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Lifetime predictions of a glass-ceramic with

machined flaws

T. GENT, D. TUCKER

NASA - Marshall Space Flight Center, Huntsville, AL 35812, USA

A dynamic fatigue study was performed on a Li,0-Al,0,-Si0, glass ceramic to assess its
susceptibility to delayed failure and to compare the results with those from a previous study.
Fracture mechanics techniques were used to analyse the results for the purpose of making
lifetime predictions. The material strength and lifetime was seen to increase due to the
removal of residual stress through grinding and polishing. Influence on time-to-failure is
addressed for the case with and without residual stress present.

1. Introduction

The glass-ceramic (Zerodur, Schott Glaswerke,
Mainz, Germany) used in this study has been selected
by NASA for the cylindrical mirror elements on the
Advanced X-ray Astrophysics Facility. It contains
70%—78% by weight crystalline phase of high quartz,
with a mean crystal size of 50—55 nm. The material
maintains a near zero thermal expansion coefficient
due to the positive thermal expansion of the vitreous
phase and the negative thermal expansion of the cry-
stalline phase [1]. This property makes it an excellent
candidate for optical applications subject to thermal
cycling.

This material was the subject of an earlier study to
determine the susceptibility to delayed failure [2].
This previous study was based on the 230/270 grit
surface given by the manufacturer. The grinding and
polishing process reduces the surface flaw size and
subsurface damage, and relieves residual stress by
removing the material with successively smaller grind-
ing media. This results in an increase in the strength of
the optic during the grinding and polishing sequence.
Thus, a second study was undertaken using samples
with a surface finish identical to that which will be on
the outer diameter of the mirror elements, to observe
the effects of surface finishing on the time-to-failure
predictions. The surface finish of the outer diameter
was chosen for testing rather than the inner surface
because the inner surface will undergo a more control-
led grind and polish sequence. Thus the outer dia-
meter will be the limiting factor in the strength of the
optic. ,

An allowable stress can be calculated for this mater-
ial based on modulus of rupture data; however, this
does not take into account the problem of delayed
failure. It is well known that many ceramic materials
undergo delayed failure, due to stress corrosion, which
can significantly shorten the lifetime of the article
[3—-10]. Fortunately, a theory based on fracture mech-
anics has been developed enabling lifetime predictions
to be made for brittle materials susceptible to delayed
failure [3-5]. Knowledge of the factors governing the
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rate of subcritical flaw growth in a given environment
enables the development of relations between lifetime,
applied stress, and failure probability for the material
under study. Dynamic fatigue is one method of ob-
taining the necessary information to develop these
relationships. In this study, the dynamic fatigue
method was used to construct time to failure diagrams
for 230/270 ground and polished Li,O-Al,O,~
Si0, glass-ceramic. The diagram was constructed us-
ing the following expression

_ (N-2) i
Int; = InB + - Inln s

+ m;InS,; — NlnS, (1)

where m; and S,; are the inert Weibull modulus and
scaling parameter, respectively, F is the probability of
failure, S, is the applied stress, and B and N are fatigue
constants. .

Polishing material alleviates the residual stress and
reduces the critical flaw size, increasing the strength of
the material. Numerous investigations have addressed
the effect of residual stress on strength and dynamic
fatigue of glass through indentation fracture theory
[11,12]. However, no criteria has been established to
apply indentation fracture theory to machined flaws
[13]. Consequently, one can only base analysis on the
surface characteristics of the actual part.

2. Experimental procedure
Samples were delivered to NASA with a 600 grit
surface finish and were then polished to meet the test
criteria. The samples were 66 mm diameter and
ground and polished to approximately 6 + 0.2 mm.
The polishing process was a control and grind polish,
removing material equal to the diameter of the pre-
vious grit size. The grinding process used media of 30,
20, 12, and 5 pym with final polish utilizing a urethane
pad and cerium oxide polishing compound.

Samples were tested in lots of 25 at stressing rates of
0.1, 6, 200, and 10000 MPas ™! using a concentric ring
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Figure I Strength distributions for dynamic fatigue of polished
Li,O-Al,0;-Si0, glass-ceramic. (@) 0.1 MPas™!, (V)
6.0 MPas™ ', (+)200 MPas™!, (O) 10* MPas™ ..

test fixture on a servo-hydraulic testing machine. The
first three stressing rates were tested at room temper-
ature in ambient air. The samples tested at
10000 MPas ™! for inert strength were first dried in an
oven at 110 °C for 24 h and placed in a desiccator until
the test was performed. An environmental chamber
was fabricated to enable the inert testing of these
samples. The chamber was thoroughly purged with
dry nitrogen and the samples exposed to this environ-
ment for 1 min prior to testing. The inert stressing

rate, ¢, can be verified using Equation 2 derived else--

where [14]

s?
T BN+ 1)

Using B and N determined from the polished samples,
the inert stressing rate was determined to be
166 MPas ™. Polished samples tested at 105 MPas™*
were not significantly different from samples tested at
200 MPas ™!, as seen in Fig. 1. The inert stressing rate
for 230/270 was calculated to be 2.33 x 10* MPas™!
using B and N determined in the previous study. The
inert stressing rates used in both studies meet or ex-
ceed the values determined from Eq. 2.

Failure analysis was petformed on each sample to
determine the origin of failure, using a stereomicro-
scope at 128 x or less.

@

3. Results and discussion
The breaking strength of each sample was calculated
from the following equation

P
S, = 1.08?2‘3 (3)

where §,, s the breaking stress or modulus of rupture,
P, is the breaking load, and ¢ is the sample thickness.
The constant 1.08 takes into account the sample and
fixture geometry and Poisson’s ratio [15]. The
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TABLE I Results of dynamic fatigue concentric ring bend specimens

c(MPas™1) m InS, R?
0.1 11.84 18.53 0.99
6.0 9.61 18.76 0.95
200 18.28 18.94 0.89
1.0 x 10* 7.74 18.95 0.94
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Figure 2 Dynamic fatigue data and insert strength data: median
strength as a function of stress rate.

strength data are shown in Fig. 1, where Sy, are plotted
as a function of the failure probability, F, at each
stressing rate. Failure probability was calculated from

_(n—05)
St

where n is the rank of the breaking stress of each
sample and N is the total number of samples in the
distribution. Each set of strength values was fitted to
a two-parameter Weibull distribution by linear least-
squares regression analysis of InS, on In In
[1/(1 — F)] [14]. Estimates of the Weibull modulus
and the scaling factor were obtained for the regres-
sion analysis and are shown with the strength data in
Table 1. Because the correlation coefficients were
greater than 0.85, the two-parameter Weibull distribu-
tion was concluded to be acceptable and was used in
the dynamic fatigue analysis.

The distributions in Fig. 1 exhibit deviations from
linearity which could indicate a bimodal flaw distribu-
tion. However, failure analysis revealed that all speci-
mens failed within the region of highest stress (ie.
within the area bounded by the load ring on the tensile
surface). The error in tolerances of sample flatness and
fixture design could cause the bimodal occurrence. It
can also be seen in Fig. 1 that the distributions of the
two highest stressing rates overlap somewhat. Recall
that the calculated inert stressing rate for the polished
surface was 168 MPas ™%, the data confirm that in-
creasing the stressing rate beyond the calculated value
does not significantly change the strength distribution.

Median fracture stresses, Sy, used in the analysis of
the dynamic fatigue results, are plotted in Fig.2 as
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Figure 3 Time-to-failure diagram for polished Li,O-Al,0;-Si0,
glass-ceramic from dynamic fatigue data for F = (J) 0.001, () 0.01,
©)0.2.
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Figure 4 Time-to-failure diagram for Li,O-Al,0;-SiO, glass-ce-
ramic from dynamic fatigue data; F = 0.001 with 90% confidence
limits.

a function of stressing rate, 6. The dependence of
median strength on stress rate indicates that subcriti-
cal crack growth is taking place prior to failure. Sim-
ilar data were presented for the previous study [2].
A linear regression analysis of In S¢ on In & yields
estimates of the slope and intercept from which the
fatigue constants N and B are calculated. The values
of N and B were found to be 17 and 1.72x
1015 Pa?s™ !, respectively. These two values, together
with the inert Weibull modulus and the inert Weibull
scaling factor were used to construct the time-to-fail-
ure diagram shown in Fig. 3, utilizing Equation 1. The
diagram was constructed for the probabilities of fail-
ure, 0.001, 0.01, and 0.2. Owing to the uncertainty in
estimates of N, B, m, and §,, large uncertainties in
calculated lifetimes may occur. For example, in the
present study the variances in N and In B were found

TABLE II Comparison of fatigue parameters of 230/270 grit and

polished Li,O-Al,0;-SiO, glass-ceramic

Constants 230/270 Polished
N 20 17
B 7x1012 - 1.7x10'?
V (InS;) 2.7 1.08
V(N) 1.3 0.313
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Figure 5 Comparison of time-to-failure (TTF) curves for 230/270
surface determined with fatigue constants from polished and
230/270 grit samples and inert strength data from 230/270 grit
samples.

to be 1.08 and 0.313, respectively. The values were
determined from equations derived in [16]. Therefore,
confidence intervals were calculated using a statistical
analysis based on the theory of error propagation
[17]. In this instance, the error analysis developed by
Ritter et al. was used to calculate 90% confidence
intervals for the 0.001 failure probability curve, Fig. 4.

The effects of residual stress on lifetime can be seen
when comparing the results of this study with those of
the previous study, Table II. The derivation of the
dynamic fatigue equations is. based on the critical
stress-intensity factor for Mode 1 failure, K,c =
Yo.al?, and the power-law relation for subcritical
crack-growth velocity to critical size, V = AKY. It has
been shown that the stress-intensity factor, K, in the
presence of residual stress is the sum of two terms:
a residual stress term, K, and an applied stress term,
K, [11,12]. The inability to represent K, in the dy-
namic fatigue equations for machined flaws prevents
the accurate assessment of its influence on time-to-
failure. This influence can be seen in the fatigue
parameters, N and B, of these two studies,
Table 11

The question in design applications is which fatigue
parameters are the best to use? Fig. 5 shows the time-
to-failure curves for 0.001 probability of failure using
both sets of fatigue parameters, and the inert Weibull
parameters for the 230/270 grit surface. This demon-
strates that using the fatigue parameters determined
with the 230/270 grit surface are not significantly
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different from those with the polished surface. Al-
though the lower bound of the polished samples is
more conservative, neither time-to-failure curves lies
beyond the upper or lower bound of the confidence
limits. Therefore, designers preferring conservative
limits should use samples without residual stress pre-
sent to determine the fatigue parameters and inert
Weibull parameters from samples with the service
condition surface, to determine the time-to-failure of
the part.
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