe 13 eif. |
‘L‘iw ﬂxs&dvaneagns am &é&t it is m:pensiw, tm cwwi;g, _and diEEL k
- iE-not im;eaas ible o seai .iaa im—.ar auxiaee es & e.uarpi gﬂiﬂtﬁd raw:&.«-. :

'?)aia@, abzwea Hach 3 tae }:aiﬂ smﬁos ras;szamss is dec:aasa& hi by :he

-.g@laasy surimm. o

o

P :gﬁg»&. ;-:5 afﬂwﬂl&% rar {5 mms'at giﬁf&‘ 2, i’ailmé by siw { ¥ gmr

" -‘i.ﬁ&.w) awiiﬂg aa ’*9@" ¥ 332 me E@ ﬁw éiéimii; us waus,e.mg'
- fa:: radm aw} wa iuus.

.o vith ﬁhﬁ mss eaf the ,bssxie, is desu&mtu{ «s: ti\»s emd of ﬁse wissiua. ?m
N khw t}*pé of wpiimamni the wrtaea un he suzesrs usmg s;lawm resing :s}.
E ‘nmsc sator a:s ca be sgpiwd ac £O0N t%pe&ture agd euwd at soderate
;merammd_(a’?? £). Tin uoutings ate easily -‘apynee% to the cutside oi
_ the 'raw_by spaaging aud t‘;&%t‘.!w instdé by biuii‘:éng oy spraying. Thia
coatings do not degrade the electrical chaxacmﬂs.taci of the radome, and

the meterial will bufn vut at hypessonic velocities. -

Ju4?

) :-é» Py dum;iﬂstwa sia‘rimg@ :asnlts in sansile s&téséas' in the 5;;&& L

' E%oth taéwc hyyliutiws arve » one tsm use mx&y, m:i t*w r&&m aleig
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A coating of this type is Dow Corming 808” s{licone resin. The resin
is prepared for spraying by diluting three parts resin with one part xylene.r
‘The resin is sprayed on in several thin cqats, allowing the solvent to
‘evaperate between coats. The resin is cured a minimun of ona hour at 475° F,

Note: Since the vesin does not dry tack free before cure, the coated -part

must be handled in such a manner as to aveid marrving the coating.
A second method of sealing with gilicone resim is to impregnate the
- siip-cast fused silica with a resin such 'aéééae:al Electric SR8¢°, A
radome may be imprognated by,invéi‘ting the radome and finiug wit‘:h msiﬁ. 'me
-‘ g3 18 then allowed te wak thtaug%\ unkil the outside surfsce is wet. At

this ;»mﬁ the oxcess res;m is drained .ami :lw part dricd ans‘. cured as follows;

Za hours seak at: h}ﬂ % 5‘&?

6 houts im‘#*ua% from. iﬁ& 0 360" ¥
3 hours sosk at 300° ¥
5 hssérs imerouse §m§a3§6 to 465° .?A
$_ijsap:s waa at w&&" i?"
3 hw:s el to "i;(‘z ¥, |
Bath wsia sagling métiw«is @mﬂc g fﬁﬁ&m Lo gw&sw ad wgmﬁ%ﬁm -.

i dieles pmpxzteaes m‘ saam% mgﬂmu, -

3»‘5_ dehey Foyss of }‘gigﬁ %11 i%ﬁéi
™o st*ser forss m tgiwd sﬁ!u:a mnzimﬁ throuphout z&:is mwi ave:

©{3) glese worked fused sitica, asd (2) fesed silica foam,

3@8 i §°§\ﬁ§ kﬂ'ri{f“@ 3“3‘9‘5 ~§, 104
The terairology gl&sx worked fused silics as used do this woport

refers to »!e&: or transivecal fwpdd siilua presaved by welting guaris undor




extremely high temperatures and/or vacuum to remove air and give a dense

transparent or translucent product. This type of product is used primarily

for optical and chemical epplications,

3,8,2 TFused Silica Foam

Two types of fused silica foam ave commercially available,
(1) Closed pore glassy foam can be prepared by carbonaceous forming of a

silica melt, (2) Open pore foam is prepared by entraining air in fused silica

slip at room tempe;ature,_following'by drying and sintering, This type of ' . §-
open pore fused silica foam can be produced in a range of densities from %;
25 lb/ft3 up té the density of slip-cast fused silica. It is available %
commercially in densities of 30 and 50 lb/ftB. Property data given in this §
manual for fused silica of less than 115 lb/ft3 density is for open pore E_
fused silica foams. | | “ % 
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CHAPTER 1V

SLIP-CAST FUSED SILICA PROPERTIES

4,1 Introduction | '
The thermal and electrical properties of sintered slipe-cast fused silica
are density dependent but may vary somewhat due to the type and size of pores
present, The mechanical properties are generally density dependent but may
vary more due to the degree of sintering, The degree of sintering is dependent
on particle size distribution and solids content of the fused silica slip,
impurity levels in the fused silica grain used to make the slip, other
impurities picked up during processing of the s8lip aun. the slip-cast piece,

sintering time and sintering temperature, Sintering, as discussed In ChaRUerﬁf}f o

III, is limited by the competing process of crystalline graiﬁ grothBiﬁ 4 c ?

(cristobalite), The growth rate of cristobalite can be so rapi&las’té'preveﬁt
optimum sintering (See 3,5); in this case, maxiﬁgm densities andfstrengths will
not be reached, Becausé the density of crisﬁéﬁélite is 2,36 gm)cc,‘relativelyf
large quantities of cristobalite will‘incrqése.the Bulk density of ghe overall
cast pilece but the piece willkhave a léfge‘foroéiﬁy and will have very little

strength due to the inversion and volume chaunge of cristobalite in cooling to

room temperature,

Other major material fawtors that afﬁecﬁ the §tr§ngth wvalues obtained for
a glven ceramic material are micr@structure, surface finish, and specimen size,
In addition certain external conditions also influence the strength value,
The conditions which aye most critical are test tamperéfuxc and the various
factors involved in processing the cevamic prcduct, Finally, the test method

used to obtain the strength data also influsnces the magnitude and repro=

ductibility of the data, s

i
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4,2 Mechanical Properties

4,2,1 Room Temperature Properties

4,2,1,1 Elastic Modulus. The room temperature elastic modulus of

slip-cast fused silica has been determined dynamically on hundreds of slip~
cast fused silica specimens of both "high purity" and commercial grade,
Static elastic modulus measurements have been made on a smaller number of
samples, but these,.in general, agree well with dynamic measurements and
are usually within 5 to 8 per cent,

Elastic modulus is a function not only of density but also of how well
the specimen is sintered, Figure 4-1 shows the room temperature dynamic
elastic modulus with respect to bulk density for numerous "high-purity" and
comnercial grade specimens, and Figure 4-2 shows elastic modulus as a function
of density for both slip~cast and foamed "high-purity" fuse” silica.

 As-cast and dried "high-purity" slip-cast fused silica has a density of

113 to 115 lb/ft3 and a dynamic elastic modulus of 4 to 5 x 105 psi, Under

:;jk’ipitial sintering there is very little increase and, in some cases, a slight

. &écréase in density while the elastic modulus is increasing rapidly to 1.8

:v;;tpfé.o x 10° psi, As sintering continues bulk density begins to increase
‘jénd}elastic modulus continues to increase but at a decreasing rate. For

= ﬁigh~§5rity slip~cast fused silica, the rate of increase with buii: density

S becomés logarithmic from about 124 lb/ft3 to nearly theoretical density of
;”139 1b/£t3. This portion of the curve can be described in terms of porosity

by

E .« (10.5 x 10%e">*%F 4-1

where p = volume fraction pores,

4=-2
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A straight line connecting the upper portions of the slip-cast and foam
data in Figure 4-2 is alsc described by Equation (1). Walton 1/ suggests
that the exponent for any ceramic should be in the range -4p to ~7p and
Gannon et al. 2/ used a value of -6,6p to describe the elastic modulus curve
they obtained for technical grade silica. The exponent of -3,2p indicates a
vast improvement in elastic modulus over previous work, By starting with a
foam composition rather than slip-cast material it is possible to sinter "high-
purity'" rebonded fused silica to maximum modulus of elasticity at any density
between 60 and 124 1b/£t>,

The points plotted on Figure 4-1 are for sintering temperatures of 2100°,
2200°, 2250° and 2400° F for various sintering times, Elastic modulus versus
sintering times for three "high-purity" slips is shown in Figure 3-12, The
points in Figure 4-1 are for several slips of varying mean particle size, The
significance of this is that the majovity of "high-purity" slips, cast and
sintered to the same density will vary only slightly in 3lastic modulus oven

though the two slips reach the same density at different times, A& vary coarse

-or very fine slip may vary somewhat at the lower demsities, but should follow

the curve shown in Figure 4«1 above 124 lb/fts.

The curve for the technical grade slip shown in Figure 4-1 reaches a maximum .
 betwaen 120 and 122 lb/ft:3 then falls off rapidly. This rapid drop in elastic

“wodulus is attributed to the formation of large quantitics of cristobalite,.

The drop appears to occur after the formation of approximately 25 volume per
cent cristobalite, The large volume change accompanying the cristobalite

inversion destroys the {ntegrity of the test speciwen causing the clastic

~ modulus to show a decrease, The high-purity materisl does not show a decroase

until after theoretical density of approximately 139 lb/ft;3 is reached,

4-5
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g% Densities greacer than 139 lb/ft3 can be achieved because the density of

cristobalite is approximately 147 lb/fta. At values above 139 lb/ft3 elastic

modulus drops rapidly.

4,2,1,2 Modulus of Rupture., The dynamic measurement of elastic

modulus is rather insensitive to small surface and intecior flaws, hence
good agreement is obtained from sample to sgmple as long as density is constant

and the specimens are well sintered, This is not the case witl wodulus of

T g A A LT

rupture or transverse strength, The values uktained for modulus of rupture

AR

Ko

o

34

are dependent on the type of test loading, surfzce condition, geometry and

S

size (volume) of the test specimen.
A.S,T .M, Designation C674, "Flexural Properties of Ceramic Whiteware

Materials," calls for the use of three-point lcading in defecmining modulus:

i WA AL R

of rupture of circular or rectangular cross-cention specimens, However,

experience has shown that three-point loading gives a higher wean strength

and a larger deviation than does Eout-point'lo;diag, This cceurs hacausr

of the small volume under waximum stress in tlhrie~point leading.

BRI Sl PRy RN FRTL S R e

The calculation of modulus of xuptire, wheiher thres-poini ot four-point

PP

loading, - is made by the use of uhe-equaa;én

M | o N s
GHR_EI o . (62}

et et R S P

&HR-H failure stress (wodulus ot rupture)

M = bending moment at failure point

¢ = distance from neutval axis Lo the f?ilure suviace
T = poment of inertia of the crosy secnian undor the

bending woment,

bt
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The use of this equation assumes the transverse plane at the point of the
calculation remains as a transverse plaie after bending,;e.g. the material
s homogeneous, obeys Hooke's Law, and the stress field is linear as a
function of distance from the neutral axis,

The above equation and assumptions are adequate for four point loading
modulus of rupture determinations. However, when three point loading is
used, a corrective factor must be applied to the basic equation to account
for the "wedging" effect. As reported by Shook 3/ the fbllowingrequatious

have applicaticii to this end

' P 4. h ) | Y
AR ® T (L - W L) {rectangular bgr) S _ {4-3)

M I d JTY S ,.' A 
g ° T (- P o(etreslorhan 44y

13:§hér&{

h L depth of bar in divection of 104& at Eailure point
- d'= diametor of bar at failura point
L - cxttemﬂ suppnrt span diﬁnance

1t is apparent: ixom thvsc uquations that unuarrautcd chrga puint loaaing

‘mméulus o&-xupnurﬁ calculatinns will always yiald straﬁgzh values greater in

fxa%n*tuda than will four point loading modulus o@ rupture deterninations opn

Ldtucxual s&mplus.

B ° 1 -
sucausﬁ ut thu'abnvu TouLIns the,maiarity of test data on both cosxtercial
‘:srﬁh& and "h&gh 9urtcy" slip-nast iusad silica has baen obtaiued oa round

Lest hnrs 1um&un11y 3/6~inch in di&mucar and 6 inches in longth, Those bars »
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were loaded to breaking using 1/4 point-four point loading with a 4-inch

AGK A fr Lot T T o AR P 2 R
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yowpotion

lower span and a 2-inch upper span, Loading rate was 6000 pounds per minute,
Using this type of test there is still a large data spread as shown by the

curve in Figure 4-3. The points shown are for various "high purity" fused %
silica slips. An even larger spread in data occurs with technical grade é
materials because of the variation in rate of cristobalite formation. 'f

Figure 4~4 shows modulus of rupture versus bulk density for a good technical

gra'e slip (one that duvitrifies slowly). fhe other individual points are the

o

ot ecre

wedian values with 95 per cent confidence intervals for a aumber of differeut

A

AR R

conmercial slips. 7Tt should be noted that the main reason for this variation

is thoe rate of devitrification. It is hypothesized that devitvification _ ‘ i

T

begins at the surface and proceeds inward with time., This hypothesis.

S - explaing why the modulus of rupture (Figuve &—3)_6&gins to drop in the Eigh

A S L e A 0

purity waterial above a density of 2,02 gm/ee vhile the'elascic-maﬁulus:

AL SN

A N

b ; (Figura 4+1) is SCill ine:easingJ The ‘swall amount é§ eriacaba1iea at the
' surfacc is :nautiicient to dafﬂﬁt the elastie madulus but can eausa axcrg»,'f‘

eracking uf the sutid&ﬁ, thus &taseieally Peduciﬂg mad lus of rupture,

_fr; : 'criatdbalica build up in the comercial waterial is so vapid that the glasiig T

<moéulus bag;ns to dmk Jlmost siagﬁcéuaausly with the drop in codulus of .

) ;'\3? ('\l?d .

Thn a:fﬁcc of eristobalite on modulus of rupture ir velated to demsity..

AR N
A o]

' Lese donse wmaterial can tolerate considexubly move Liiﬁtabaiitﬁ than dease

| waterial, A commercial waterial with a dunsity-iu the tange 5 115 to 115 lbifﬁ3 ' .

" A i

wmay in some fow cases ceatain up to 25 volume por cent cristobalite before any

o

effeet on transverse strongth is noted, Usually 12 to 15 per vent i rogavded

P

as the uppur'lﬁmin for satisfactory performance 4/. A slip-cast fused silica
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body with a density in the range of i22 to 128 lb/ft3 may show deleterious
effects on modulus of rupture with as little as one to two volume per cent
cristobalite,

Removing the as-cast and fired surface layers from fused silica test
specimens can cause a marked improvement in transverse strength. The improve-
ment comes about not only from removing sQrface cristobalite but alsc from
removing other imperfections on the as-cast surfaces, Reducing the total
volume under maximum stress will also show an apparent increase in strength,

Table 4-1 shows the effect of machined surfaces and volume size ..

transvexse strength for two different slip-cast fused silicas.

. TABLE 4-1

SURFACE AND VOIUME EFFECTS ON
MODUIUS OF RUPIURE OF SLIP-CAST FUSED SILICA

S e

Specimen Surface Breaking Span
Density Geometty TFinish Size Upper/lowey  Modulus of Rupture

{inch) * (inch)/(inch)
2.06 Round As-cast 3/4Dx 6 2/4 : 4597

2,06 Round Ground & 6D X6 2/4 5920
polished

1,96 Round  As-cast 3/4 Dx 6 2/4 4860 +

1,96 Rectan- Machined 1/4 x 1/8 x 2-1/4 1/2 9330 -
gular

L T o

4,2,1,3 Uompressive Strength, Fleming 5/ reported an average room

temperaturg compressive gtrengﬁh of 23,000 psi for technical grade slip-cast

-fqéed siligé,"Sputhefn Research Institute reported values ranging from

o~
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24,000 to 54,000 psi for technical grade material and 30,000 to 54,000 psi

for Mhigh-purity" slip-cast fused silica. Room temperature compressive

- strength is shown as a function of density for specimens of similar material

tested at Georgia Tech 6/ and at Southern Research Imstitute 7/ in

Figure 4-5.

4,2,1.4 Tensile Strength., Fleming é/'reported a room temperature

" tensile strength of 4300 psi for techmical-grade slip-cast fused silica.

Southern Research Institute reported values of 2500 to 4300 psi for the

technical grade and 2200 to 4300 psi for the high-purity slip-cast fused

silica 7/.

These specimens were all of the "dog bone" type and were loaded by

‘a straight pull.

Using the hydrostatic ring tensile test developed by Sedlacek 8/,
rings were fabricated with inside diameters of 5-3/4, 16-1/2 énd.29-1/2
inches 9/. . These rings were stressed to failure with the results shown in
Table 4~2, All rings were prepared from the same fused silica slips and
sintered as nearly as possible under the same conditions, The fracture
strength of these rings showed a consistent variation with volume, becoming
smalier as the volume increased. This is typical of brittle ceramic materials
and indicates that slip-cast fused silica probably follows a Weibull

statistical distribution law; however, additional data is required before

~reliable values of the statistical parameters can be established,

4,2,2 Elevated Temperature Properties

The strength of fused silica has long been known to show a

substartial increase with iemperéture 10,11/, The reason for this increase

4el2
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is not cleadr, Stress reliaf by plastic flow at highly stressed points near gﬁ:
surface fiaws is possible since plastic flow under deformation has been
demonstrated even at room temperature 12,13/, Since the strength increases

essentially comstantly as the temperature is increased while the viscosity

shows a very slow change 12/, this is unlikely to be a predomingnt mechanism,

[

A structuril rearrangement has also been sugéested 14/. One mechanisi, which
-has been suggested, is that surface flaws resulting from themmal shock of the
cristobalite formed during fabrication become filled-in as the cristobalite
expands on heating.- As these flaws aré filled by the exnanding cristobalite,

they become more mechanically stable end tend to act less as $tress.

concentrators 15/.

4,2,2,1 Elastic Modulus, Data on the modulus of elasticity of 7 P

slip-cast fused silica at elevated temperatures are very limited, However,

moduli determined from static data appear to decrease with temperature

‘while moduli measured from sonic resonance data appear to increase with
temperature, Figure 4-6 gives values for static elastic modulus as a

function of temperature.

4,2,2,2 Modulus of Rupture. The modulus of rupture versus tempera--

ture for technical grade and high-purity silica slivs are shown in Figure 4-7,

4,2,2,3 Tensile Strength., The tensile strength of;both technical

grade and high-purity slip-cast fused silica is shown in Figure 4.8,

4,2,2,4 Compressive Strength, Values for compressive strength of

both high-purity and technical grade material with respuct to tempervature are

shown in Figure 4-9,
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4.2,2,5 Poisson's Ratio, Poisson's ratio with respect to tempera-

ture is shown in Figure 4-10 for transparent and slip-cast fused silica,
The Fleming and Corning data were taken from sonic resonance measurements.
The broad band of values is based on optical strain measuremcnts, and
reflects the increasingly plastic nature of the material above its

sir ‘ring temperature.

4.3 _Physical Properties

4,3,1 Thermal Expansion

Fleming 3/ discussed therwal expansion of fused silica at some
length and based differences in expansion on the equilibrium temperature.

Figure 4-11 was presented in this discussion, and it was suggested that the

'equilibriumrtcmparature for glass-&orked silica, which this data tégrgsahts,

is in the neighborhood of 2300° F.  Fleming further suggested that since the.

procossing temperature of slip-cast fusud silicaiis 2200° ¥ for aufficiunt

- timo to reach ah.equilibr;um;density, then'the'equilibrinm temporatuce i’

near 2200 F and oxpansion data should fall slightly below the pofnts n-

Plguve 4«11, Autuai ueasured data on slip-cast fused stlica is alse displayed =

ia Figure &~11."It can be s&en»chac'thc»daua_fat teehﬁ;eal grade S{ip—cRSt'

ﬁﬂterlai-f&llsﬁb&ldw the glass-worked fused siiica-points.r Howaver, the

data for the high-puriey slipecast wmatevial falls above the glasseworked

“fused silica points. The roason for this is not apparent but way be due

to inacvuracies in measurcment, Although the vafin&ionfin.caﬁfiiciunt.of_

thermal expansion are quite small, in some cases the diffovences may be

eritical, in an anlysis of thermal shock, fox example, the stross coutd

be different by & factor of two oF wore. .
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The thermal expansion or slip-cast fused silica cannot be measured accurately
at temperatures very much above the processing temperature of 2200° F,

Figure 4-)2 shows the thermal expansion of a technical grade and high-purity
gtade of slip-cast fused silica measured using a graphite dilatometer., At
temperatures above 2200° F, thermal expansion appears to decrease rapidly;
however, this is in reality further densification with permanent contraction

of the test specimen,

4.1,2 Viscosity

Fleming 3/ produced the curve showm in Figure 1.} ?ﬁ? Via=0bt£¥ of
fused_éiliea with respeeﬁ t0 tumperature usiag a uumber of data spurces,
Muvphy 177 estabilvshed vxscosxty curves with r»apect to time for high~puriiy
and technical grade slip-east fusad siliaa,, This data is shww in
-_Eigurax?éw;B and 4-16, ”zt'aan‘be soen by:ccgpariﬁg these_&vd figutes uichA
Flémiu§'§J§§§a (?igure 1?1)'that'ther@'is-gﬂ@d_agéaéa@at fox @h??&‘tiﬁci—é€>'_{
- teaparaﬁut@g' However, a8 time iﬂ&f@%ﬁ&ﬁ;‘pa?tieuléfly‘ﬁﬁf tesperatute 4&6@&*
"_223@*1?,uhe viscosicy incresses. ‘this ;ncreas@ in Vgﬁt@ﬁtf} with Eime an b |

' attributed o scructnnai {drystaliiné) Chaﬁgﬁﬁ sn the ﬁﬁt#?ihl. ﬁrist@balitér'

deternindtions for each tesperature afler testing if@ showin in Figure &~1%,

&,3.3 Theral s‘fe,uéss«fmitzf

The therwal c@nduciivaty of fused ﬁs’ita is stvunture depandent,
'Sinuﬁ slipecast fused tiaica s porouy, al Corcatng PUBEIONE Sit. pockets which
are wall esough not o be subgént to inketnal convestion currents but
nuaétquﬁ encugh €0 have & significant off-ct {n lowering the conductivity,
As & resuit, the thermal conduclivilty of the sl ip~cast @a&neiél i¢ lover Uan

that of the glass-vorked saterial, A¢ clovated téwgexatures,vradiatﬁawf
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contributes essentially nothing to the thermal conductivity of the slip-cast

material but contributes considerably in the case of the glass-worked material,

- As a result, the two classes of fused silica differ considerably in thermal

conductivity above 180CY F. The thermal conductivity of the slip-cast material
is primarily a function of density (porosity) and is shown with respect to
temperature for several densities in Figure 4-16.

There ts consideragble interest in thermal conductivity data for slip-cast
fused silica at temperatures above .he normal processing temperature (2200° F)
and even to temperatures approaching 4000° F. Most of this interest centers

around aerospace applications, where atmospheric heating occurs on re-entry

_and for other hypetrsonic vehicles operating in the atmosphere, This heating

at.a high heat flux is usually over a small area of the radome or leading °

f‘edge ahd lasts for only a few seconds, Thermal conductivity measurements on

slip-cast fused silica above the processirg temperature USIHg conventional

: guardea hot plate thermal conduttivity equipment wevld be meaningless. This

type of equipment requires that equilibriuw conditions be reached before each

meqsuremen;, This rﬁquires that the sample be at temperature for a lengthy

“peridd.} 1f the_sample”is above thé processing cemperature, two events are

décurringisimultaﬁep“sly which‘render the data meaningless, First, the entire

" gpecimen is deneifying due to further sintering, and secondly, crystallization

(cristobalite) formation is occurring. The result is that such data is not
representatite of the material or conditions to be expected, A hypersonic
radome would be densified to only a finite depth from the surface, depending
on the heat flux and time of exposure, Bomai Lg/ has developed equations
and constants to predict thermal conductivity density and heat capacity.

The experimental set-up by Bassett and Bomar 20/ to measure dielectric

T R BTt AR o UG R 2D
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progertiéé of ceramic materials is not unlike atmospheric heating of a radome.
These utilize a high heat flux on a portion of one side of a rotating flat

plate. Heating in this manner vesults in rapid densification of the surface

being heated and also in a density and temperature gradient through the slab.

While being heated, the plate is expanding due to thermal expansion and

receding due to densification.

In order to calculate the temperature profiles and sample thickness, a
solution to the two-dimensional transient heat conduction equation for a
slab of finite thickness with time and temperature dependent properties and
with a receding or expanding surface is required. This equation is developed
from thé energy equation in conjunction with the continuity and momentum
equations as described in Bird, Stewart, and Lightfoot 21/. Because of the
experimental method used to heat the sample, the heat fluxes in the radial
and angular directions are assumed to be small and thus may be neglected,
Further, if one assumes that for any incremental thickness (Az) the corres=-
ponding change in radius (Arﬁ is very small, then a quasi one-dimensional heat

conduction problem results where r becomes a function of z only, The physical

situation, then, is represented by the following equation which is an

appropriate modification to Bird et al. for a pure substance

A
o(T,6) Cp(D) m’ P2 = - (vomly) - TV (-;-‘{} m? (4-5)
: P

where T 1is temperature
t is time
r is radius of the local cross-sectional area at any 2

a 1s thickness

4=30




p 1is demsity
Cp is heat capacity
q 1is heat flux
V is Specific volume, and
P is pressure,
..  ‘Assuming that an expanding/contracting solid may be treated as a fluid at
P

" constant pressure, the quantity %E is equal to zero., Further, if q is defined

as k(T,p) g%, then, with appropriate mathematical manipulation, Equation 4=3

.

reduces to

T 5.2
or AT T 1 3 A 3T
p(Tst) Cp(T) (g + v = k(T,p) %; (';2 ai ) + 57 (k(Typ) 3700 (4-6)

Z d2
T 1 ar’
Considering the group k(T,p) 32 (—3 T in Equation 4-6, if the thermal
. .
expansivity of a solid in the radial direction is defined as q«, - %E/BT,

and an appropriate variable change is made, then the group under consideration

rveduces as follows:

2 2 :
oT .1 2 , o :
k(T40) 'a‘:' \i‘{ -——a: ) = 20 KT, (3D o | 4-7)

and Equation (4-7) becomes

2 ' .
T ) ) By Y
PTE) G e+ v, £ = 20, k(Ty0) D) + Zknodd.  (w8)

In order to consider the change in thickness due to a change in density,

the continuity equation must be used, This equation is given iuw Bird et al. 21/

as follows:

4-31




%E +pov = 0, | (4-9)

This equation and Equation 4-8 provide the basis to obtain the thermal profiles
and sample thickness as a function of time. |

| In order to solve the differential equations derived above, the time and
. temperature behavior of certain physical and transport properties of the
samples must be known. Analytical forms for each of these properties are
déscribed in the following paragraphs.,

The density of pure crystalline materials is a function of temperature and |
pressure only; however, the density of materials formed by ceramic-powdér |
metallurgical techniques is affected by sintering. Thié is especially |
important for slip-cast fused silica. Because sintering is a function of
time at a temperature, tae density of the-matefiul 1sAa function ofrtime as
wel; as temperature, | |

A general equation describing these pheuomenaAis given by quset£ and

- Bomar 19/:

L (‘W} ~ {py ¢ %) oxp (9 - cpl t) + P,: “’1 s w) oxp (9-@,1:) (a-w)

£

- .
@
a3
a\* .
<

d

LR -
'

density (lb/it or gm/cm )
timc (hr) -
@ = ko exp (-AE/RT)
: ! AT
o = et Rl
8 ® [T (o, (1) + 20, (T))dT

particle size base constant (he” )




B R N b s 0 5 Sl

LR = activation energy (Btu/lb-mole)

R = gas constant (Btu/lb-mole °R)

T = temperature (°R)

]

- 2 3
dz(T) %‘§%== thermal expansion coefficient (°K 1) = a+ bl +cT +dT

ren denotes theoretical properties

i

"0"

£

refers to ambient temperature,

Slip-cast fused silica can be assumed to be isotropic gziving 8 = -3IO(T)dT.

3
g.
§
? .

Also, for simplicity, 9, can be taken as 0 for no dependence upon & t>mperature

scadient is showm in the data available. Finally, pt can be expressed as
Pt = pto exp (9) ‘ (4-11)

giving

T B OO R SR R A e G

p = oto uxp (8) - (pto - Qe)iéxpv(ﬂ‘»_ﬁﬁt), f:‘ -“(4?12);

s

The sintering rate of slip-cast fused silica has beon sbtained frowm

' “experimontal  sintoring data for certain high purity slips 22i, Values -for the

constants ih'Equatioﬂ Gulld are'givan71n Table 43, The sintering curves'shawn~;f o

A R A PR

in'?ig&re_¢s17 véra cajeulated using Equﬁeion'ﬁ-lz'aad ARG wgii:uinh the
aspérlméncai data at'ESOO‘-and 2700“‘8; nO‘éxpériméﬁtal-d&ﬁﬁ.&rélsvailﬂblé
:'abvve 2700° ¥, | | | o |
“The thormal cundugcivity oi'aéptphous ér_glaséy %ntérialﬁ has boen
‘taported by Jaket 237 go‘be proportional to some power of the temperature,
‘Jakob also showed that for won-metallic crystalline substasces the therwal

conductivity was inverscly propertiowal to tomperatura, la addivfon,

433
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“transfer calculations above 30Q00° ¥.

in siip-cast fused silica as parc of their data,reduction oparation for
~ obtaining high temperature dielectric propertiss, The wost feasible approach
B sele;ting—tha'apptop:iazo value of thermal conductivity ahoué 3600° F was

to include cmbedded therwsoouples in their sample materials, then to choose

- therwocouple data,

; ai'él.yaeast,fusud siiica eheva iﬁ.Fxgﬁra &4-18. ‘This figure shovs &anﬁuetivst?
46 4 fna&ﬁiﬁﬂ ot Eéﬁaé?ﬁ&ur@ aaé densizy. A typical radose will have an

', nitial donsicy on the order of 1. *ﬁ) e x 93 gefen’. “abave 25000 ¥ this

“fused silleca wout 3330* P, ”hé lover curve in Figure &-18 applies whcn nea&;ug

i3 in the tenporatule raﬁga 2500% to 3300° P for about 10 minutes or less,

Lt i i e =ity S8 s o KV T A S

the folloviag equations:

RGeS ST o v DAY

Aoy

there will be an effect on the thermal conductivity due to a change iﬁ density.
At temperatures above about 3000° F, fused silica rapidly loées any porosity
present and bacomes transparent, Puvlished data on the thermal conductivity
of transparent silica at high temperatures shows exceedingly poér,agreemenc 80

that an investigator has alwost no idea which value he should use in heat

- Bassett and Bomar';gj vere required to calculate temperatuée profiles

valu%s_ef eanﬁugtivi:y'wﬂigh gave temperature profiles matehing the:

thezx data have heen uged to aid in estanlishiug nhe nhermai uGﬂﬁ&htinﬁy

tauwme w;!i éeasiiv tapidlv unkil i%s tunﬁu§tivitv ﬁnptdﬁahe§ tﬁat of clear
HE suifician&ly rapid that guy gartacular Tager of silica in thn vadose w&ll
Siawas k&étiﬁg’?ﬁtﬁS'ﬁﬁulé cause the lewer curve T lie seavret to the upper
curve at tenpotatutes above 2560% ¥,

?at radéoe calotlations with velatively high heating rates; use o8

tite lower cuive in Pigure §-18 is recosswonded, these data are fitted by

4-36
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- k=a+%+cT+ﬂ3(WFsTsBMWF) C (4-13a)

1.29 (3100° F = T < 4000° F) (4~13b)
where a,b,c,d, are constants
k is thermal conductivity

T is temperature (’R)

Values of the constants are given in Table 4-4,

TABIE 4-4

g CONSTANTS FOR THE THERMAL CONDUCTIVITY FUNCTION

! Material a b ¢ 4
-1 -5 -11
SCFS 4.767(10"") 0 -1.828(107) 1.869(107)
S L e

4,3.4 Heat Capacity

Equations devaloped by Bomar 19/ in his thermal analysis program can
also be used to predict heat capacity,
The heat capacity of solids is a function of temperature and pressure only,
provided the material Joes not experience a phase or structural change. - The
thermal history or time dependence, then, is of no consequence, Since-the. |

assumption has all ready been made that the pressure dependence of the‘soiids

is negligible, the heat capacity function miy be represented by the

following equatior for a given temparature range:

Gp = a + bI + c/T° | L (4e1d)
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This equation results from consideration of the statistical thermodynamic

description of a:solid and is discussed in detail in many thermodynamic texts

~ -such_ss Lewis and Randall 24/. This equation wag used go "fit":-existing
experiﬁental data_for;élip-cast fpéed silica. Values for the constants are
given in Table 4-5. Also .included in'this table is the reference for the

dats used, Considerable extension of the.data from the-literature to the
temperaturelranges required for thisrhork was made byyth@se«authq:s.

TABLE 4-5 °

CONSTANTS FOR THE HEAT CAPACITY FUNCTION

Material , Va ‘ b ¢ Reference

SCFS  2.450107 Y 1.418(107%) . -2.50¢10%)

S AR o qmesen

 A graphical representation of these data is shown in Figprg 4~19, Since the
heat capacity of fused silica varies liétle with form, iL can be compared g;th
Fleming's compilation of data for glass-worked silica 5130 included iﬁi

Figure 4~19 along with experimental data obtained at Southern Réggarch .

Institute,

4,3,5 Enthalpy

.Since heat capacity data.are usually based on measurements-of the.
change in enthalpy, enthalpy data will'show_the same agreement &s heaf:capaéity
dac#. Fleming's 5/ compilation of data for plass-worked fused silica ié ‘
c0mpa£ed with Southern Researchrinstitute's 71/ data on techaical ‘and high-

purity slip-cast fused silica in Figure 4-20, _
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4,3,6 Thermal Diffusivity

The thermal diffusivity for technical grade and Bigh purity slip-cast
fused silica is shown in Figure 4-2!. The thermal diffusity for 30 and

50 1b/ft3 fused silica foam is also shown on this figurve.

4.4 Electrical Properties

4,4,1 Resistivity

Figure 4-22 shows the electrical resistivity of a technical grade

slip-cast fused silica and -for-glass worked - fused silica,; The low value of

resistance at room temperature 1s probably dué to’ the presence of, moisture -

in the pores. ‘As_ the temperature ‘is increased moisture is expelled and the

resistauce increasas at high temperatures the res;stivity‘of slip-cast fused B

silica is. nearly that of ‘the glass “workad- material

, .4»4 2 Dielectric Constant.and Loss Tangente

The dielectric constant of slip-cast fused s;lica is affected

primarily by changes in- density and temperatur°, although it does change very_ﬁ_;_i“

_slightly with frequency. Tmpurities have little effect on the dielectric“
~constant; hence, there is little difference in the dielectric copstant and
-loss tangent of technical and high purity slip-cast fused silica of the same
density. o | | | |

M The loss tangent is affected by moisture and impurities in the silica,
At low temperatures moisture can result in o high loss tangent. At high
temparatures the loss tangent increases more rapidly in impure meterial;
"ViFigute 4-23 is a plot of dielectric conscant versus deusity for room tempera-

;ture measurement at X~band (9.375 GHz). The author of this data suggested
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am empirical straight-line curve fit which is valid over the narrow range of

density presented 26/

K = 1.61 p + 0.183, | (4-15)

The upper dashed line provides a better fit to data collected both at Georgia

Tech and is for the form

K’ = 1.61 5 + 0,223 _ (4=16)

“Over a wider range of demsity values, the log wixture rule can be used:

 log K= T Vi log ki S '_ : - (4-17)

where 'ki,u diclectric constant phase i

v, = volume fraction of phase i,

‘If‘mﬁa.a58umas only two phasas,.SiOZvanﬂ aiv, veglecting ctistab&lita 3na_1

dcher'tmpurities, the~équ§cion_Qan'be:xauricﬁan

L o
K. K (anp) e
A tr_.eQ auxeo, '

ey)

where k'thﬁq » Dielectric constants of theoretically dense fused

silfca at any froquency |

o, = bulk density of test spucimen

0 e Theoratical density of fused silica.
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For theoretically dense fused silica measured at room temperature and X-band
frequency the dielectric constant is 3.85. Using this value Equation 4-18

is reduced to

R’ = 3,85 (exp) Tg'é' (4-19)
where p = bulk density in lb/fts.

Since frequemcy causes only slight variation, this provides a ma;hod forx
estimating the room temperature dielectric constant of any densitQ waterial.
Figure 4-24 is a theoretical curve plotted from Eéuation.A-lq and shovs
individual points measured at frequencies of 7.5 to 50 Ghz.

_The'effect of temperature is moro pronounced. Figure 4-25 shows the

‘dielectric constant with respect to temperatuve for soveral densities ol

slip-cast fused silica wmeasured at 6 Gz frequemey, Figure &v?ﬁ‘shawS'-
dialecctic constant and loss tangent data fox wwo slip-cast iused‘ﬁiiigas

From differont sourcos and with diffaréﬂt densities, and for a glas&-vﬁrk@d- :

‘silica as well,

o 1he,m§;qtity,nf dieiaétrie HEASULORRNLS haveibéeﬂ liwiteﬂ'tq_tampargﬁuféaﬁ

ef 2500° F oor below; however, Bassait and Bowar have developed 2 techmique 3/

. to weasute dielectric propevtivs of ceramic waterials au towperatures of

H000* ¥ and abeve, _Fiﬁuiﬂ'ﬁea? shove data for slipscast bused silies (O

4000° ¥, The rapid increase iu dieloctric constant and loss tangent betwoon

| 2500° and "700° ¥ is due to densification due to tapid sintering at these

totparatures,
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