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INTRODUCTION

In this papur fracture mechanics is discussed: as a method of under-
standing the strength of glass, and as a method of providing data that can
be used to assure the structural reliability of gi.2s. A review is first
presented of the main factors that control the strength of glass (tem-
perature, environment, surface condltion, etc.). Then fracture mechanics
techniques are described, and the availab.e fracture mechanics data are
reviewed. Finally, the use of fracture mechanics for failure prediction is
discussed.

REVIEW OF THE LITERATURE ON THE STRENGTH OF GLASS
The two main characteristics that determine the strength of glass are
brittle behavior and static fatigue. Glass is one of the most frittle

materials known because at low temperatures deformation iz zlmost completely
elastic. This elasticity has been demonstrated cn silica rods and fibers
by Hillig (Ref. 1) and by Mallinder and Proctor (Ref. 2) to loads as high
1.1 GN/m2 (1.6 x 10° psi), and on soda lime silicate glass fibers by Mallinder
and Proctor (Ref. 2) to 0.4 GN/m2 (0.6 x 106
high in these experimeits that non-linear elzstic behavior was observed;
however, the deformation completely disappeared when the load was released.
Interestingly, the Youngs modulus for the silica glass increased during
these experiments, while that for soda lime silicate glass decreased.
Permanent deformation can occur in glass under certain circumstances.
Permanent densification has been observed by Bridgeman (Ref. 3) and by
Cohen and Roy (Ref. 4) on glasses that have been subjected to pressures of
7 GN/m2 (106 psi). During hardness indentation tests, plastic flow and
densification occurs because of the high compressive and shear stresses
(v 10 GN/mz) near tne indenter (Ref. 5,6). Permanent deformation has also
been observed in compressive tests conducted by Ernsberger (kef. 7) on
glass rods that contained oblate bubbles. In these experiments densifi-~

psi). The stresses were so
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cation was observed in Pyrex and silica glass at stresses of approximatelt
7 GN/mz. In all of the above cases, high compressive loads were necessary
for the occurrence of plastic deformation. To date, there have been no
unequivocal reports of plastic deformation of glass that has been subjected
to tensile loads.
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The low strength of glass is a direct result of this brittle behavior.
When glass is polished and grovnd, small cracks are lefit in the glass
surface.8 These cracks act as stress concentrators so that the crack tip
stress ig considerably higher than the average applied stress. Since
plastic deformation does not occur to relieve these crack tip stresses, the
surface cracks propagate when a critical stress is reached at the crack
tip. The critical stress required for crack motion is determined in part
by the glass composition, and in part by the environment at the crarck tip.
The environmental contribution to crack motion results in a time dependence
of strength known as static fatigue.

Static fatigue of glass was observed first by Grenet (Ref. 9) who
noted a time dependence of strenyth for both static and dynamic loading
conditions. For a constant loading rate, the strength depended on the rate
of loading, increasing as the rate increased; whereas for constant load,
failure occurred after a period of time at load. The phenomenon of static
fatigue at constant load is illusirated in figure 1.

The failure time depends on the
load applied to the glass; large loads
can only be supported for short periods

&

of time. If the load is small enough, o

a fatigue limit occurs; fracture does gée \\

not occur regardless of the time for gS - \\\\ £

which the load is applied. '§§e \‘\~m‘\~ E
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Static fatigue can be explained 4LLH.. wd o s i TS

by the growth of cracks caused by a ) 10? i0* 10*

stress enhanced chemical reaction Duration of Lood (sec.)

between water and glass. Static Fig. 1 Static fatique of soda-

fatigue occurs only in the presence of jime silicate glass (Ref. 10)
water which reacts chemically with the

strained bonds at the crack tip causing

bond rupture. The rate of crack

growth is def:ermined by the rate of

the chemical reaction, and the time to

failure is determined by the time

required for the crack to grow from a subcritical to a critical size, at
which point, failure jis instantaneous.

Before the advent of fracture mechanics concepts, strength measuvre-
ments were used to study static fatigue. The strength was measured in
three or four point loading as a function of loading rate, or the time to
failure was measured as a function of applied load. Using these techniques
the following observations were made:
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o] Static fatigue cccurred only in the presence of water (Ref. 1ll-

14),

o Static fakigue-could be detected for load times as short as 10"2
second (Ref. 14).

o Static fatigue did not occur in a vacuum or at very low tempera~-
tures (-196°C) (Ref. 12, 13, 15).

o Static fatigue was an activated process, fracture becoming
easier at higher temperatures (Ref. 16, 17).

o Static fatigue was the result of a single process that did
not depend on the surface flaw size (Ref. 18).

o The static fatigue limit occurs at approximately 20-30

percent of the environment~free strength (Ref. 10, 19).

While strength studies provided considerable igformation on the
strength of glass and the occurrence of static fatigue, fracture
mechanies techniques added to this body of knowledge, providing a
deeper insight into tbe fracture process.

FRACTURE MECHANICS TECHNIQUES

Fracture mechanics techniques are all based on Griffith's original
studies of the fracture of brittle materials (hef. 21). One conclusion
of Griffith's work is that the strength of brittle materials depends
on the presence of cracks in these materials. The strength, S, was
related to the craci length by the following formula (derived for an
eiiiptical through crack of length 2a):

S = (2Ey/na)% ' (1)

where y is the fracture surface energy of the material and E is Young's
modulus. Griffith showed that the fracture behavior of glass containing
macroscopic cracks obeyed the above equation.

The theory developed by Griffith was generalized by Irwin (Ref.
21) who established fracture mechanics as a practical science which
could be used to assure the reliability of structural materials. 1In
Irwin's analysis the condition for failure could be expressed in the
following general form for plane stress deformation:

2 _
Xy = 2Ey (2)

Where KI is known as the stress intensity factor for opening mode
loading.

The stress intensity factor, K;, occupies a central position in
the science of brittle fracture because it is proportional to the
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stress near the crack tip. 1In fact at any point near the crack tip the
stress, Gij' is related to the stress intensity factor by the following
equation (Ref. 22): '

044 = (xI//E) fij (8) (3)

where r is the distance from the crack tip and fij (6) is a function of the
angle 6 from the fracture plane. Egn. (3) applies to the region near the
crack tip for any crack shape, provided the crack is subjected to opening
mode loading (all loads are perpendicular to the crack plane). For any
particular crack K., can be related to the applied load by a stress analysis
of the crack geemezry. Therefore, the applied load can be related to the
stresses near the crack tip. For this reason, KI is the main mechanical
parameter that controls the fracture of brittle materials.,

The relation between KI and the applied load has been determined for
many different crack configurations (Ref. 23, 24). For a Griffith crack K;
= SY/ma, which is obtained by comparing Egn. (1) and (2'. While the
Griffith configuration cou&d be used to obtain fracture information, other
crack counfigurations are easier to use. Two crack configurations that have
been used most frequently to obtain fracture mechanics data on glass are
the double cantilever beam configuration (Ref. 24, 25) and the double
torsion configuration (Ref. 26). Either of these technigques can be used
conveniently to obtain fracture mechanics data on glass (ReZ. 27, 28).

FRACTURE MECHANICS DATA ON GLASS

ﬂ.
Crack Growth Data
The earliest fracture mechanics

3
-

studies, conducted in nitrogen gas
containing various amounts of water
vapor (Ref. 29), showed that glass
fracture was no simple process.
Fracture appeared to occur by several
mechanisms as indicated by the tri-

LAMCR VELOCITY, mulrabecord

modal curvés shown in Fig. 2. Three

characteristic regions of crack growth
were observed. At low values of K

STRESS MTENSITY FACTOR, &y, N m¥'tx 00

' ) I’ Fig. 2 Effect of water vapor
region I, the crack velocity, v, (% R.H.) on crack propagation
depended exponentially on KI,.and (Ref. 29)

also on the parital pressure of
water in the environment.
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At higher values ot KI. region II, the crack velocity depended on tha
partial pressure of water in the environment, but was nearly independent of
K;. Finally at the highest values of K+ region III, crack growth again
depended exponentially on K,, but now did not depend on water in the
environment. In renion I and II crack growth was attributed to & chemical
reaction between water in the environment zad the stressed glass at the
crack tip. In region I crack motion was reaction rate limited while in
region II crack motion was transport rate limited depending oa concentration
differences betwecn the crack tip and the bulk environment. 1In region IIIX
crack motion was independent of environment and fracture was due to some
process that depends only on the glass structure. More recent studies of
fracture in vacuum (see below) indicate that region III does rot occur for
all glasses.

Crack propagation in region I has iLeen shown to depend on temperature,
glass composition and environment. For .iastant KI’ the crack velocity in
water increases as the temperature is increased suggesting that ecrack
growth is an activated process (Ref. 30). A least squares fit of crack
growth data for a number of glasses to an Arhenius type equation yields a
zero-stress activa:ion energy that ranges from 20 to 30 Kcal/ mol. This
range orf activation energies is consistent with that expected from a
chemical reaction, and is, therefore, consistent with the mechanism proposed
by Charles and Hillig for the static fatigue of glass (Ref. 31, 32). 1In
other aqueous environments (acids, bases and varicus salt solutions) crack
propagation has been shown tc depend on the pH of the test solution (Ref.
33), Fig. 3.

For example, in silica glass crack [ ' ' l
propagation curves obtained in high pH tr I
solutions have about twice the slope of i
those obtained in low pH solutions. 5'“‘- -
This change of slope with pH can be used E ot -
to explain similar slope changes observed §,¢u_ J
for other glasses that were tested in g i SILICA 6Lass  _|
water (Ref. 30). In general, high _ “'cn_ :ngpn |
alkali containing glasses have slopes . . 63
that are more shallow than the low i aore
alkali containing glasses. This dif- s 3 e p

ference in slope has been attributed to STRESS INTENSITY FACTCR, Kg,x 10”3 Nm=3/2

a difference in pH at the crack tip, Fig. 3 Effect of pH on

the pH being determined by a crack propagation (Ref. 33)
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chemical reaction between the glass
and the crack tip solution. The
high alkali containing glasses
react to form a basic crack tip
environment while glasses containing
little or no basic constituents
react to form an acidic environment.
Region I crack growth has also
been investigated in normal alcohols
by Freiman (Ref. 34) and by Evans
and Wiederhorn (Ref. 35). Tri-
modal curves were obtained (¥ig. 4y
indicating that crack growth behavior
in these environments was similar
to that in nitrogen gas containing
water vapor. At a given value of
Kis the crack velocity was propor-
tional to the concentration of the
water in the alcohol, suggesting
that crack propagation is mainly

Crack Valocity, a/s

v v
Butyl Alcohol

1074t

105} varer sac'e.

10
-7

10

10

0.4 0.5

Stress Intensity Factes, Ky /o

0.6

0.7
3/2

Fig. 4 Crack propagation
in Butyl alcohol (Ref. 35)

due to the water in the alcohol and not to the alcohol itself.

region III the alcohol chain length does have a small effect in the vosition

of the crack velocity curve.

-

However, in

Information on the mechanism of fracture in region III has heen

cbtained recently by Wiederhorn et al (Ref. 36) from crack propagation

studies in vacuum.
depended on the composition of the

glass. For some glass compositions crack
growth in region III depended on tempera-
ture in an Arhenian manner (Fig. 5).

For other glass compositions slow crack
growth did not occur; instead glass
fractured, abruptly at a critical value

of K. These differences in behavior
apparently depend on the elastic pro-
perties of the glass. Crack growth in
vacuum occurred for glasses exhibiting
normal elastic bzhavior (the bulk medulus
decreasing with increasing temperatures
but increasing with increasing pressure).
By contrast crack growth did not occur

In these studies, it was observed that the crack growth

T
- S0DA=LIME SILICATE
2wt |
:. (]
§
b3 [
g »
[l =3
L]
ot 3 400" 214%¢
1

o

o7

STRESS ITDGITY FACTOR, MN/m™'2

Fig. 5 Crack propagation
in vacuum (Ref. 36)
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for glassges that exhibited ancmolous elastic behavior {the bulk modulus
increasing with increasing temperatures, but decreasing with increasing
pressure). Wiederhurn et al (Ref. 36) suggested that this difference in
behzvior could be related o the glass structure neaxr the crack tip.
Thomson's theory of "lattice trapping” which relates structure to fracture
behavior may explain the fracture behavior of glass in vacuum (Ref. 37,
38). The reader is referred to the original article by Wiederhorn et al
(Ref. 36) for a futher aiscussion of this point.

CRITICAL STRESS INTENSITY FACTOR DATA
In addition to crack propagation studies, fracture mechanics tech-

niques can be used to measure the critical stress intensity factor for

abrupt fracture, K Because K. is related to the stresses and strains

Ic’ I
near the crack tip, KIC gives a measurement of the maximum stresses or

strains that a material can withstand prior to failure. is commonly

K
defined as the value of KI°that is required for crack groiSh in a inert
environment. Ko is a well defined parameter for materials that fail
abruptly because of rapid crack acceleration at a well defined value of K;.
However, for materials that exhibit slow crack growth in an inert environ-
ment, KIC is not so easily defined because the lower limit of KI for the
initiation of crack motion is not easily measure. For these materials we
have defined Kyo as the value of KI (measured experimentally) required for
a crack to muve at a velocity ~10”*m/s. Using this definition, values of
Ko have been reported for a number of different glass compositions (Ref:
39, 40). The values of K;o for glass depend on composition and range from
0.6 to 0.9 MN/mS/Z. -

The values of KIC for glass can be used to demonstrate the extreme
brittleness of glass. Dugdale (Ref. 41) and McClintock and Irwin (Ref. 42)
have shown that a good estimate of the plastic zone size, R, near a crack

tip can be obtained from the following equation:

. 2 '

R = (n/8) (Kpo/0,) (4)
where oy is the yield stress of the glass. Applying this equation
to silica glass (K.. = 0.79 MN/m3/2) and soda lime silicate glass

EC

(KIC = 0,75 MN/m3/ ) for which ¢_ has been estimated from hardness
indentation studies (Ref. 43) to be 15.5 and 10 GN/m2 respectively,
the sizes of the plastic zones at the crack tip calculated from

“L0, for silica glass and 26 x 10 1% for soda
lire silicate glass. The fact that the plastic zone sizes for

metals and plastics (L.4 x 1074 - 14 x 10™%m for PMMA and 7.1 x 10~%m

eqn. 4 are 6.4 x 10

——— - ——— - o, o

m——— ——
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for 4340 steel) (Ref. 44) are so much larger emphasizes the =2xtremely
brittle nature of glass. Plastic flow at crack tips in glass does not
significantly reduce the stress concentrating effect of surface microcracks.

Comparison of Crack Propagation Data with Strength Data
Crack growth data are of value for engineering purposes only if the

data are consistent with strength data obtained at constant load or at s

constant loading rate. The easiest experimental ccmparisua is between the
crack propagation data and the loading rate data.

For most glasses the crack velocity can be expressed as a power
function of Key v = AK?, where A ang n are experimentally determined crack
propagation parameters. Using this expression, Evans showed that the
loading rate, 4, wus related to the strength, o, ky the following equation
(Ref. 45): '

n+l _ n-2,, .2 n-2 ,. )
o = 2(n + 1) opq /Ay Kic” ! 2) (5}

where 0., is the median strength of the glass measured in an inert environ-
ment (vacuum or super dry nitrogen), and Y is the factor that depends on
the crack geometry. Using this equation, a comparison between crack pro-
pagation data and strain rate data was made for two glasses: a soda lime
silicate glass (Ref. 47) and an ultra-

low expansion silica glass containing

7.5 percent Tio2 (Ref. 48). Results for T T —r T T

the silica glass tested in water (Fig. 180 ' .

6) show excellent agreement between 60}
strength measurement and crack pro-
pagation data suggesting that failure

was primarily by crack propagation. A

140}

120

Strength, O, MN/m?
—

similar comparison for soda lime silicate
glass tested in nitrogen. one percent 1o0r- T

R.H., also gives excellent agreement L 1 1 : 3
02 0 | 10 i0?
Loading Rate, log G/3;,

between the crack propagation data and
the strength data.

Other less complete comparisons Fig. 6 A comparison of

-

strength and crack propagi-
tion data (Ref. 48)

between strength and crack propagation
data have been made. In a recent studies
on a variety of glasses, Ritter (Ref.

48) reports good agreement for n obtained
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from loading rate and crack propagation

stucies. Slopes determined from ' '
constant 1274 studies on silica and o™ 7
seda lime silicate glass in water are n“L 1
also in good agreement with slopes o 10t}
determined from crack propagation : " ]
studies (Ref. 30).* Hewever, constant 5 °
load studies on abraded silica glass g'°*' '
and on Fyrex glass (abraded and chemically 0 4 .
polished) do not agree with crack 0% f9~5 4
propagation studies (Ref. 49, 50).. This il %.f; }
difference in behavior has been at- $
tributed to differences in crack tip QTR oim

. STRESS INTERSITY FACTOR,Kg, M/m
chemistry for the two types of studies
(Ref. 33). Thus, if the pH at the crack Fig. 7 Crack propagation
tip differed for the two types of studies air (50% R.H.): A silica

then differences in slope would be glass; [ pytex; o soda-
expected. Because the failure time can lime (Ref. 51)

be estimated from crack growth information, it is of practical importance
to resolve these differences in behavior. '

The Static Fatiqgue Limit in Glass
Fracture mechanics techniques can be used to investigate the static

}atigue limit in glass. This limit, which for a given component is the load
below which fracture wiil not occur regardless of how long the component is
subjected to load, has been estimated by various authors as 20 to 30
percent of the short term strength (presumably oIC) (Ref. 10, 19). Fracture
mechanics data can also be used to estimate the value of the static fatigue
limit in glass. The fatigue limit is determined by the value of K; at
which crack motion stops. Recent studies by Wiederhorn and Johnson (Ref.
51) at crack velocities as low as lo-llm/s gave no indication of a static
fatigue limit for Pyrex cr silica glass tested in air (50 percent R.H.).

The crack velocity data for these glasses approximate a straight line on a
logarithmic plot over the entire range of parameters (Fig. 7). The lowest

*In these studies the crack velocity was expressed as an exponential
function of Ko v = vV, exp BKI, and the strength as c/oIC = 0.5 - (1/BKIC)
In (t/to.s), where to.s is the time to failure at a load oIC/z. Texrmed
the universal fatigue curve, this type of strength plot was suggested
first by Mould (Ref. 18). For glass, K, - v data are represented equally

well by an exponential or power function of K;.
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values of KI measured for these glasses suggest that the fatigue limit is
less than ~44 percent of the short term strength for both Pyrex and silica
glass. By contrast, the curve for soda lime silicate glass does exhibit
severe bending at low velocities suggesting a fatigue limit KI v 0.3
MN/m3/2, which is ~40 percent of the short term strength. (Defined here as
KI/KIC). This value is slightly higher than those reported in the litera-
ture. If Pyrex is tested in an acid environment (pH < 1.7) one obsarves a
fatigue limit of KI N 0.41 l~1N/m3/2 which is 53 percent of the short term
strength (Ref. 34). This limit results fzom an aggressive attack of the
acid on the glass which causes crack tip rounding.
FRACTURE MECHANICS FOR FAILURE PREDICTION

The excellent agreement between crack propagation data and
strength data (Ref. 46, 47) supports the argument that failure in these
glasses is by cra & growth, and suggests that crack growth data can be used
for failure prediction purposes. This use of crack growth data depends on
a complete characterization of crack growth for a given application. Once

the crack growth has been characterized then the time-to-failure can be
calculatcd provided the size of the critical flaw can be determined. The

key to this application of fracture mechanics is in fact the determination

of the initial flaw size. Recent work by Evans and Wiederhorn (Ref. 52,

53) suggest that for practical purposes the initial flaw size can be estimated
by, overload proof testing. )

Proof testing is used :in structural design to break weak components
before they can be placed into service. By so doing we assure the structural
integrity of components that are placed in service. In a proof test, a
proof test lnad, op, which is larger than the sgrvice load, O is applied
to the components in an inert environment. This procedure guarantees that
components passing the proof test have flaws smaller than the critical size
that would have resulted in failure during service. TIn' fracture mechanics
terms, the stress intensity factor at the crack tip of the most serious
flaw, Kp' has to be less than KIC
the proof test. Thus, for a component to pass the proof test, !

if the component is not to break during

K..>K =0 y./ai (6)

IC P p
where Y is a geometric factor and a; is the crack length of the most
serious flaw in the cumpcnant.

10
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When a component has passed the proof test and is placed into service
the stress intensily factor at the most serious flaw is given by:

K, = oaYJSi (7)

where O, is the service load.

By dividing Egn. (6) into Egn. (7), the foilowing equation is obtained

for the stress intensity factor at the beginning of service:
Ky < Kgq °a/°p . (8)

Thus by proof testing a component prior to service, an estimate of the
maximum stress intensity factor at the beginning of service may be obtained.

In service, the component will be gradually weakened by crack growth
until failure oceurs. The time to failure can be estimated from the defini-
tion of crack velocity, v z da/dt, and the relation between KI’ a, and o:
X = o¥v¥a). For x constant load

v (sz/yzaa2 ) dK_/at (9)

This equation can be solved to give the following expression for the
failure time:
t = (2/Y%_2%) ch (K./v) dK (10)
a I I
i
This equation can be evaluatzd either numerically or analytically if a
relationship between KI and v is available. For v = AK?, a minimum time-

to-failure, tmin’ is obtained by substituting Ki from equation 8 into the
sower integration limits of Eqn. (10).

_ an =2 2-n,,,2,
toin = 29, (KIC oa/op) /AY" (n-2) (11)

Note that all the variables in the right hand side of this equation can be
determined experimentally. ;

The main features of Egn. (11) is that the minimum time to failure
tmin' after a proof test is inversely proportional to the service stress
squared and directly proportional to a function of the proof test ratio, )
op/oa. In functional form the equation may be expressed as follows: !

=2
tmin =0, - f(op/oa) (12)

11
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The function of proportionality, f(op/oa), is determined from measurements
of KIC and from crack growth data. Thus, all the necessary information for
failure prediction can be obtained by fracture mechanics techniques.

The relationship given by Egn. (12) can be presented graphically in
the form of a proof test diagram that can be used for design purposes. A
diagram of this type is given in Fig. 8 for a low expansion silica glass
containing 7.5 percent Ti9,. The
diagram gives a plot of the minimum
time to failure versus the service | |g:~,wwaﬂm" .

stress. Each of the lines on this - et 1

diagram represents the relation- '

ship between t and o4 for a

min
given proof test ratio, cp/oa.
The diagram is used to selecc an

appropriate proof test ratio for a

Log (taiale toc

specific application. The silica
glass represented by this diagram
was considered for use as windows
in the Space Shuttle, for which the

glass was required to sustain a L. )

load of 3 MN/m2 (v4,000 psi). . &mnsmm::mmf
Assuming that for safe operation

the load would have to be supported Fig. 8 Proof test diagram
for one year, a proof test ratio of (Ref. 47)

approximately 2.6 is obtained from

the diagram. Thus reliable performance

of the space craft windows would require proof testing to a stress of 12
MN/m2 (~10,000 psi).

The above example of proof testing illustrates the basic procedure
that should be followed to assure the reliability of glass for structural
application., However, certain precautions are necessary to assure the
validity of the method. These, precautions are concerned with the accuracy
and applicability of the proof test data, the design .cf a proper proof test
procedure and the possibility of strength degradation after the proof test
has kzen completed. These precautions are necessary since an incorrect
assessment of any one of them could invalidate the proof test and result in
premature component failure. The interested reader is referred to references
52-56 for a more complete discussion of the method and its application to
structural design. Despite these precautions, proof testing is a promising
method of using fracture mechanics data to assure the reliability of glass
structures.
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SUMMARY

This paper has summarized the strength and fracture data on glass,
emphasizing the phénomenon of static fatigue. 1In summarizing the strength
of glass, it was noted that glass is characterized by extreme brittle
behavior. The practical strength is much less than the theor.tical strength
because of the presence of cracks in the glass surface. The growth of
these cracks caused by water in the environment leads to the phenomenon of
static fatigue, which is characterized by delayed failure under constant
load, or a loading rate dependence of strength.

Static fatigue can be studied by the techniques of fracture mechanics
which use specimens that contain large artificially introduced cracks. The
key variable that can be measured b§ fracture mechanics techniques is the
stress intensity factor, KI' which is propoertional to the stresses near the
crack tip. By relating KI to the crack velocity, temperature, environment
and glass composition it has been demonstrated that the fracture of glass
is a comnlex phenomenon that is controlled by a number of different mechanisms
involving chemical reactions, diffusion and glass structure. In cases
where a direct comparison has been made between crack growth data and
strength data, good agreement is obtained suggesting that crack growth data
can be used for design purposes. A method of'using fracture mechanics data
to obtain proof test diagrams is outlined. These diagrams can be used to
select the proof test lcad that will assure the lifetime of a structural
component for a particular application.
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