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Abstract

The thermal activation energy u; characterizing changes in crack velocity with tem-
perature for fused silica in water is determined. The determination is based on a new
analysis that incorporates the familiar Arrhenius term for thermally activated pro-
cesses and a term characterizing the departure of the propagating crack system from
fracture equilibrium. In determining u, from experimental data, the Arrhenius term
and the nonequilibrium term are of approximately equal magnitude. The analysis is
applied to an extensive compilation of crack velocity measurements in fused silica
to arrive at an estimate of u; = (69 + 11) kJ mol ™", where the value represents the
multi-laboratory mean + variability. This value is greater than that assumed in some
earlier works and characterizes a typical within-laboratory increase in crack velocity
of a factor of approximately 10? in fused silica between freezing and boiling water
conditions and a decrease of a factor of 10° in component time to failure for the same
change in conditions. The multi-laboratory variation in velocity at fixed temperature

is comparable to the within-laboratory maximum increase, perhaps obscuring tem-

perature effects.

KEYWORDS

1 | INTRODUCTION

In a recent work considering ceramic reliability controlled
by fracture,' the claim was made that thermal effects are
small. More specifically, the claim and analysis presented
suggested that changes in temperature had only small di-
rect effects on crack propagation velocities and therefore on
lifetimes of stressed ceramic components. Changes in tem-
perature were noted to have large indirect effects on crack
propagation and thence lifetime only though thermal expan-
sion-mediated influences on stress and crack driving force.
It was concluded that the accelerating effects of temperature
cycling or high temperature exposure on time to failure, as
often implemented in commercial practice to assess reli-
ability, were dominated by the stress changes generated in

glass, fracture, thermal properties

components rather than by changes in underlying material
crack velocity behavior.

The claim was based on the selection of a small value,
0.15eV, 145 k] mol_l, for the characteristic energy barrier
for thermally activated bond rupture and crack propagation,
consistent with measurements on a range of ceramic materials
in water.” The success rate of crack tip bond configurations
passing over energy barriers for bond rupture increases as
temperature increases, and thus crack advance is more rapid.
However, for a fixed temperature increase, rate processes
are exponential functions of barrier height, and thus a small
barrier leads to small velocity increases and small effects of
temperature on lifetime and reliability. It is the contention of
the work here that the earlier claim and selection of activa-
tion energy are not universal. In fact, it will be demonstrated
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that fused silica glass has a relatively large thermal activation
energy characterizing crack propagation in water, leading to
significant direct effects of temperature on crack velocity and
component lifetime and reliability. Fused silica is the major
constituent of optical fibers for advanced communications
and a critical insulating and etch-resistant element in mi-
croelectronic devices and microelectromechanical systems
(MEMS) sensors and actuators. In addition, fused silica is
a basis for consideration of fracture in other glasses, such as
those used in digital display panels or even cookware. Hence,
accurate quantitative prediction of temperature effects in re-
liability of fused silica is of great commercial importance.
The work here begins with an outline of the analysis, orig-
inally developed by Lawn,” and subsequently refined and im-
plemented to describe thermally activated crack propagation
in glasses,4 ceramics,>’ organic-inorganic hybrid thin films,®
metal-oxide interfaces,” and most recently in consideration
of reliability." A new formulation is then developed from
the analysis that enables the thermal activation energy to be
determined from crack velocity measurements as a function
of temperature: Significantly, it is not simple Arrhenius be-
havior. The formulation is applied to an extensive set of data
taken from the somewhat diverse published literature and
rendered into appropriate and consistent form. These data
also serve as a review of crack velocity measurements in
fused silica. Estimates of the major crack velocity parameters
and their uncertainties are generated for fused silica based
on this data set. The parameters and uncertainties are then
used in a demonstration of the effects of temperature on com-
ponent lifetime. The conclusion enumerates the determined
temperature-independent parameters.

2 | ANALYSIS
A general nonequilibrium crack expansion rate for a fracture
system driven by mechanical energy release rate G is

dA/dr=A,sinh [(G—2y) /5], (1)
where A is crack area, ¢ is time, and

2y =uy/a’
1’]=2kT/(12 (2)
Ay=(2kTa*/h) exp (—u, /kT)

The terms 2y, 1, and AO in Equation (1) are macroscopic
crack propagation parameters, all of which depend through
Equation (2) on fundamental nanoscale bond rupture pa-
rameters, a, i, and u, and two of which depend on tempera-
ture, T (k is Boltzmann's constant, & is Planck's constant).
The parameter u, is the energy required to break a single
bond of the material in the crack propagation environment
and & is the incremental bond area. The parameter 2y is

then recognized as the material fracture surface energy. For
G = 2y the fracture system is in equilibrium and the crack
propagation rate is zero® and 2y is hence known as the crack
velocity threshold. Thermal effects enter in three ways: (i)
The parameter 5 is the thermal energy per bond area. (ii)
The term k7/h appears in the first part of the expression
for AO (in parentheses) and is a characteristic thermal fre-
quency. (iii) The parameter u; is the energy barrier sepa-
rating incremental bond rupture states and appears in the
second (exponential) term in A,. The parameter u, is part
of an Arrhenius expression that depresses the crack expan-
sion rate from the maximum value set by the characteristic
frequency and incremental bond area to decreased values
with decreasing temperature.

Equations (1) and (2) are modified for experimental mea-
surements of crack propagation along a single dimension c,
the crack length, with crack velocity v = dc/dz. Combining
this definition with Equations 1 and 2 gives.

v=vysinh [(G-2y) /n| /B, 3)
where
vo=(2kTa/h)exp (—u, /kT) )

and B = (s/a) is the ratio of the effective crack periphery s
and the bond separation a. For straight cracks B is a con-
stant, although s may be less than the specimen width if not
all bond sites along a crack front are active. Equation (3)
may then be seen to partition crack velocity into a kinetic
term v, a nonequilibrium, thermally scaled crack driving
term (G—2y)/n, and a geometry term B. If the fracture sys-
tem is far from equilibrium such that G> 2y, Equation (3)
reduces to

V=V, €Xp (G/n)’ (5)

where v, is a velocity that contains kinetic, geometry, and
surface energy dependence from Equation (3). Full de-
tails and discussions of crack velocity behavior are given
elsewhere.' 8

In this work, a major application of the above analysis is
evaluation of the thermal activation energy u; from exper-
imental v(G) observations. A fracture system is considered
in which the crack velocity is measured at fixed mechanical
energy release rate and variable temperature (this will be seen
below to be the reverse of normal practice). For a straight
crack at two different temperatures, 7; and 7}-, two different
crack velocities, v; and v;, are observed. From Equations (2),
(3), and (4),

v; = (2kT;a/h) exp (—u, /kT;) sinh [(G—=2y)a*/2kT}| /B (6a)
and

v;=(2kT;a/h) exp (—u, /kT;) sinh [(G—2y)a*/2kT}| /B, (6b)
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noting that the bond rupture parameters a and u,, and therefore
2y, are temperature invariant. Far from equilibrium, Equation
(6) becomes an expanded version (5):

V= (kTia/h) exp (—ul/kTi) exp [(G—2y) a2/2kTi] /B (7a)

and
v;=(kT,a/h) exp (—u, /kT;) exp [(G—2y) a* /2kT}| /B. (7b)

The geometry term B can be eliminated between Equations
(7a) and (7b) to give an expression for u, as three terms:

u =k (%-%) In <:—> +(G=2y)d2)2

J
®)
T,
+k <l—i> In <—]) .
7, 1,) "\T,

The first term in Equation (8) is the familiar Arrhenius ex-
pression relating a change in a rate, crack velocity here, to
a change in temperature. The second term recognizes that
the system must be perturbed from equilibrium to generate a
crack velocity8 and will be seen to be a major factor here. The
third term recognizes that the crack propagation process is
thermally activated from a characteristic thermal frequency.
The importance of Equation (8) is that it provides a clear
quantitative method for evaluation of u, based on fundamen-
tal crack propagation kinetics, from Equations (1) to (7). The
focus here is on fused silica in water and hence 7; and T; are
restricted to the domain 273 to 373 K (0°C-100°C); the loga-
rithmic third term in Equation (8) is thus expected to be small.
Conversely, most crack velocity measurements in fused silica
are sufficiently removed from equilibrium that the second,
nearly always neglected, (G—2y) term in Equation (8) is ex-
pected to be significant.

3 | CRACK PROPAGATION
PARAMETERS
3.1 | Bond separation and surface energy

In determining the thermal activation energy using Equation
(8), attention is first focused on evaluating the temperature
invariant bond separation and surface energy parameters, a
and 2y. Combining Equations (2) and (5) and rearranging
gives

log (v)=log (v, ) +[a*/21n (10)kT1G, 9)

showing that at fixed temperature far from equilibrium a
semi-logarithmic v(G) plot should exhibit straight line behav-
ior with slope related to a. Figure 1 shows a comprehensive
multi-laboratory composite plot of experimental crack velocity
measurements for fused silica in water at approximately 25°C.
The measurements cover a range of test configurations, mostly

iAmerican Ceramic Society

Journalﬂ

1072 T

Fused Silica

-

o
&
I

Wiederhorn, DCB, 1970
Wiederhorn, DCB, 1974
Sakaguchi, CT, 1982
Michalske, DCB, 1982
Hibino, CT,1984
Michalske, DCDC, 1991
Michalske, DCDC, 1993
Muraoka, Tension, 1996
Ritter, DCDC, 1998
Sglavo, Tension, 2001

e 0o XxAJgOD>DODODO

Crack Velocity, v(m s

1
0 2 4 6 8

Crack Driving Force, G (J m?)

FIGURE 1

(symbols) and representative fit of model (Equation (3), line and

Compilation of crack velocity v(G) measurements

shaded band). Measurements identified by first author, method, and

year [Colour figure can be viewed at wileyonlinelibrary.com]

based on long crack geometries, including double cantilever
beam (DCB), compact tension (CT), double cleavage drilled
compression (DCDC), and fiber tension, and extend over nearly
50 years, including the early DCB experiments of Wiederhorn
and colleagues,g’10 the CT experiments of Sakaguchi et al,"! the
DCB and DCDC experiments of Michalske and (:olleaguesn_14
(also in other reports'5 ‘16), the CT experiments of Hibino and
colleagues'” (also in a preliminary report'®), the fiber tension
experiments of Muraoka et al,19 and the DCDC experiments
of Ritter et al.” The open symbols in Figure 1 represent in-
dividual v measurements digitized from published works, con-
verting crack driving force reported as a stress-intensity factor,
K, to G = K*/E, where E = 72 GPa is the plane stress Young's
modulus of fused silica.”' Different symbols represent the dif-
ferent studies listed. The major, striking, feature of Figure 1 is
the agreement between data from the different studies with re-
gard to slope suggested by Equation (9). The data exhibit small
differences in the implied v, intercept term, probably caused
by experimental geometry variations. However, over eight or-
ders of crack velocity, from about v = 107210 10™*m s_l, the
v(G) trend is consistent with Equation (9) and a single under-
lying a value. A visual best fit using Equation (9) to represent
the mean slope of the multi-laboratory data for the domain
v>10"""ms " is shown in Figure 1 as a solid line. The slope pa-
rameter (Equation 5)isn=0.1741] m™~ and the range of the ex-
perimental data about the mean response suggest representative
relative uncertainties of about + 15% in the slope and intercept
terms, shown as the shaded band. The resulting bond separa-
tion and uncertainty is a = (0.218 + 0.016) nm (Equation 2).
Note that here and throughout, the solid line and shaded band
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FIGURE 2 Measurements of failure stress vs stressing rate

(A), (B) and stress vs failure time (C) for fused silica in water
(symbols) and predicted lower bounds to stress (shaded bands).
Measurements identified by first author and year. Different symbols
represent different temperatures in (C) [Colour figure can be viewed at
wileyonlinelibrary.com]

are representations of the typical response and variation about
the response from multi-laboratory observations; the lines and
bands do not result from statistical estimates of quantities and
uncertainties (in this case, of the slope).

Another clear feature in Figure 1 is the CT data of Hibino
et al'’ For mechanical energy release rate G > 5J m™?, these
data exhibit a clear deviation from the overall straight line
trend with increasing G to suppressed, almost constant,
crack velocities, v &~ 10~* m s™!. Such behavior is associated
with transport-limited crack propagation, rather than reac-
tion-limited propagation as considered here, and has been
well characterized in fused silica crack velocity studies with

varying temperature (see below) and humidity.'”'® Such
v(G) behavior can be modeled as a process of water vapor
diffusion along constricted cracks*”?? leading to suppressed
velocities. G ~ 5 J m™ thus provides an approximate upper
limit of applicability of the current model. Two other fea-
tures in Figure 1 also illustrate known phenomena but are
somewhat subtler. These are the DCB data of Wiederhorn et
al'® and the fiber tension data of Muraoka et al,19 which lie
above and below the shaded band, respectively. In the first
case, the data illustrate increased crack velocities exhibited
by glasses that contain cations other than Si (the glass stud-
ied by Wiederhorn et al contained some Ti and E = 68 GPa
was used21). In the second case, the data illustrate decreased
crack velocities exhibited by glasses in limited water (the ex-
periments of Muraoka et al were conducted in 60% relative
humidity environments). The DCDC experiments of Koike
and colleagues conducted in 50% relative humidity23’24
the thin film experiments of Hatty et al conducted in air
generated velocities somewhat comparable to those in Figure
1 but are not included here as heat treatments likely altered
the glass structures.

A feature that is almost absent from Figure 1 is clear
appearance of the crack wvelocity threshold. In many
glasses,S’Q‘zo’26 celramics,z‘5 27 hybrid materials,(”28 and inter-
faces,?*?® crack velocity measurements exhibit an obvious,
measurable, decrease toward zero crack velocity at a nonzero
mechanical energy release rate. The nonzero value is known
as the threshold as v — 0 as G — 2y, and the full reaction-
controlled v(G) behavior is well described by Equation (3).
Explicit crack velocity threshold measurements in fused
silica are rare: The downward open-head arrow in Figure 1
shows a threshold, about 2.5 J m_z, observed in the DCDC
measurements of Ritter et al*® The downward closed-head
arrows show the range of thresholds, about 1.1 to 1.6 J m_z,
observed in the tension experiments of Sglavo and Green.”

Information regarding the crack velocity threshold in
fused silica, although not extremely obvious in Figure 1,
can be found elsewhere. Crack healing behavior has been
observed in fused silica at G ~ 0.1 J m~2,%3! placing a
weak absolute lower bound on the threshold. The most im-
portant additional threshold information, however, derives
from fused silica strength and failure studies. As noted
elsewhere,! threshold effects are more apparent in constant
stress, or, particularly, constant stressing rate failure ex-
periments. In constant stressing rate studies at very small
applied stressing rates, the failure strength approaches an
invariant lower bound related to the threshold. In con-
stant stress studies, the failure time diverges as the applied
stress approaches an analogous lower bound. For failure
controlled by contact flaws, as is common in such tests,
the lower bound reactive strengths are related to the upper
bound inert strengths by the ratio (2}//2;/0)2/3, where 2y is
the surface energy of the material in an inert environment.>?

and
25
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FIGURE 3 Crack velocity v(G) measurements for fused silica in
water as a function of temperature. Note the increase in velocity with
temperature. Measurements identified by first author and year [Colour
figure can be viewed at wileyonlinelibrary.com]

For fused silica®! 2y, =8.81J m~2 and hence the strength
ratio should be about 0.25 to 0.43 using the 2y estimates
from above. Figure 2 shows three sets of failure experi-
ments for fused silica demonstrating threshold behavior
and consistency with the estimated strength ratio. The
vertical lines are a guide to the eye and the shaded bands
are predictions of lower bound reactive strength plateau
using the ratio range given above and the appropriate inert
strengths. Figure 2A shows constant stressing rate results
for indented fused silica disks in water at room tempera-
ture. Symbols represent individual strength measurements
at the stressing rates indicated and are the “raw data” used
previously.32 The upper bound inert strength in these disk
tests was about 90 MPa. Figure 2B shows constant stress-
ing rate results for much stronger abraded optical fibers in
water at room temperature. Symbols represent individual
strength measurements and were digitized from published
measurements by Glaesemann.™ The upper bound near-
inert strength in these fiber tests was about 900 MPa. In
both Figure 2A,B, the strength data measured over seven
orders of magnitude of stressing rate exhibit a clear ten-
dency to lower bounds at small rates. The trend is not as
definitive as some crystalline ceramic observations” but is
clearly apparent, in qualitative agreement with expectation.
More importantly, in quantitative agreement, extrapola-
tions of the strength measurements to ultrasmall stressing
rates lead to about 30% of the upper bounds, comparable
to the predicted plateau values. Related measurements by
Semjonov et al of abraded and zirconia-contaminated opti-
cal fiber in 50% relative humidity over 10 orders of magni-
tude of stressing rate exhibited a similar clear tendency at
small rates to lower bound plateau strengths of 20%-40% of
the upper bound.** Figure 2C shows constant stress failure
data for untreated optical fibers at various temperatures in
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water. Symbols represent the means of about eight samples
and were digitized from the published data of Shiue and
Matthewson;>’ experimental variation is approximately the
symbol size and the upper bound to the strength is about
5 GPa. Although for failure times extending over four or-
ders of magnitude, a lower bound to the failure stress is
not as apparent as in Figure 2A,B, the data display a clear
tendency to time divergence consistent with the prediction.
(Temperature effects are discussed below.)

Taken together, the crack velocity threshold observa-
tions, the failure stress plateau observations, and quanti-
tative agreement between the two provide strong support
for a fracture surface energy value for fused silica in water
of 2y = (1.50 + 0.23) J m_z, using relative + 15% uncer-
tainty to describe experimental variation. The solid line and
shaded band in Figure 1 use these values and Equation (3)
to describe the v(G) behavior over the full velocity range.
The determined values of a and 2y in Equation (2) give
Uy = (43 + 13) kI mol™".

3.2 | Thermal activation energy

Attention is now focused on evaluating the invariant thermal
activation energy u; using Equation (8) and experimental
sets of v(T;) and VJ-(TJ-) pairs. Such sets were digitized and
converted into a consistent format from the published DCB
experiments of Wiederhorn and colleagues,g’10 the CT experi-
ments of Sakaguchi et al,'! the CT experiments of Hibino et
al,'” and the DCDC experiments of Fisk and Michalske. >
Figure 3 shows as symbols the variation of v(G) responses ob-
served as a function of temperature by Hibino et al'” The data
exhibit exponential trends at small values of G before tending
to velocity plateau at large values of G. The effects of increas-
ing T are to shift the exponential behavior to greater v and the
onset of the plateau to greater G. Also shown as straight lines
in Figure 3 are similar responses observed by Wiederhorn and
Bolz.” These data are more restricted in range, exhibiting only
an exponential trend, but also exhibit increases in v with in-
creases in T. Other observations'”!! were similar to these, or
reported the increased ratio of observed velocities as a func-
tion of increased temperature.36 Supporting evidence for ther-
mally activated increases in crack velocity with temperature
in fused silica is provided by decreased failure times in the
constant stress failure data of Figure 2C* and earlier’”® and
decreased strengths in constant stressing rate data.>**

For each experimental data collection such as in Figure
3, a single value of G within the domain of exponential be-
havior was selected and the v(7) behavior determined. For
each distinct v(T)), vj(Tj) pair within a collection, Equation
(8) was then used to estimate a value of u; using the value
of G selected and the a and 2y values determined above. The
uncertainty in each u,; estimate was determined from the un-
certainties in the a and 2y values, an assumed +15% relative
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FIGURE 4 Estimates of thermal activation energy u, for crack
propagation in fused silica in water (different symbols represent
different laboratories) and multi-laboratory average and variation (line
and shaded band, 69 + 11 kJ mol_l) [Colour figure can be viewed at
wileyonlinelibrary.com]

uncertainty in each v, and no correlation between uncertain-
ties. The values of u; so determined are shown in Figure 4,
which plots the estimates and uncertainties as a function of
the maximum temperature in a pair; some points are offset
for clarity. There is no significant trend with temperature and
the estimates from the wide range of sources’ 173 are in
agreement. A conservative estimate of the thermal activa-
tion energy for crack velocity in fused silica may be made by
separately averaging the estimates and uncertainties to give
uy =69 +11)kJ mol~!, shown as the shaded band in Figure
4 encompassing most estimates.

The importance of using a complete formulation for «; that
considers departure of the fracture system from equilibrium,
Equation (8), and which thus requires the above quantitative
evaluations of a and 2y, is made clear in the relative contribu-
tions to the u; estimates. A typical estimate involved approx-
imately 62% contribution from the first Arrhenius term, 42%
contribution from the second nonequilibrium term, and —4%
from the third frequency term, with similar relative contribu-
tions to the uncertainty. Hence, neglect of the second term,
setting equilibrium G = 2y in Equation (8), would lead to sig-
nificant underestimation of u,, consistent with the reports of
43 and 20 kJ mol™".'7*® Conversely, maximizing the second
term by assuming zero threshold, setting 2y = 0 in Equation
(8), would lead to significant overestimation of i, consistent
with the reports of 139 and 127 kJ mol ™" > In a related con-
sideration, using Equation (7a) alone and not using Equation
(8) to eliminate the unknown geometry term B led to un-
derestimation of u; as B was overestimated: Setting G = 2y
eliminates the second exponential term in Equation (7a) and
using the experimentally reported value of B and a single v(7)
point led to the reported 53 kJ mol™' 5 A consequence was the
small values of 10 to 40 kJ mol™" reported for ceramics and

other glasses * which were 1n apparent agreement with the
earlier reports of 55 kJ mol™" for soda-lime glass.*’

4 | RESULTS

4.1 | Crack velocity behavior

Figure 5 shows the v(G) behavior for fused silica in water at
various temperatures using Equation (3) and the crack ve-
locity parameters determined from the above experimental
observations. The lines in Figure 3 were calculated from
the new analysis. The solid line is for 7' = 25°C, room tem-
perature, and essentially replicates the “average response”
line from Figure 1 within the domain of model applicability.
The upper, dashed, line in Figure 5 is for T = 100°C, boil-
ing water. The crack velocity increases substantially, about
a factor of 102, with increase in temperature, reflecting the
exponential dependence on the calibrated, large, thermal ac-
tivation energy. The dependence of the crack velocity on the
mechanical energy release rate decreases slightly, reflecting
the simple inverse dependence on the thermal energy per
bond. The changes in the v(G) response on increasing the
temperature from 25°C to 100°C as indicated by the solid
and dashed lines in Figure 5 reflect the expected within-lab-
oratory behavior and are consistent with observations, for
example, Figure 3. However, the variability in the observed
thermal activation energies, Figure 4, leads to considerable
uncertainty in between-laboratory comparison of v(G) re-
sponses. For the same temperature increase, the shaded band
in Figure 5 reflects the expected range of between-laboratory
behavior. That is, if a first laboratory measures a v(G) re-
sponse at 25°C shown by the solid line, a second laboratory
could measure a v(G) response at 100°C anywhere within the
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10-14 N 1 N N N
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FIGURE 5 Bestestimates (lines) and uncertainty (band) of
crack velocity v(G) behavior for fused silica in water at various
temperatures based on analysis of published multi-laboratory data
[Colour figure can be viewed at wileyonlinelibrary.com]
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shaded band. Comparison of Figures 1 and 5 shows the multi-
laboratory variation bands are comparable in magnitude. The
lower, dotted, line in Figure 5 is for T = 0°C, freezing water.
The crack velocity decreases, about a factor of 10, with de-
crease in temperature, reflecting decreased thermal activa-
tion. The dependence of the crack velocity on the mechanical
energy release rate increases only weakly. A shaded band,
similar to that shown, could be drawn around the 7 = 0°C
response, reflecting between-laboratory variability, although
direct experimental measurements in freezing as opposed to
cold water are unlikely. Overall, thermal activation effects in
fused silica crack velocity responses are large, although arbi-
trary laboratory to laboratory comparisons could obscure the
significance of temperature effects: The scale of the shaded
band representing differences between observations in dif-
ferent laboratories is comparable to the extreme difference in
crack velocity between freezing and boiling water.

4.2 | Time to failure behavior

Thermal activation effects in fracture-controlled reliability
can be assessed from the influence of temperature on the time
to failure of a stressed ceramic component. Detailed consid-
erations of stress levels and flaw size distributions were made
previously' but here attention is focused on temperature. If
the stress on a component is such that the mechanical energy
release rate on the failure controlling flaw is sufficiently far
from the threshold, the time to failure, # is given by

t=trp exp [ /KT +uq (1-5%) /2kT]| /> (10)

Equation (10) uses the same v(G) formulation and nota-
tion as above and (after some manipulation) isolates stress
and temperature effects.! tr 18 a reference time that depends
only on temperature invariant terms, including component
and flaw geometry. S is the dimensionless ratio of the con-
stant applied stress to the maximum, inert, strength of the
flawed component, and therefore S < 1. Equation (10) makes
clear that for fixed S increasing the temperature decreases
time to failure (not considered here is that for fixed 7, in-
creasing S also decreases f;).

Figure 6A is a plot of time to failure vs temperature using
Equation (10). The failure and reference times have been set
by using u, and u; from above and selecting the temperature
invariant parameters such that #; =t = 107 s (about four
months) at 7' = 20°C, indicated by the solid symbol. As the
temperature is increased the time to failure decreases signifi-
cantly, such that by 100°C the mean time to failure, indicated
by the solid line, is about 2 X 10* seconds (about five hours).
The shaded band in Figure 6A indicates uncertainty in the
predicted lifetime arising from the uncertainties in u, and u,.
The exponential dependence on these parameters in Equation
(10) leads to a factor of about 10 uncertainty in time to failure,
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in direction of arrow from filled symbol. (B) Decreasing temperature
prediction in direction of arrow from open symbol. Shaded bands
represent failure time uncertainties arising from thermal activation
energy uncertainty [Colour figure can be viewed at wileyonlinelibrary.
com]

although the parameter uncertainties reflect relative multi-lab-
oratory variability of only +£15%. Hence the decreased time to
failure could vary from about 1 hour to about 1 day. There are
two ways to interpret Figure 6A. The first is to recognize that
component lifetime and thus reliability will be significantly
truncated by increases in temperature. This places significant
bounds on the use temperature (eg, do not load items by stack-
ing in the hot dishwasher) or the useful lifetime (eg, use only
for a temporary repair in a hot environment). The second in-
terpretation is to recognize that accelerated testing at elevated
temperature is viable for this fused silica component. Many
tests of components could be completed in a few hours in
boiling water to provide guidance for lifetimes of components
intended for use over several weeks in lukewarm water.
Figure 6B is also a plot of time to failure vs temperature
using Equation (10), but in this case the failure and reference
times have been set such that #; =, = 10* seconds (about three
hours) at 7 = 80°C, indicated by the open symbol. As the tem-
perature is decreased here, the time to failure increases signifi-
cantly, such that by 0°C the mean time to failure, indicated by
the solid line, is about 107 seconds. The shaded band indicates
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uncertainty in the prediction and again the exponential depen-
dence on the energy parameters leads to about a factor of 10
uncertainty in time to failure and hence the increased time to
failure could vary from about one month to about one year. The
simplest way to interpret Figure 6B is that decreased tempera-
ture increases time to failure by freezing out crack propagation
(eg, a cold fish tank will last longer). Careful examination of
Figure 6 shows that the magnitudes of warming and cooling
effects are not quite identical, but that even for the large thermal
activation energy considered here the effect is slight.

In terms of advanced components, optical fibers, micro-
electronic devices, or MEMS, Figure 6 requires alteration in
two ways. The first is that the shaded bands should be increased
in size to reflect the convolution of component-specific flaw
size distributions with the material variability portrayed.
Figure 6 could then be used directly to address the effects of
wet processes on yield in microelectronics or MEMS manu-
facturing. The second way that Figure 6 requires alteration is
to recognize that reliability of advanced components should
address times to failure of 10% seconds (about three years;
lifetime of a microelectronics device) to 10° seconds (about
30 years; lifetime of an optical fiber or MEMS switch on a
missile). Equation (10) shows that stress and temperature
effects are not quite separable and so a reliability prediction
cannot simply translate the curves of Figure 6 to account for
smaller applied stresses operating over smaller temperature
ranges and generate longer times to failure. A similar caveat
applies to the separability of flaw size and temperature: opti-
cal fibers with ultrasmall flaws can exhibit different reliability
degradation in water than bulk fused silica with well-defined
cracks.** Finally, it should be recognized that a reliability
prediction requires an estimate of failure probability within
specified performance conditions, for example, time, tem-
perature, stress.! Hence, Figures 1-5, culminating in Figure
6, provide a firm foundation for developing and validating
such predictions.

5 | CONCLUSIONS

The temperature-independent nanoscale bond rupture param-
eters for fused silica in water, based on extensive analysis
of published experimental crack velocity measurements, are

a=(0.218+0.016) nm,
uy=(43+13) kimol™', and

u, =(69+11) kImol™,

where value + uncertainty represents multi-laboratory aver-

age =+ variation. The macroscale temperature-dependent crack
velocity is given in nanoscale terms by

v=(2kTa/h) exp (—u, /kT) sinh [(Ga* —uy,) /2kT| /B,

where the first two terms represent kinetic effects and thermal
activation, the third term represents the departure of the frac-
ture system from equilibrium, and the fourth term represents
the effects of geometry. An implication of the analysis is that
the fracture surface energy characterizing thermodynamic
equilibrium is 2y = uo/a2 =15 m™> A new analysis was
presented that eliminated dependence on the geometry term
in evaluation of u;, but which retained a critical dependence
on the departure from equilibrium. The value resulting from
the analysis was much greater than assumed in some previous
works leading to crack velocity ranges of more than 10 for
fracture of fused silica in freezing and boiling water. The ef-
fects of temperature on reliability of fused silica components
were predicted to be large, with over a factor of 10° difference
expected between times to failure of components in freezing
and boiling water conditions.
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