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PREFACE

The data base for ultralow-expansion glass, available in the open
literature, is limited. Therefore, all published data must be correct. A
close review of the original work by one of the authors uncovered an error
in the stressing rate values that were reported. The corrections resulted

in small numerical changes in the tables, figures, and text of the super-
seded document, as follows:

e Corrected stress rates are a factor of 10 lower than the old
values.

e The slope decreased and the intercept increased in Fig. 3; the
changed values are used in Eqs. (5), (5a), and (5b).

® The calculated values for N and B increased 1 to 2%.
The constants in the time-to-failure Eqs. {6a) and (6b) changed.

o The predicted breaking stresses in Figs. 4 through 6 increased
15 to 20%.
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1. INTRODUCTION

Ultralow-expansion (ULE) glass has many space applications, ineluding
telescopes and optical mirrors. ULE glass is desirable primarily because
of its low coefficient of thermal expansion. Like all brittle materials,
it is subject to catastrophic failure under a variety of conditions; these
conditions include impact loading, stresses in service, and stresses during
manufacturing and polishing operations. OJuring the polishing operation,
the material is frequently exposed to water, which may facilitate suberit-
ical crack growth. A previous study1 of ULE glass examined the crack
propagation of this material using crack velocity versus fracture toughness
(K;) data and calculated the corresponding proof-test design diagram. The
purpose of this report is to define better the effects of flaw population
and subcritical crack growth on this material,

The flaw population and its relation to failure of the material can
generally be described in terms of a two-parameter Weibull distribution,2
so that the probability of failure of the component, F, is

[+
F=1-exp ('KA[Eg)ml (1)

where K, is a constant related to the area (for surface flaws) under
stress, the loading geometry op is the fracture stress, and m and o, are
constants related to the distribution of strengths, Both % and m are
empirically determined from a plot of tn(tn 1/1 - F) versus &n 9es where
the strength data have been rank-ordered from lowest to highest. The
higher the value of m, the narrower the strength distribution.

Methods of combining Weibull statistics with data on static or dynamic
fatigue data to yield predictions of the lifetime of brittle materials
under various environmental conditions have been demonstrated in Refs. 3
and 4. (For completeness, the derivations are provided in Appendix A.)

The relevant equation is

N -2
= [tn(an

i

- 1
in tf = an B+ T F) +m tn 001] ~-Ntho (2)
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where B is a constant that takes into account the loading geometry, the

flaw geometry, the critical fracture toughness, and the exponent for the -
rate of crack growth; m; is the Weibull modulus in a fast-fracture inert

environment; n o, is the intercept of the an(tn 1/1 - F) versus tn op :
plot in a fast-fracture inert environment; N is the exponent for the rate

of crack growth; and o, is the applied stress. In general, the constants B

and N must be determined experimentally for the set of environmental condi-

tions of interest. The reliability of these determinations is critical to

their ultimate use® and will be discussed later in the report,

Silicate glasses are generally subject to suberitical crack growth
under certain environmental conclitions,"G"9 especially in the presence of
water or environmental humidity. Since ULE glass is subjected to water
during grinding and polishing, and has exhibited subcritical crack growth,
it is appropriate to examine more closely its behavior when different flaw
populations are present. The dynamic fatigue experiments were chosen to
provide the environmental parameters because the time required for this
type of experiment is significantly less than that needed for the other
possible experiments.




I11. EXPERIMENTAL PROCEDURE

Test specimens 0.5 x 1.0 x 6.0 cm were sawn from billets of a two-
component silicate glass® containing 7.5% TiO, and 92.5% Si0,. The samples
were prepared in two ways. One group was lightly ground on four sides with
100-um A1203; the second group was ground with three grits of A1203, the
final grit being 9 um. The tensile test surface of the second group was
polirhed to mirror quality. The edges of all samples were beveled to
reduce the incidence of corner failures. The samples uwere stored at
ambient conditions (22°C, < 50% relative humidity) prior to testing.

Modulus of rupture (MOR) was measured in three-point bending and with
a test span of 3.8 cm on a commercial testing machine.® Testing was
performed in a closed chamber, in either high relative humidity (>90%) or
dry-nitrogen atmospheres. Inert-strength data were provided by testing at
high stress rates in the nitrogen atmosphere. Samples were exposed to the
nitrogen atmosphere for 15 min before being loaded to fracture. Testing in
the high-humidity environment was performed at three stress rates, also
after ~ 15 min of exposure.

The dimensions of each bar and the load at failure were recorded and
used to calculaie the MOR. Fracture surfaces were examined in the optical
microscope to locate the fracture origins.

8Code 7971, Corning Glass Works, Corning, NY.

Dinstron Corp., Canton, MA.




III. RESULTS

The modulus of rupture was calculated from the dimensions and load at
failure; the average MOR and standard deviation for each of the sample sets
are shown in Table 1. (The complete set of data is included in Appendix
B.) The data were rank-ordered from low to high, and the probability of
failure F was computed by

_n-0.5
F=—x (3)

where n is the rank of the sample and N is the total number of samples in
the set. The data for the unpolished materials are shown in Fig. 1 as
en(tn 1/1 - F) versus tn op (MOR). Data for the polished materials are

plotted in Fig. 2 in the same fashion. The rank-ordered data were then fit
to a straight line of the form

tn(tn 3 1 F) = mtn oy +min o, (4)
The values of the Weibull modulus m and the intercept tn o, are also given
in Table 1. The data from both sets of material indicate a multimodal flaw
distribution.10 Since the correlation coefficient of the linear regression
was greater than 0.8 in all cases, the two-parameter Weibull distribution
was accepted as valid for those tests.

In order to obtain the values of B and N in Eq. (2), the median frac-
ture stress and stress rate data for the high-humidity samples were fit to
a straight line by

tn of = ag + ay tn & (5)

where

tn[{B(N + 1))} + (N - 2) an 9

o
"

1




Table 1. Results of Three-Point-Bend Dynamic Fatigue Tests

Number of Environment and in o

5(%3 Samples Surface Finish ¢ ;(MPa) m (o, in’Pa)  R2
0.12 25 H,0 43.97 5.67 17.74 0.91
lgghtly ground
0.12 25 Hy0 67.38 4.13 18.05 0.89
polished
1.23 25 HZO 4y .89 6.47 17.76 0.82
lightly ground
1.23 25 Hy0 76.59 6.75 18.21 0.97
polished
12.3 25 H50 59.09 8.97 17.92 0.94
1ightly ground )
12.3 25 Hy0 79.70 4.94 18.02 0.95
polished
12.3 25 N 65.03 5.75 18.03 0.95
lgghtly ground
polished
7 L N 71.03 "M.N 18.11 0.95
1§ghtly ground
3u7 8 56.20 6.95 17.98 0.88

N
lgghtly ground

12
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and

1 "N+ 1} (5b)

These data are shown in Fig. 3. Using the values obtained for ag, a1, and
Ef, N, and &n 8 were calculated for the unpolished and polished samples and
are given in Table 2.

The time-to-failure for various values of F and oy can now be computed
from Eq. (2). The equation reduces to

an tf = 266.01 + 2.26 en{an T'%_F) - 14.97 an o, (6a)

for the unpolished material and
]
Ln tf. = 506.44 + 5,13 an(tn 1_——F) - 27.90 &an o (6b)

for the polished material. Figure 4 shows the results of these calcula-
tions for three values of F (0.2, 0.01, and 0.001) for the unpolished
material, whereas Fig. 5 shows the same information for the polished
glass. For both materials, the result is three parallel lines, one for
each value of F., Also shown on the graph are the maximum allowable
stresses for a lifetime of 10 yr. There is a significant difference
between the allowable stress level for the polished material and that for
the unpolished material. This difference is shown more clearly in Fig. 6
for a flxed probability of failure. It is obvious that as the allowable
failure rate increases, the maximum allowable stress also increases,

Before the data developed in this study can be used, several factors
must be considered. The first factor is the degree to which the sample
flaw population resembles the actual flaw population in service; in the
present case, the flaw population of unpolished but lightly ground material
is expected to resemble a roughly ground mirror blank, and that of the
poclished material represents the finished blank. The second factor
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Table 2. Fatigue Parameters for Lightly Ground
and Polished ULE Glass Materials

Material N tn B R®
Lightly ground 14,97 32.16 0.800
Polished 27.90 31.17 0.924
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concerns how accurately the fracture data from the three-point-bend bars
can be scaled to a much larger final product; this can be addressed by
additional testing of large bend bars or other configurations, but has not
been done here, A third factor is the reliability of the values of N

and an B.

In any dynamic fatigue testing, experimental uncertainty will be
associated with the values of N and tn B. The reproducibility of these
parameters can be estimated by means of a statistical approach developed by
Ritter et al.;5 any desired confidence limits can be placed on the esti-
mated life by using the results of the statistical approach,

From the foregoing discussion it is clear that, as the flaw population
changes, the sensitivity to suberitical crack growth also changes. In
practice, this means that greater care should be exercised during the
grinding and polishing operations than would be required for the finished
blank., However, the optical requirements of the system impose a more
severe set of constraints on the care that must be exercised in the han-
dling of the finished mirror blank.

The presence of a multimode flaw distribution in these materials is a
complicating factor that may affect the results. 10




IV. SUMMARY AND CONCLUSIONS

Dynamic fatigue experiments have been carried out on polished and
unpolished ultralow-expansion glass, and design diagrams have been
generated for each surface condition. Subcritical crack growth has been
demonstrated to occur, and the environmental parameters tn B and N vary
with the surface condition. The parameter &n B varies from 31.2 to 32.2,
and N varies from 15.0 to 27.9. The polished material, with an N value of
27.9, is apparently less sensitive to suberitical crack growth than the
unpolished material,

If the size effects in going from three-point-bend specimens to larger
structures can be determined, the design diagrams can be used in the design
of ULE glass mirrors for space- and ground-based applications.

23
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APPENDIX A. DERIVATION OF LIFETIME-PREDICTION EQUATIONS

The derivation of the lifetime-prediction Eq. (2) is based on
expressions from fracture mechanics and Weibull statistics.3'" The frac-
ture mechanics expressions describe the rate of crack growth, da/dt, in a
material as a power-law function:

-— = Ak (A-1)

where a is the crack length, A and N are constants for a given material and
environment, and K; is the fracture toughness. The fracture toughness is
related to the fracture stress o of the material by

K; = oY /a (A-2)
where Y is a crack geometry parameter that is constant for a given
geometry. Combining these two expressions to eliminate K; gives

da N,N_N/2
gu-AoYa (A-3)

For the case of static fatigue (constant applied stress, °a)’ this expres-
sion 1s rewritten as

da = A o:Y" dt (A-4)

a-N/2
To obtain the lifetime of the material, Eq. (A-4) is integrated over the
initial-to-final erack length on the left and from the time the stress was
applied (t = 0) to the time at fracture, te, on the right. This expression
thus becomes

f W2, £ 2 a“yu dt (4-5)
3
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After integration, Eq. (A-5) becomes

2 -(N-2)/2  _-(N-2)/2y _, N
s la; -a ] = a oaYNtf (A-6)
Rearranging Eq. (A-2) and substituting for a gives
K, -(N-2) K, -(N-2)
2 If _lc _ NN _
N -2 [(on) - [ooY) = no ¥, (A-T)

The fracture toughness when fracture occurs, Kzfv is the critical fracture
toughness Kies» and the fracture stress 9p is the stress at which fracture
would occur in an inert environment unaffected by subcritical crack growth
o5 - Substituting these symbols and rearranging them to obtain the time-to-
failure yields

tf = B LA (A-8a)
where
2
B =
2, N-2
AY KIc (N -2)
or

[17) tf =tnB+ (N-2)1n o, - Ntho (A-8b)

a
Fracture of a brittle material can be regarded as a statistical

process, because the material has a distribution of flaw sizes. The

descriptive mathematics are by Weibull? and can take the forms

F=1- exp(- %E)m (A-9a)




or

o-0c m

u
) (A-9b)
%

F=1~- exp(-

where F is the probability that the material will fail at a stress o, and
Ogr Oy» and m are the descriptors of the distribution. Equation (A-9a)
represents sn unbounded distribution, and Eq. (A-9b) represents a lower
bounded distribution. These equations implicitly contain terms in o, that

relate to volume or area flaw distributions.

0

Here, we assume we are dealing only with surface flaws, and examina-
tion of the data shows that the unbounded distribution provides a good

description of the failures. Rearranging Eq. (A-9a) to obtain the fracture
stress gives

tn o = l
m

[an{en T_%-f) +m n aO] (A-10a)
For the inert-strength distribution this expression is

in o

- 1
i: a; {an(en T F) +m tn oi] (A-10b)

and substituting this expression for tn o into Eq. (A-8b) gives

sn t.=¢tn B +

N-2
f- m

i

1
{an(tn - F) +m tn °Oi] -Ntng (A-11)

a

which is Eq. (2) in the text.




APPENDIX B. MODULUS OF RUPTURE (MOR) DATA FROM THREE-POINT-BEND TESTS

Set 1: & = 0.12 MPa/s; Lightly Ground, H,0

MOR (MPa) MOR (MPa) MOR (MPa)
51.46 43.48 55.14
60.52 4y g4 41.56
63.80 43.97 36.63
W17 41.00 37.04
55.61 39.37 43.70
27.13 43.00 42.89
59.80 34.86 43.10
4y 34 62.59
63.89 u4 .88

Set 2: & = 0.12 MPa/s; Polished, H,0

MOR (MPa MOR (MPa MOR (MPa
67.11 68.42 87.37
79.47 76.43 36.71
70.16 79.29 38.92
88.95 66.43 36.95
46.74 37.30 TH.52
67.38 53.08 71.59
Th.67 73.26 18.10
ug8.71 66.75

7.1 k1,30




Set 3: & = 1.23 MPa/s; Lightly Ground, H30

MOR (MPa) MOR (MPa) MOR (MPa) i

52.38 60.33 51.41
63.62 47.65 52.03
41.20 44 .89 46.32
38.60 42.46 43.90
43.66 by 14 4y .12
50.50 37.25 43.57
37.44 42.46 45.45
63.85 37.17

62.91 63.90

Set 4: & = 1,23 MPa/s; Polished, H 0

MOR (MPa) MOR (MPa) MOR (MPa)
85.33 80.28 75.97
74.68 86.04 86.81
78.58 74.85 89.47
88.17 64.78 60.47
61.23 84.32 63.42
76.59 68.87 83.42
48.uy 66.03 91.39
97.06 75.55
47.24 79.69




Set 5: & = 12.3 MPa/s; Lightly Ground, H,0

. MOR (MPa) MOR (MPa) MOR (MPa)

60.67 64.53 55.51
62.53 60.88 62.40
57.42 59.45 59.09
63.09 42.90 56.21
58.13 42,88 67.23
57.89 61.07 by 28
59.84 58.72 52.92
48.11 46.92

65.71 67.06

Set 6: & = 12.3 MPa/s; Polished, H0

MOR (MPa) MOR (MPaj MOR (MPa)
4o.31 76.42 8u.12
54.24 83.58 85.54
65.23 86.53 2.7
7.3 81.40 53.97
77.86 64.29 8it.19
79.70 56.12 92.71
52.83 94.09 91.49
92.03 43.54
90.39 89.75
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Set 7: & = 12.3 MPa/s; Lightly Ground, N,

MOR (MPa) MOR (MPa) MOR (MPa) -

50.7h 69.76 52.31
36.52 82.27 n.n
58.49 53.28 59.85
70.44 77.83 53.90
52.63 74.97 51.87
72.85 68.71 79.83
79.54 73.97 48.68
65.03 45.39

50.03 67.10

Set 8: & = 12.3 MPa/s; Polished, N,

MOR_(MPa) MOR_(MPa ) MOR_(MPa
108.08 .16 92.28
116.70 107.74 71.37
105.25 83.25 107. 14
83.38 96.T4 83.72
97.62 103.98 79.95
62.42 98.34 56.20
82.79 109.10 53.02
51.14 67.25

88.u11 65.63




Set 9: & = 147 MPa/s; Lightly Ground, N,

MOR_(MPa) MOR (MPa)
63.32 81.42
61.56 61.62
75.55 72.34
73.10 76 .47
72.94 78.97
66.45 69.71
69.30 59.01

Set 10: & = 347 MPa/s; Lightly Ground, N,

MOR (MPa MOR (MPa)

55.65 51.80
68.08 56.74
73.33 54.69
47.08 71.99
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LABORATORY OPERATIONS

The Aerospace Carporation functions as an “architect-engineer” for
national security projects, specializing in advanced military space systems.
Providing research support, the corporation’s Laboratory Operations conducts
experimental and theoretical investigations that focus on the apglication of
scientific and technical advances to such systems, Vital to the success of
these investigations is the technical staff's wide-ranging expertise and its
ability to stay current with new developments. This expertise is eahanced by
a research program aimed at dealing with the many problems associated with
rapidly evolving space systems. Contributing their capabilities to the
research effort are these individual laboratories:

Aerophysice Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynawics; chemical and electric propulsion, propellant
chemistry, chemical dynamice, environmental chemistry, trace detection;
gpacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chepical and excimer laser development including chemical kinetics,

spectroscopy, optical resonators, beam coatrol, ataospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactioas and
radiative signatures of misaile plumes, sensor out-of -field-of -view rejection,
aspplied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and tradfatfon effects on
naterials, lubricatfon and surface phenomena, thermionic ewmission, photo-
sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Proyram verification, program translation,
performance-sencitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and cowputer security.

Electronics Regearch Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radistion hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenowena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component fafilure analysis and veliability; fracture
mechanics and stress corrosion; analysis and evaluation of materials at
cryogenic and elevated temperatures as well as in space and enemy-induced
environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray

physics, wave-particle {nteractions, magnetospheric plasma waves; atmospheric
and ionospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear exploaions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation.




