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1. Introduction

Slipwcast fused silica (SCFS) is one of few materials that is :
suitable for use in radome and leading-edge missile and rocket applica-
tions above Mach 5 {1]. It has been chosen as the best state«of-the-~art !
material for radar experiments where velocities up to Mach 8 conld be i
experienced [2], even though it is recognized that improvemeuts are f
needed in its ablation and rain erosion resistance,

In order to assist in developing sound structural designs with SCFS,
the strength behavior of a high purity material was determined under ten
biaxial stress states at room temperature. Modulus of rupture data also
were determined.
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2. Test Procedure

4. Apparatus

All flexure and biaxial stress tests were conducted at
room temperature. TFour point loading was employed to conduct the flexure
tests., The upper and lower breaking spans were 2 and 4 inches, respec-
tively. The test specimens were precision machined circular rods
(Paragraph 2.b.).

P
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The "pressure vessel" test method has been employed previously [3].
The pressure vessel apparatus consists primarily of a specimen-pirtons
asgembly (Figure 1) which is inserted into a cylindrical pressure vessel
(Figure 2). During testing, this apparatus is located on the weighing
table of a universal tester where the tester is used for measuring loads
generated by the appawvatus. The specimen had aluminum plug-type, end
adapters which were cemented to the specimen ID surface with epoxy
resin (Figure 3), The plug insertion length was 1 inch. For all tests,
the end adapters also include an aluminum end ring (not shown) which is
cemented to the OD surface of the specimen and where the ring length
matched th. .lug length. Each end adapter has a central hole which
mates with a piston shaft (Figure 3) in order to insure alignment;
alignment also was maintained using *hese holes and suitable fixtures
during assembly of the specimen and .nd adapters [3]. The piston diam-
eters were 3 inches.

e
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The operating principle of the pressure vessel apparatus is similar
to that used in other studies [4, 5]. Specimen loading (Figure 2) was
accomplished by various combinationrs of internal £luid pressure, Py

v e e

external fluid pressure, Py and pressure, P, which is applied to the

o ——

lower surface of the bottom pistqn. For the present study, only one or
two of the volumes were pressurized for a test. Discrete pressure
ratlos were obtained using booster assemblies (not shown) so that the
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biaxial loading was applied in a propertional manner during a test for 9
i of the 10 loading paths employed Being able to measure a."ial loads

2 externally is a unique feature of the apparatus and this capability pro=-
vided a means for evaluating the frictional forces on the top piston
when rubber O-ring seals were used (P0 > 0); corrections for the fric-

tional forces were small [3]. The primacy pressure source was bottled
nitrogen gas; water was used as a secondary pressure scurce. Pertinent
pressures were recorded as a function cf time and maximum pressures
were measured with bourdon tube type dial gages.

[ ™

b. Test Specimens

All test specimens were procured as finished items®. The
starting material specified was high purity silica slip, WS-844Z, Type
I1I or equal in accordance with the Department of Navy, Weapons Speci~
fication WS-8429, Grade B. Specimen requirements were:

Composition, percent . « « . +» « . 99,5+ silica
Density, gm/fce ¢« v ¢« ¢ ¢« ¢« « ¢« ¢« o 2,00 0,10
Porosity, percent maximum . . . . 14.0

Modulus of Rupture at
75°F, psi, minimum . . . . . . . 4000

The sixty biaxial stress specimens were supplied in five lots which were i
: designated as 4A, 5A, 6A, 7A, and 8A; the number of specimens for each
g lot were 15, 26, 8, 9, and 2, respectively, Production dates for these

lots extended over a period of 30 days. The twelve flexure specimens
were of a single lot.

: The flexure specimens were circular rods which had a nominal diam-
eter of 0.730 inch and a length of 5 inches; a maximum surface roughness
of 32 microinches was specified. For biaxial stresses, the test speci-
mens were uniform, thin-walled tubes which had a 1.186-inch ID, a 0.075=~ ;
inch wall, anda length of 3.500 inches. The specimen gage length was
1.500 inches or 2 inches less than the total length because of the end
adapters. The maximum surface roughness specified for the irtermal and
external surfaces was 32 microinches.

c. Stress Calculations

e

All stresses were computed using the initial dimensions
«f the test specimens. Honp stresses were computed for the ID surface ‘

*The Burnswick Corporation, Marion, Virginia
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using the thick-walled formula. For hoop tension stress the expression

was
D (0% + a%) "
and for'hopp compression stress,
L @
_ T (0? - %)
where
p; = internal pressure
Py = external pressure
= gpecimen OD
d = specimen ID.

The axial stress was calculuted by three expressions depending
upon the stress state ox pressure loading.
When pressures P; and p, were used (Figure 2), the axial stress

was computed using

p «(Az - DZ)' +p d2 - (-l-") £
) i, 1t 3
O S 2 2 : (3)
D" -~ d

For pressuree Py and P,

g = R (4)

g = 9 2 (5>
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‘ where L is measured axial load, £ the frictional load (experimental),
4 and A the ID of pressure vessel. In Equations (3) and (5) the friction
. load wes taken as zero when Py = 0 since no rubber O-ring seals were

used on the top piston (Figure 2).

3. Resuits

A high-purity SCFS. was tested in flexure and under biaxial
stresses at room temperature. The average modulus of rupture obtained
i for 12 tests (Table 1) was 5365 psi. Breaking times ranged from approxi-
mately 60 to 120 seconds. The density measured for the flexure specimen
was 1.88 gm/cc using ASTM Method C373-56.

Combined stress strength results for the SCFS are presented in
Table 2 for 57 tests. The data were tabulated in the same order as the
2 stress states or loading paths were numbered (Figure 4). All of the
. biaxial loading was proportional except for path number 10. Fracture
> times were longest for uniaxial compression and compression~compression
¥ (CC) stresses (Table 2). The estimated density for Lot 5A was 1.92
’ gm/cc; ASTM Method €373 was used but sampl~s weighed much less than 50

gm,

4

i A strength variation with material lot was obtained (Table 2). Lot

¥ 5A, for example, was tested at least twice for each stress state; the

i’ strength magnitudes were never the maximum but rather were the minimum

" for 8 of the 1C stress states. On the other band, the strength mangitudes
L for Lot 6A (8 specimens) were maximum values for 6 of 8 stress states and
i were never a minimum value.

: The strength results for all 57 biaxial stress tests are plotted

ﬁ in Figure 5. The envelope shown contains all but two of the data points.
4 For uniaxial tension, the bounds of this envelope were 2370 and 4360 psi
; giving a median tensile strength of 3365 psi. The average compressive
“ strength for all material lots was ~37,000 psi; the greatest compressive
s strength was =-48,800 psi for Lot 6A while the lowest was ~-25,800 psi for
. Let 5A.

g The strength data for Lot 6A material were not only the greatest in
e magnitude, generally, but they also exhibited a definite trend (Figure 6).
g Resuits for these eight tegts compare quite favorably with the strength
preuictions of the Leon Theory [6], a generalized shear-stress, internal
g friction criterion [3]. The theoretical curve was comnstructed using a

pi tensile strength, Oqo of 4200 psi and a k ratio (absolute ratio of

cempressive-~to~tensile strength) of 11.62. The theoxetical curve
(Figure €) also would serve as the outer boundary or envelope for all
of the data (Figure 5), Another theory which would fit these data
reasonably well is the modified maximum strain enexrgy theory {7], using
a Poisson's ratio of 0.15 [1].
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The SCFS fractured in a brittle manner for all stress states. For
loading paths 1 and 2 (Figure 4), the fracture mode was most often a
transverse break (Figure 7); these breaks occurred both at and away from
the end adapter. Near equal biaxial tension stresses (path number 3),
the specimens broke into small and large pieces of irregular shapes
(Figure 8a). For loading paths 4 and 5 (Figures 8b and 8c), the speci~
men broke into powder and small pieces. For puth 6 (Figure 8d) the
fracture mode changed: into many small pieces which had approximate
rectangular shapes. For paths 7, 8, 9, and 10, the specimen remains
again consisted of small pieces and powder,

4. Discussion.

The strength mangitudes obtained for the high-purity SCFS
compare reasonably well with results reported for other studies; how-
ever, a word of caution is offered before presenting these data com~
parisons. Strength data obtained for SCFS can be influenced both by
material and test method differences {1]. Two important material dif-
fer iwces include the density and microstructure where both can be sig-
nificantly altered by the degree of sintering. Included under test
method differences are gize effects and specimen surface finish.

Southern Research Instiftute (SRI) has reported tensile strengths
for high-purity SCFS of 2200 to 4300 psi [1]; "dog bone" type speciw
mens were axially loaded. The Georgia Institute of Technology reported
average values of 2568, 3135, and 3863 psi using hydrostatic tensile
rings of three sizes and where the strength increased with decreasing
ring volume [1]. 1In the current biaxial stress study, the axial tensile
strength (path 2) varied from 2450 to 4120 psi and the hoop tensile
strength (path 5) varied from 2990 to 4300 psi; in both cases the higher
value was for Lot 6A material and the lower value for Lot 5A. The aver~
age of all axial and hoop tensile data was 3439 psi.

SRI also reported compressive strength values for high purity SCFS
which ranged from about -30,000 to -54,000 psi. Values in the current
study ranged from ~25,800 psi for Lot 5A material to -48,800 psi for one
test with Lot 6A material. Material differences existed for the two
studies.

Modulus of vupture data are compared in Table 3. These data
demonstrate that strength variations do result from differences in sur~
face finish as well as density. The current value, 5365 psi, appears
reasonable for a ground surface and the relatively low, 1.92 gm/cc,
density.

The Leon Theory also has been used to correlate data for a high
density graphite [3] and aluminum silicate [8].
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TABLE 1. MODULUS OF RUPTURE CF HIGH-PURITY,

PR —

o At gho S By L

SLIP-CAST FUSFO SILICA

Test No.

Modulus of Rupture
(psi)

W 0 N O BN

—
N =~ O

5910
5950
5850
5520
2570
3460
5810
6330
5530
6550
4680
6220

5365 + 1213%

*Estimated standard deviation
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TABLL 2.

COMBINEL STIRESS STRENGIH RESULTS FOR A
HISH-PURITY, SLIP-CAST FUSED SILICA

Test | Lot | Hoop stress | Axial Stress | Fracture Time
No. | No. ( {psi} ) (\psi)» (sec)
11833 | 54 -1810 3460 48
71835 | S5A 1740 3310 29
Cass | osA ~1499 2810 17
T1853° 8A 1960 3770 21
T1880 | 7A 1049 1900- 24
T1881 | 8 2040 4920 17
11873 | 44 115 2520 12
718741 A ~160 3550 43
CT1875 | sA ~112 2450 25
© TI876 | 6A -185 4120 42
877 7A ~144 3180 23
11843 | sA 2180 2370 65
TL8%44 | 58 2610 2620 38
T1857 | 6A 2240 2450 30
T1858 | 7A 2870 3280 42
71859 | 4A 2100 2260 38
T1836 | 54 2770 1220 38
11837 | 5 4199 1850 75
T1854 | 4& . 4280 1890 58
‘ T1855,) 6A 4050 1790 60
T1856 | 74 2900 1280 47
1 11845 s 3140 -384 -
71846 | 54 2690 -390 -
T1860 | 44 4010 506 44
T1861 | 6A 4300 -638 48
71862 | 7A 4130 480 58

e

ST e v SR o e s
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TABLE 2. CONTINUED.
Test Lot | Hoop Stress | Axial Stress | Fracture Time
No. No., (psi) (psi) (sec)
T1839 | S5A 3560 ~8060 82
T1840 | 54 2760 ~6230 61
TLz, *  4s f 130 ~7900 72
11, ' ~8600 72
EE ; ~10200 87
~12900 42
. 3L ~13200 45
msro | @ 2860 -12000 36
T1871 | 6A 3620 -15300 YA
T1872 | 7A 3510 ~15200 56
T1863 | 4A 2830 -33000 63
TL864 | 5A 24,50 -28800 47
T1865 | SA - 2020 -24100 45
TL866 | 6A 3080 ~36400 121
T1867 | 7A 2590 -31100
T1841 | 5A - ~33200 253
TI842 | S5A . ~25300 102
TL849 | 6A - ~48800 156
T1850 | 4A - ~37800 29
T1851 | 7A - 39400 51
T1887 | 5A - 32100 102
| T1888 | sa - -32300 66
T1889 | 5A - ~44900 96
T1890 | 4A - ~33000 97
TL89L | 4A - ~41900 71
71892 | 4A - ~38000 115
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TABLE 2. CONCLUDED
Test | Lot | Hoop Stress | Axial Stress | Fracture Time ‘
No. No. (psi) (psi) (sec)
T1882‘ 54 ~5190 -41.800 285%
71883 ‘ 5A -5280 =40900 187%
T1884 | 4A ~5280 ~44200 140%
T1885 4A -5380 -38600 112%
71886 5A = 5380 ~34000 147%

*Nonproportional loading.

TABLE 3.

2/4, UPPER/LOWER BREAKING SPANS

MODULUS OF RUPTURE FOR SCFS, ROUND SPECIMENS,

Densgity Specimen Diameter | dodulus of Ruptuze
(gm/cc) | Surface Finish (in.) (psi)
2.06 As cast 0.75 4597%
1.96 As cast 0.75 4860%
1,92%k% Ground 0.73 5365%%
2.06 Ground and
Polished 0.6 5920%

*Reference [1]

*%Current Study
*kkEstimated, see text
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Figure 1. Specimen-pistons assembly. ‘
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Figure 7. Fractured tube, path 1, Lot 7A, test T1880. 1

: Figure 8a. Fractured tube, path 3, Lot 6A, test T1857.
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Figure 8b.

Fractured tube, path 4, Lot 4A, test 711854,

Figure 8c.

Fractured tube,

path 5, Lot 5A, taest T1846.
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Figure 8d.

Figure 9a.

Fractured tube,

19

Fractured tube, path 6, Lot 5A, test T1839.

path 7, Lot 64, test T1871.
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Figure 9b.

Fractured tube,

path 8, Lot 6A, test T1866.

Figure 9c.

Fractured tube,

path 9, Lot 6A, test T1849.
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