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Strength and Static Fatigue of Abraded Glass Under
Controlled Ambient Conditions: 1, Effect of Various
Abrasions and the Universal Fatigue Curve

by R, E. MOULD and R, D, SOUTHWICK

Preston Laboratories, Incorporated, Butler, Pennsylvania

A controlled grit blast was found to be a repro-
ducible method of producing standardized damage
to a glass surface. The effects of grit size,
blast pressure, and amount of grit on the strength
of the resulting specimens are reported. Static
fatigue curves (strength vs, load duration) were
obtained for specimens immersed in room-tem-
perature distilled water and in liguid nitrogen
('77°K.) after the specimens had been subjected
to various abrasion treatments, The low-tem-
perature strength was independent of load dura-
tion, and for surface damage of simple geometry
it was inversely proportional to the square root
of the initial crack depth, consistent with the
Griffith theory. Abrasions of different geometry
produced differing static fatigue curves at room
temperature, and in one case curves actually
crossed. ¥f, however, the stirength values for
each abrasion were divided by the low-tempera-
ture strength for that abrasion and plotied vs,
a reduced time coordinate, all the data could be
fitted to a single ‘“‘universal fatigue curve,’’ This
analysis led to a clear distinction between
“linear’ and “point’® flaws, the former being
flaws (such as emery scrafches) which have an
extension in a direction perpendicular to the ap-
plied stress and the latter being of a more local-
jized character, Linear flaws fatigue more
rapidly than point flaws by a factor of fifty and
for each type of damage the fatigue rate is in-
versely proportional to the exponentizl of the
initial flaw depth. A detailed analysis of the
data in terms of several static fatigue theories
from the Hterature shows that nonme of them
provides a complete and adequate explanation of
these results.

I, Introduction

mCE the work of Griffith! in 1920, it has come to be gen-
Serally recognized that the failure of bulk glass to exhibit
the very high strengths (of the order of 1,000,000 to
5,000,000 1b. per sq. in.) predicted by various theoretical ap-
proaches can be attributed to cracks or flaws in the specimens.
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stracted in J. Am. Ceram. Soe., 4 [6] 518 (1921).
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Congr. Appl. Mechanics, Delft, pp. 5563 (1924),
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The possible natural occurrence of such cracks resulting from
the network stracture of the material has been the subject of
considerable discussion in the literature dealing with the
strength of glass. It has been clearly demonstrated by riow,
however {(see Part 1 of this series?), that bulk glass (as distin-
guished from fibers) ean, with proper precautions, be prepsred
with a strength of the order of 100,000 to 200,000 lb. yer
sq. in. Using the Griffith fornnila,* the largest cracks which
can be present in such specimens are determined to ke abcut
0.07x in dimension,

To account for the usual technical sirength of glass {of the
order of 10,000 Ib. per sq. in.), it is necessary that cracls of
about 7 ¢ (3 X 10%in,) in depth be presentl. In view of the
fact that bulk glass can be prepared in which the largest pos-
sible crack is only Y/iy of this size, it is apparent that (hese
lower strengths must be attributable to some type of flaw oo
damage which is not inherent in the glassy structure itsell.

Experimentally it is found by examination of the {raciure
markings that in good-quality glass, with no ohservable val-
ume defects, breakage at low or mcderate siresses always Te-
ging at a surface. In addition, the effect of etching oz
strengthening glass specimens and the readily demonstrable
weakening effects of any mechanical econtact with high-
strength specimens points conclusively to surface inpefec-
tions as the source of nearly all moderate or low strexgth
values. Such imperfections are generally the results of
mechanical damage to the surface, Minute brusises and
scratches are readily formed when a glass surface touchss 2
kard object. Even when such damage is not visible nr=io-
scopically a consideration of the history of any specimen wh<s2
strength is less than, for example, 100,000 1b. persq. in. will in-
variably show that there has bheen some surface contact dur-
ing the history of the specimen.

Any study of the strength of glass, except for pristine i £h-
strength specimens, thus can be considered as a study o tha
growth under stress, either stow or catastrophic, of pre-exist-
ing surface cracks, An understanding of the role of such sur-
face damage is a prerequisite to understanding the strengib cf
glass, and its control or elitnination is a key to improved re ch-
nical strength of glass articles. -

There are four important aspects to the behavior of dammage
to a glass surface. These can be characterized conveniently
as (1) flaw geometry, (2) flaw growth, (8) flaw produertion,
and (4) flaw statistics.

R E. Mould and R. D. Southwick, “Strength and Z=tic
Fatigue of Abraded Glass Under Controlied Ambient Cerdi-
tions: I, General Concepts and Apparatus,” J. A Cerere.
Soc., 42 [11] 542-47 (1959).

* g = v/ Eafc; assume that Young’s modulus B = 107 b, per
sq. in., surface tension ¢ = 0.00311b. per in., strength ¢ = 160,00
Ib. per sq. in.s then ¢ == X 107%in, or G.07 p.
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(1) Flow Geomefry

In its simplest form the problem of flaw geomeiry can be
stated as follows: Given a surface flaw or crack of a known
size and shape, what macroscopic tensile stress in the material
will produce catastrophic growth and failure? For cracks of
simple shape this problem can be treated mathematically
either in terms of surface energy and strain energy® ? or in
terms of stress-concentration factors and the ultimate strength
of the material.* Orowan’ has shown the approximate equiv-
alence of the two approaches.

In contrast to the ideal eracks which have been treated
mathematically, the geometry of actual damage to a glass sur-
face is usually not simple, and it might appear to be a hapeless
task to attempt to relate the strength associated with a given
type of surface treatment to the shape of the flaws produced by
that treatment. Studies of the grinding and polishing of
glass® 7 have shown, however, that, in general, damage to a
glass surface produces cracks which extend to an appreciable
depth below the apparent depth of the damage. It seems
likely that such cracks have a much simpler shape than the
stirface manifestations of the damage and it is possible that
they can be related to the simple cracks mentioned above.

{2) Flaw Growth

This is essentially the problem of static fatigue or of the
delayed failure of glass under stress. This phenomenon is be-
lieved to be related to the growth of surface cracks in the ma-
terial and the resulting change in the stress-concentraiion fac-
tor associated with those cracks. A complete understanding
woild involve a knowledge of the dependence of crack growth
on applied stress, ambient conditions, and previous history of
the specimen, The flaw geometry of the initial crack and the
way in which it changes with crack growth should also play a
significant role,®

(3) Flaw Production

TWhat size and shape of flaw is produced by a given treat-
ment of the glass siwwface and (by (1) and (2) above) what are
the resulting strength values? This problem has been studied
with respect to diamond scratches by Holland and Turner®
and more recently by Ord® and by Levengood!® and for abra-
sion with a hemispherical abrader by Ghering and Turnbufl. 11
Because of the great variety of types and degrees of abuse to
which glass may conceivably be subjected, a complete answer
to the question is not feasible. Tt is possible, however, that

3R, A, Back, “Extension of Griffith’s Theory of Rupture to

’(I‘hrf:Ge) Dimensions,” FProc. Phys. Soc. (Loudon), 58, 720-36
19486),

4 H. A, Elliott, “"Analysis of Conditions for Rupture Pue to
Griftith Cracks,” Proe. Phys. Soc. (London), 59, 208-23 (1047).

5E. Orowan, "Energy Criterina of Fracture,” Welding 7.
(N. Y.), 34, 1575-78 (19565).

5W. C. Levengood and W. E. Fowler, ""Morphology of Frac-
tures in Polished Glass Surfaces,” J. Awm. Ceram. Sec., 40 {1]
31-34 (1957).

"E. Briiche and H. Poppa, ‘‘Polishing of Glass,” J. Soc.
Glass Technol., 40 [107] 513-19T (1956); Cerem, Absir.,, 1958,
September, p. 2814

* See star footnote following footnote 2 on p. 543 of Part 1 of
this series for comment on the practical significance of statie
fatigue,

$ A, J. Holiand and W, E. 8, Turner, “Effect of Transverse
Scratches on Strength of Sheet Glass,”” J. Sec. Glass Technol.,
21 [87] 383-94T (1937); Ceram. Absir., 17 {9] 302-303 (1938).

#P. R. Ord, “Observations on Glass Cutting by Diamond,”
J. Svc. Glass Technol., 41 [201] 245-568T (1957); Ceram. Absir.,
1959, April, p. 978

BV, C. Levengood, ‘*Effect of Origin Flaw Characteristics on
Glass Strength,’ J. Appl. Phys., 20 [5] 820-26 (1958); Ceram.
Absir,, 1958, September, p. 2301,

1171, G, Ghering and J, C. Furnbull, “Scratching of Glass by
Metals,”” Bull, Am., Ceram. Soc., 19 [8] 200-24 (1940).
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certain common types of abrasions can be categorized and the
resulting strength related to the type and degree of damage in-
flicted.

In the absence of flaws or cracks produced by mechanical
action, the question remains, as mentioned above, as to the
possible occurrence of inherent flaws related to the nature of
the glassy network. As stated above, strength evidence for
bulk glass now limits the possible size of such flaws to
about 0.1x and evidence on fibers suggests that the actual
limit may be much smafler.

{4) Flaw Statistics

A speeimen in uniform tension fails at the most severe flaw
present. ‘The statistics of strength distributions thus fall into
the difficult field of extreme value theory.’? This subject has
greatest interest in connection with the so-called “size effect”
and with attempts to deduce the frequency and distribution of
postulated inherent flaws in the glass structure from the dis-
tribution of strength values for high-strength specimens. In
the case of artificially or mechanically produced damage to
bulk glass, the distribution of flaw sizes is of less general in-
terest since it will be niore dependent on the nafure of the
damaging process than on the structure of the material itself,

Although a complete understanding of the role of flaws and
cracks in determining the strength of glass would involve an
understanding of all four factors outlined above, the aim of
the present paper is somewhat less ambitious. Two subjects
are reported: (1) a study of grit blasting as a means of pro-
ducing controllable, reproducible damage to glass specimens
for strength tests and (2) measurements of strength and static
fatigue of certain types of artificial damage under controlled
conditions. The study of grit blasting relates to its use as a
tcolin studying factors other than surface damage which affect
strength. The measurements on various abrasions are di-
rected to the first three of the four more basic problems out-
lined. The fourth, flaw statistics, is not considered.

II. Grit-Blast Abrasion

(A) Apparatus and Methods

Using the grit blaster and impact tester described in Part T
of this series,” a systematic study of the effect of grain size and
blast pressure on the strength of grit-blasted specimens was
carried out. The specimens were standard soda-lime glass
microscope slides approximmately 3 by T by 0.040 in, The
abraded spot, approximately 1/s by 1/4in, in size, was placed
in the center of one face with its short dimension parallel to
the fong dimension of the specimen. The slides were then
tested in cross bending in the impact tester so that the abraded
face was in tension. All fractures originated in the grit-
blasted spots. Span length was 21/» in., and the impact load
was applied o the center of the compression face through a
small coil spring on the impact pendutum,

Before grit blasting, the grit was sieved and baked as de-
seribedin Part 1. Inaddition, the slides were baked at 200°C.
and allowed to cool to room temperature along with the gritin
desiccators containing Drierite.f Slides were tested dry in
normal room atmosphere immediately after abrading, and
each value reported represents the average for twenty speci-
1mens.

12 Statistical theories of fracture have been summarized by
B. Epstein, *‘Statistical Aspects of Fracture Problems,” J. Appl.
Phys., 19 [2] 14047 (1948); Ceram. Absir., 1949, November,
p. 269d.

T Subsequent experiments showed that the precaution of bak-
ing speeiniens before abrading produced no discernible effect on
the results.
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Fig, 1. lmpact strength vs. blast pressure for various

grit sizes.
Amourt
Curve Grit size Steve sizes of grit
A 30 Mot steved 1/4
] 60 50/60 1/4
F 60 8o/i00 /2
G 80 80/100 1/2
H 120 100/140 1

Sieve sizes indicate mesh sizes of U, 5. Standard sleves

between which froction of grit used was retained, Un-

der "Amount of grit,” one unit = approximately 0.05 cc,
or 0.10 gm, of grit,

{B) Results and Discussion for Grit Blast

The results of these measurements are plotted in Figs. 1
and 2. Strengths are reported in degrees of fail of the jmpact
pendulum to produce breakage since these measurements were
performed with an early version of the impact tester for which
a complete stress calibration was not obtained. Bending
stress is approximately proportional to this quantity, and
subsequent measuremnents showed that 40° corresponded to a
bending stress of about 8700 ib. per sq. in.

An examinaiion of the results of these tests yields the follow-
ing information with respect to the effects of the variables as-
socialed with grit blasting on the strength of the resulting
specimens:

{1} Blast Pressure

As would be expected, strength decreased with increasing
blast pressure. The relatively small decrease with increasing
pressure above about 50 lh. per s¢. in. may indicate that, for
the nozzle geotetry used, turbulence in the gas flow provided
a limiting factor on the severity of the blast. From the stand-
point of producing reproducible abrasions it is obvious that
the presstre must be controtled and it is preferable to use rela-
tively high pressures where the degree of damage inflicted is
relatively insensitive to pressure changes.

(2) Grif Size

The strength of the grit-blasted specimens also depended on
the grain size of the grit used, Of special interest in this con-
nection are curves (F) and (G) of Fig. 1. These show that
strength differences can result even with sieved grit when the
distribution of sizes in the initial grit supply changes. For
accurately reproducible strength results it is necessary not
only to sieve the grit used but to start with similar samples be-
fore sieving. An obvious interpretation of these results is
that although the maximum and minimum sizes for the two
samples of grit (determined by the sieves used) were the same,
the distribution of sizes within those limits differed enough to
praduce different strength results.

Vol. 42, No. 12
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{3) Amount of Grit

Experimenis were conducted in which the amount of grit
used was varied by factors of up to four to one, Over this
range the resulting strength values were independent of the
amount of grit used. In general, this appeared to be true as
long as the abrasion was not so severe as to reduce the thick-
ness of the slide appreciably over the area of the abrasion.
Although no significant differences in per cent standard devia-
tions of the strength values were observed with varying
amounts of grit, it appeared that best results were obtained
when the amount was adjusted so as to give a large number
of individual abrasions evenly distributed over the damage
area, with each abrasion, in general, surrounded by some of the
original glass surface. Photomicrographs of sitch abrasions
are shown later in Fig. 4.

(4) Variability of Strength Values

For all the grit-blast abrasions studied the standard devia-
tions of the strength values were hetween 5 and 109, of the
average for each specimen. This is considerably lower than
the usual variability of specimens without artificial abrasions
(20 to 25%) and somewhat lower than is obtained with hand
abrasion using emery cloth (10 to 15%). For comparison,
Teague and Blau'® obtained coefficients of variation of about
11%, in measuring the pressure strength of grit-blasted bottles,
and HoMland and Turner! report coeflicients ranging from
about 8 to 16%, for bending tests on laths prepared in a variety
of ways. Holland and Turner also obtained coeflicients of 6
to 10%, for the strength of specimens corntaining carefully
produced diamond seratches.®

li. Strength and Stafic Fatigue With Vartous Abrasions

Tr1 these tests static fatigiie curves wete measured for soda-
lime glass microscope slides each of whose surfaces had been
subjected to one of six different abrading treatments. Early
in the course of the present studies it hecame apparent that
glass with different kinds of surface damage showed not only
different strengths but also different ratios of long- to short-
time strengths indicative of different rates of static fatigue.

157, M. Teague, Jr., and H, H, Blay, “Investigations of
Stresces in Glass Bottles Under Internal Hydrostatic Pressure:
I, Photoelastic Studies of Fosterite Models; 1I, Breakage Stud-
jes of (Hlass Bottles Under Internal Hydrostatic Pressure; IIT,
Electric Strain Gauge and Brittle Coating Studies,” J. Am.
Cerain. Soc., 39 [7] 220-52 (1956).

114§ Holland and W. E. 5. Turner, “Breaking Strength of
Glass; Effect of Fiaws and Scrutches,” J. Soc. Glass Technol.,
20 j80] 270-302T (1936); Ceranr. Absir, 17 [1] 11 (1938},
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It was in an attempt to evaluate this effect and to shed sone
light on the role of flaw geometry in the determination of
strength and static fatigue that these measurements were un-
dertaken.

{A} Experimental Methods

{I) Specimen Preparation

The abrasions studied in these tests were produced by two
methods, both of which have been. used previously in this
laboratory and elsewhere to produce glass surfaces of rela-
tively uniform and reproducible strengths, The two meth-
ods used were hand abrasion with emery cloth and grit blast-
ing.

The emery cloth abrasions were performed as follows.
Each specimen was abraded by dragging a new hali-inch
square of cloth under fingertip pressure across its surface four
times, rotating the square 90° after each stroke, Three grades
of emery cloth were used with the abrasions formed at right
angles to the principal tensile stress and one of these grades
was also used with the abrasions parallel to the stress.

The grit-blast method has already been described. Fwo
combinations of grit size and blast pressure were used to pro-
vide two series of tests on grit-blasted slides.

Each test set consisted of twenty slides and, in general, all
sets with any given abrasion were prepared at the same time,
the stides being abraded and added to each set in rotation.
After abrasion, the slides were allowed to age for approxi-
mately 24 hours in room atmosphere, Another study* had
shown that changes of the strength in the absence of stress,
which are encountered immediately after abrading, have be-
come so slow after 24 hours that further changes during the
test period can be neglected.

(2) Static .Faﬁgue Tests

Since at the time of these tests the effect of various ambient
conditions during test had not as yet heen studied systemati-
cally, all tests were conducted with the speciméns wetted with
distilled water to provide & common basis for cemparison.
Each slide was wetted immediately before test. For loads of
short duration one dipping was sufficient to wet the slides for
the duration of the test. For longer times a small pan was
inserted in the tester so that when the slide was deflected its
lower surface dipped into the water. Fresh distilled water
was used for each set of twenty specimens,

Tests were conducted in the electromagnetic loader and
dead-weight tester which have been described in Part I of this
series. In these festers the specimens were loaded in cross
bending with the abraded surface in tension. The load was
applied by a single knife-edge at the middle of a 22/x-in. span.

AH the tests were of the stepwise pulse type in which a con-
stant load is applied for a given time and then removed. If
the specimen has not broken, a greater load is applied for the
same duration, and so on until breakage occurs. If the load-
ing inerements in such a test are within the proper range and
one-half the loading increment is subtracted from each value,
it can be shown that the results obtained are comparable with
those which would be obtained in a true static fatigue test,
i.e., one in which a constant load is applied and the time to
fracture measured.

As discussed by Baker and Preston,’s the criterion for this
to be true is that the loads hefore that which breaks the speci-
men shall have a negligible weakening effect. This can be
tested experimentally by varying the increment or step size
and determining whether this produces any change in the

* Part I1T of this series.

BT, C. Baker and F. W. Preston, “Fatigue of Glass Under
Static Loads,” J. Appl. Phys., 17 [31 170-78 (1946); Cerane.
Abstr., 1946, August, p, 149,

Strength and Static Fatigue of Abraded Glass, IT 585

Table L Effect of loading Increment on Strength of
Abraded Glass in Stepwise Loading®
Breaking strength (lb./sq. in.)
Loading
increment (lb./sq. in.) 0.012-second pulse 0.44-second pulse
366 8240 6900
713 8320 7030
1426 8340 7190

* Blides grit blasted, stored 24 hours in room atmosphere,
and tested wet with distilied water,

Table Il Strength of Specimens in Liquid Nitrogen®

Breaking strength (1b./sq. in.)

Load
duration (second) Liquid nitregen (77°K.) Water (23°C.)
0.0025 12,510 9860
0.050 12,680 8360
0.82 12,480 7170
15 12,580 5680

* Slides grit blasted, aged overnight in distilled water, and
tested immersed in liquid nitrogen or distilied water,

meastired strength, Results of such a test for two load dura-
tions are presented in Table I.  From the table it cen be
seen that for the three increments used (corresponding to
approximately 5, 10, and 20%, of the breaking stress) the re-
sulting strength values agreed very well. There is some evi-
dence that the smaller increments produced slightly lower
valites, but this variation is not statistically significant and
even if real would be negligible in most tests. In the tests re-
ported below an increment of approximately 109 of the
breaking stress was used in alf tests,

(3) Liguid Nitrogen Tests

Some time after the completion of the foregoing static
fatigue tests the electromagnetic tester was equipped so that
tests could be conducted with the specimens immersed in
liquid nitrogen.

Typical results for one abrasion are shown in Table IT
along with values for tests in water for comparison, Tt
can be seen that the strength in liquid nitrogen is inde-
pendent of load duration over the range studied within an
aceuracy of about 1%, Thus under these conditions static
fatigue appears to be eliminated and a single strength value
obtained. Strength tests therefore were conducted for the
six different abrasions of this study with the specimens im-
mersed in liquid nitrogen in order to obiain the initiaf strength
associated with each type of abrasion.

Between the completion of the fatigue tests and the under-
taking of the low-temperature tests, aging experimentst
showed that water immersion gave a more repreducible aging
treatment for fresh abrasions than storage in room atmos-
phere. Specimens for the low—temperature tests were im-
mersed in distilled water for 24 hours between abrasion and
test. Control specimens were abraded along with those for
the low-temperature tests and tested wet after this same aging
treatment to provide a basis for comparison with the fatigue
results,

{4) Measuremeni of Depth of Abrasions

In addition to the strength tests, the emery cloth abrasions
were examined with an optical microscope both before and
after a mild acid etch.  An estimate was made of the depth

t Part TTT of this series,
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Table [ll. Strength of Glass with Various Abrasions™

Grit blast Emery ¢loth
Load ———e———,
duration (a) (8) {c) (4} (e) €3]
{second) Severet Mildf 150 geit§ 600 grit" 320 grit" 150 grith
0.0025 10,050 g,;(l)é 9,740 8,280 6,750
0.0i2 9,430 9,180 12,850 9,280 7.830 6,280
0,180 14,080
0.03 8,350 13,210 6,000
8,590 12,970
8,390
.09 8,440 7,720 5,670
0.2268 7.730 11,390 6,150
7,640 11,940
7,880
0,44 7,590 10,910 7,110 5,100
0.82 7,150 11,870 5,260
7,080
7,180
1.5 7,010 9,370 6,370 4,010
1.0 6,560 4,710 4,720
6,070
6,500
10 6,450 8,330 5,310 4 370
i5 6,130 8,580 4,400
65,010
5,760
80 5,680 5,370 7,450 4,850 3,800 3,860
5,460 7,420 4,500 3,360
600 4,790 g ggg 3,800 3,180 2,860

* Specimens abraded with emery cloth or grit blast, stored in
room atmosphere for 24 hours, and tested wet with distilled water.
Strengths in pounds per sguare inch.

T No. 60 grit sieved hetween No. 70 and 80 sieves; one-half
unit; blast pressure, 30 1b. per sg. in.

1 No. B0 grit sieved between No, 50 aund 60 sieves; one-guarter
unit; blast pressure, 80 lh. per sq. in.

§ Abrasion parallel to tensile stress.

T Abrasion perpendicular to tensile stress.

of the abrasions by the use of a polishing and etching tech-
nigue. In this technique a slide which previously had been
abraded over its entire surface by one of tie methods under
study was mounted in a suitable jig and polished with rouge
at the edge of a felt wheel so that a very shallow trough was
formed in the abraded surface, After a light acid etch to
remove the plastically disturbed layer left by the polishing,
the slide was examined in a microscope to determine the loca-
tion of the points at which the depth of the trough equaled the
depth of the deepest flaws present. Measurement of the
thickness of the slide at these points and comparison with
meastrements made before polishing then gave an estimate of
the depth of the flaw.

{B) Results for Various Abrasions

(1) Strength Values and Static Fatigue Curves

The results of the tests are shown in Table IIL. In this
table the tensile breaking stress for each type of abrasion at
each load duration is given. For the hand abrasions the
standard deviations of the strengths were from 8 to 129,
of the average value except in the case of the 150-grit abrasion
parallel to the stress, in which case the standard deviations
ran as high as 20% of the average. For the grit-blast abra-
sions the standard deviations were from b to 8% of the average
value,

In Fig. 3 the results are plotted in the form of static fatigue
curves showing strength vs. load duration for each type of
abrasion. The data ohtained by Baker and Preston'® are also
included for comparison.  An examination of the figure shows
that zll the abrasions studied produced the same general
fatigue behavior. Strength was greatest for short-time loads
and decreased steadily as the load duration increased. There
were differences, however, in the detailed behavior of the
differenit abrasions as evidenced by differences in the slopes of
tlie curves and by the fact that in one case two curves actually
Cross.
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Table IV. Low-Temperature Strength®

Breaking strength

(Ib. fsq. in.
. L Distilled
Abrasion jiquid Nz {T7°K.} water {23°C.)

Grit blast -
30 {70/80)% 1fy 16,180 11,190
80 (50/60)™ /s 13,020 9,530
Emery cloth
800 gritf 19,5640 4,310
320 grit} 13,850 7,840
150 grit 10,620 ,580
150 grit] 21,850 12,660

* Specimens abraded with emery cloth or grit blast, aged 24
hours in distilled water, and-tested with 0.012-second pulse in
Hiquid N or distilled water. Strengths in pounds per sqitare
inch.

+ Abrasion perpendicular to stress,

1 Abrasion parallel to stress.

(2) Low-Temperafure Resulis

The results of the measurements in Hquid nitrogen are
shown in Table IV along with the results for the control sets
which were tested wet at room temperature, The lack of
close agreement in certain cases between the control sets of
Table IV and the 0.012-second values of Table TIT reflects both
the difference in aging treatment and, in the case of the grit
blast, & minor modification which was made in the grit blaster
in the interval {about 15 months) between the taking of the
two sets of data.

{8} Nature of Abrasions

Photomicrographs of the various abrasions are shown in
Fig. 4. The following peints are worth noting:

(1) The grit-blast abrasions {(¢) and (b)) consist of indi-
vidual spats of damage with an appreciable amount of the
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Fig. 4. Photomicrographs of various abrasions,

Table V. Estimated Depth of Damage for Various Emery
Clioth Abrasions

Depth, ¢
Abrasion (im. X 10-%)
800-grit emery 241
320-grit emery 4 +1
150-grit emery 91

original glass surface intact in the damaged area. The differ-
ence in severity between (2) and (b} is not apparent from the
photomicrographs. Under visual microscopic examination
the individual damage spots of (2) appear somewhat larger
and deeper than those of (8).

(2) The emery cloth abrasions ((d), (), and (f)) consist
of long scratches with the original surface still present between
the individual seratch marks. As the grit size is increased,
fewer scratehes, each of greater depth and severity, are pro-
duced.

The depths of the emery cloth abrasions as estimated by
the polish and etch technigue are given in Tahle V. The ac-
curacy of this measurement of depth was approximately
4:0,0001 in. Since the result depended on finding the most
severe damage in one particular specimen, however, the values
may be in error by a considerably larger amount with respect
to being representative of all specimens of a particular type.

(C) Detailed Analysis of Results

(1) Flaw Depth, Initial Strength, and the Griffith Theory

Tt is of interest first to consider whether the strength in the
ahsence of static fatigne (as determined by the tests in liquid
nitrogen) shows any relation to the depth of the flaws as
measured by the polish and etch technique. According to
both the Griffith formula and the theory of stress concentra-
tors, one should expect the product of the breaking stress, o,
and the square root of the flaw depth, ¢, to be a constant and

b7

Diameter of field of view is about 0.1 in. See
Table 8 for description of abrasions.

Table Y|, Valuves of 64/c for Emery Cloth Abrasions

Abrasion eve (b./in'/D)
600-grit emery 280
320-grit emery 280
160-grit emery 320

to be approximately equal to V' Ea {E = Young’s modulus,
a = surface energy). As calculated from the data of Tables
1V and V, this product for the emery cloth abrasions is s/ =
300 (¢ in pounds per square inch, ¢in inches) {see Table VI).

For artificially made eracks Griffith obtained a value of 240
for this product. Griffith made his measurements in room
atmosphere at room temperature. The actual agreement is
perhaps not as good as would appear from this comparison,
since he might have obtained a higher value for meastrements
at low temperatures where fatigue does not occur, The
agreement is, hiowever, reasonably good and indicates that to
a first approximation this product is a constant for surface
flaws of rather widely differing dimensions.*

If Voung’s modulus is about 107 Ih. per sq. in. (as is the case
for these specimens), a product ¢4/ = 300 corresponds to a
surface tension of & = 0.0090 Ib. per in. or 1600 dynes per em.
This compares with measured values at high temperature of
about 300 dynes per em.? This discrepancy may indicate
that the surface energy of a freshly fractured surface at low

*The constancy of this product should not be confused with
that of stress times the square root of the diameter of the mirror
area on the fractured surface, as described by Levengood, foot-
note 10.  In general, the mirror is much larger than the original
fiaw and that product is about 2090 rather than 300.

¥ . W. Morey, Propertiies of Glass, 2d ed., p. 199, American
Chemical Society Monograph Series No. 124, Reinhold Publish-
ing Corp., New York, 1954, 591 pp.; Ceram. Abstr., 1954,
October, p. 1804,
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Fig. 5. Reduced strength vs. load duration (log scale] for various

abrasions. Strength valves, ¢, divided by adjusted liquid nitrogen

strength {ox’) for each abrasion,  Vertical marks on ¢ foy’ = 0.5

line indicale value of 5, for each curve, Curves filting data are

appropriate porlicns of universal fatigue curve (see Fig. 6}
See Table l§l for description of abrasions.

temperature is, as might be expected, higher than that of a
freshly drawn surface at high temperature.

The value of 1600 dynes per cin. is of course only a rather
crude estimate. As shown by various investigators! 31

v = k\/Ea/c, where % can have values ranging from 0.81 to
1.27, depending on the geometry of the flaw., This range of %
leads to a range in a of 1600 to 2400 dynes per cm. The
lower limit of this range is still, however, considerably greater
than measured high-temperature values.

{2) Construction of Universal Fatigue Curve

As a means of empirieal analysis the data of Table I1I were
caleulated on a reduced basis, i.e., with each strength value
divided by the corresponding low-temperature strength based
on the data of Fable IV, As mentioned above, the low-tem-
perature tests reported in Fable IV were not exactly compa-
rable with the fatigue tests of Table 1II because of small
differences in the abrading and aging treatments, For this
reason at adjusted licquid nitrogen strength ox’ was used in
reducing the fatigue data for each abrasion, This was deter-
mined by the relation

I
IR IE (1)
7p.012 Teantrol
or

Fo.012

’

oy’ = —— on (le)

Geontrol

ox’ = adjusted low-temperature strength.
oo = 0.01%-second wet strength from Table TIT.
oy = liguid nitrogen strength of Table TV,

Feantrol = 0.012-second wet strength from Table TV.

A comparison of go.ms (Table III) with ceonor (Table IV)
shows the magnitude of this adjustment for each abrasion.
In four cases it is 5% or less, in one (150-grit perpendicular)
about 10%, and in one (30 (70/80)% /) about 18%.

The strength values for each abrasion divided by the ad-
justed low-temperature strength for that abrasion (v/ex’) are
plotted vs. toad duration in Fig. 5. From this figure it can
he seen that when the data are plotted in this reduced fashion,
the differences in the static fatigue curves of Fig. 3 are largely
eliminated, and the results can be represented by a family of
very similar curves,

A vertical line crossing each curve of Fig. b indicates that
toad duration for which ¢/ex’ = 0.5, This duration is de-
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noted by fos.  The values of ay” and #.5 for each abrasion are
given in Table VIL

If ihe normalized fatigue curves of Fig. 5 are shifted hori-
zontally so that all the characteristic durations (f = fy5)
coincide, the plot shown in Fig, 6 is obtained. Since the
Yorizontal axis is plotted on a logarithmic scale, this shift is
equivalent to plotting o/ox’ vs. t/fus (log t' = log ¢ — log
fuj; i, == i/fn_s).

From Fig. 6 it can be seen that all the experimental points
of this study lie reasonably well on one universat fatigue curve
when plotted in this reduced fashion, A somewhat better
estimate of the degree of fit can be obtained by referring back
to Fig. 5, since each of the individual curves of that figure con-
sists of the appropriate portion of the universal curve of
Fig. 6.

Based on this analysis, all the results of this study can be
expressed by the relation

= () @

where ax and fo.s for each abrasion are as given in Table VII
and f is a single function representing the curve of Fig. 6. Tt
therefore is apparent that the observed differences in the static
fatigue curves for the various abrasions do not reflect any
basic differences in their over-all fatigue behavior. The
differences in the usual fatigue curves of Fig. 3 arise rather
because the characteristic time, &5, differs widely from one
abrasion to another and one is, in effect, studying different
portions of the same over-all fatigue curve in each case.

Table VI. Values of ¢x and fy5 for Various Abrasions

Abrasion sxy? {ib./sq. in.) .5 {second)
Grit blast
30 (70/80)% 1/, 13,620 2.8
80 (50,/60)% 1/, 12,450 8.8
Emery cloth
600 grit* 19,480 0.0043
320 grit* 13,840 0.039
150 grit* 10,140 0.66
160 gritt 23,900 0.14

* Abrasion perpendicular to tensile stress.
t Abrasion parallel to tensile stress.
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Fig. 6. Universal fatigue curve for various abrasions. Strength divided

by liquid nifrogen strength vs. logarithm of load durction divided by f.6

for each obrasion,  Vertical bor near upper end of curve Indicates ap-

proximate uncertainty for individual points.  See Table Il for description of
abrasions,
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Fig. 7. Characleristic duration {fy.¢} vs. reciprocal square

of liquid nltrogen strength for varlous abrasions. Error

bars indicate estimated uncerkainty in ty 5 for ench case.
See Table Hl for description of abrasions.

It should be noted that the abrasions studied cover only a
relatively small range of rather severe damage and corre-
spondingly low strengths. Whether the universal fatigue
curve of Fig. 6 will fit high-strength data for pristine massive
glass and the still higher values obtained for glass fibers re-
mains to be seen. Bending tests on fibers have shown that
they exhibit fatigue properties similar to bulk giass.! '
Unfortunately the low-temperature strength vahies necessary
for an analysis in terms of reduced strength are not available
as yet.

(3) Dependence of to5 on (T/ay)?

Tt is of interest to determine whether 4.5 as determined
above is related to ox for each abrasion. If this were the
case, 4 measurement of oy, the liquid nitrogen strength,
woutld specify the entire fatigue curve for a glass of a given
composition under given test conditions regardless of the type
of surface damage present. In Fig. 7 In f; is plotted vs,
(1/0x)?* for the six abrasions. The vertical error bars in this
plot are based on the estimated uncertainty in ow and indicate
the range of ty; valies which would result from such a range
in TN

From the plot it appears that the abrasions fall into two
distinct groups consistent with their geometry. The emery
cloth abrasions perpendicular to the stress form one group
and the grit blast and emery cloth parallel to the stress form
another. The former are denoted as linear fiaws since they
extend at right angles to the tensile stress and the latter as
point flaws because of their more localized nature.

Two points are immediately apparent from the figure.
First, a specimen with a large initial flaw size, (1/0x)* large,
and low strength fatigues less rapidly than one with smaller
initial flaws and higher strength., The relation between In
tos and 1/ax? is approximately linear, although the number of
points {s insufficient to establish this definitely. Second, the
linear flaws fatigue much more rapidly than the point flaws,
sustaining a load of 0.5 ox for only about /s of the time for
the point flaws. This suggests either that the linear flaws can
grow more readily under the action of water and stress or that
pethaps capillary forces permit better access of water to the
roots of the linear flaws.§

Strength and Static Fatigue of Jbraded Glass, 17 589

If the linear relation between In #.5 and (1/0x)? is correct,
one can write

B
h’l l'o,s = A + E \ (3}
fo.s = AgeBlex® (3a)

where A and B are constants, independent of oy, and
Ag = g4,
Equation (2) can then be written as

v !
w2 =7 (amrn) )

All the data of this study can be fitted by equation (4) if
Ay and B have the following values:

Ag (see) B (1b.%/in.?)
Point flaws 2.0 % 10-* 87 X 1»
Linear flaws 5.6 X 10—+ 7.7 X 108

and f is a function representing the universal fatigue curve of
Fig. 6. Numerical values of this function as taken from the
figure are tabulated in Appendix Y (see p. 592).

Tt should be emphasized that the foregoing analysis of the
data of this study and especially the existence of the universal
fatigne curve were established on an empirical basis. More
extensive or precise data might show that the reduced static
fatigue curves for different abrasions differ significantly and
cannot all be fitted by a single curve, especially at extreinely
long or short durations. However, based on the present re-
sults, such deviations if they exist must be qguite smail (less
than about 59,). Even if the universal fatigue curve and
eguations (2) and (4) should prove to be only a first approxi-
mation to some more complicated relation among the strengths
of specimens containing various abrasions, the use of 45 as a
parameter characterizing the static fatigue of glass specimens
would not necessarily be invalidated since its definition is not
dependent on the exact shape of the static fatigue curves.
In the same way the relation between fp.5 and ox as shown in
Fig. 7 would also remain unaffected.

(D} Detailed Comparison with Various Theories

Since the discovery of the static fatigue effect for glass, sev-
eral investigators have attempted to explain the experimental
restlts on the basis of various physical models. 72 In this
section the experimental results of this study are compared

110, C. Hansen, Preston Laboratories, Incorporated; un-
published data.

18R, B. Mould, “Crossbending Tests of Glass Fibers and the
Limiting Strength of Glass,” J. Appl. Phys, 29 [8] 126364
(1958); Ceram. Abstr., 1989, Jannary, p. 6d.

* T Section III (C) (1) this quantity was show to be (at least
approximately) proportional te the initial crack depth.

1 The role of water in static fatigue is considered at greater
length in Part IV of this series.

18T, B, Murgatroyd, “Mechanism of Brittle Ruapture in
CGlass,” J. Soc. Glass Technol., 28 [130] 406-31T (1944); Ceran.
Abstr., 1946, September, p. 167,

2. L. Glathart and F. W. Preston, ‘‘Fatigue Modulus of
Glass,”' J. Appl. Plys., 17 [3] 189-85 {1046); Ceram. Abstr., 1946,
August, p. 187.

21N, W. Taylor, “Mechanism of Fracture of Glass and Similar
Brittle Solids,” J. Appl. Phys., 18 [11] 943-55 (1947); Ceram.
Abstr., 1948, August, p. 191g.

2Y), A. Stuart and O. L. Anderson, “*Dependence of Ultimate
Strength of Glass Under Constant Load on Temperature, Am-
bient Atmosphere, and Time,” J. dm, Ceram. Soc., 36 [12] 416~
24 (1953).

= H, A, Elliott, “Stress Rupture in Glass,” J. dppl. Phys.,
20, 224-25 (1958).

2R, J. Charles, “Static Fatigue of Glass, I-1[,” J. ApplL
Phys., 29 {111 154953, 1554-60 (1958); Ceram. Abstr., 1959,
March, p. 76j.
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Tuble Vill. Theoretical Expressions for the Sfafic Fatigue
Curve®

Equation Investigator and reference

Murgatroyd, footnote 19
Glathart and Preston, footnote

(A)logt = ——a—l—f—r

Taylor, footnote 21

(B)logt = a b log o
(for small #) ’ 22

(Cilogt = —a + % Elliott, footnote 23

(D)log ¢t =2 —a — b (log o) Chatles, footnote 24
(for large £)

Stuart and Anderson, footnote

¥ ¢ = applied stress, # = time until breakage oceurs.

with the predictions of these theories. It is instructive to
note first two points with respect to the present results:

(@) Xf the foregoing analysis of the data for various abra-
sions in terms of rediced variables isvalid, the universal fatigue
curve {referred to hereafter as the UFC) of Fig. 6 depicts the
time dependence of the strength of glass over nine decades of
time. Thisis an appreciably greater duration than has ever
been studied (or is likely-to be) for any one group of specimens,
Fitting this curve therefore should provide a more stringent
test of various analytical expressions than has existed hereto-
fore.

(b) Since the UFC has a simple monotonic shape it is
likely that each of several analytical expressions with one or
two arbitrary parameters will adequately represent the data.
For this reason the strong experimental dependence of f.s on
1/ox?islikely to provide an even more critical test for a fatigue
theory than fitting the reduced curve.

(1) The Instantaneous Strength

Ttems (a) and (&) provide two criteria by which to judge the
adequacy of a theory for the static fatigue of glass. To ap-
ply them to the data of this study one needs first to define the
concept of the instantaneous sivength of a glass specimen,
The instantaneous strength (go) is defined as the strength
measured at a load duration {or loading rate) such that any
decrease in duration {or increase in rate)} will produce no fur-
ther inecrease in strength.® The possibility of defining o
exists because of the experimentel fact that static fatigue is
eliminated when tests are conducted under certain conditions.
Thus the strength in vacuum as measured by Baker and
Preston® and the strength at liquid nitrogen temperature as

measured in this study and in others® % satisfy the foregoing .

definition since they show no dependence on test duration.
Experimentally, any departure from low-temperature or
vacuunt conditions always produces a strength value fower
than oy.

The existence of an instantaneous strength of course im-
plies that the UFC will become horizontal if extended to small
enough values of reduced time, The horizontal asymptote
will be ¢o/ox, where oo is the instantaneous strength at room
temperature and ox is the liquid nitrogen strength, i.e., the
instantaneous strength at 77°K.  If gy is independent of tern-
perature, this asymptote will be 1.0. If, as is likely from the
decrease of & and « with increasing temperature, ey decreases

* The test duration is assmmed to be long compared with the
time (a few microseconds) required for a crack to travel through
the specimen at the limiting crack velocity.

% R, H. Kropschot and R. P. Mikesell, ""Strength and Fatigue
of Glass at Very Low Temperatures,’” J. A ppl. Pliys,, 28, 610-14
(1957).
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Fig. 8. Compatison of universal fatigue curve with various theorfes.

Points are values of UFC from Fig, 6 with estimated uacertainty as indicated

by vertical bars, Curves are best fit based on equations {A) through (D]
of Table VIl

with inecreasing temperature,i then the asymptote will lie
between abowt 0.8 (the largest observed value in Fig. 6) and
1.0. The fact that all the room-temperature fatigue data of
this study can be fitted to the same curve when plotted in
terms of oy indicates that oo/ ey equals a constant for different
values of oy and one can write op = koy. The reduced
strength, o/oy, of Fig. 5 is then equal to ko/oo, the strength
relative to the instantaneous strength at room temperature.
This relation is needed in comparing the experimental data
with various theories.

(2) Comparison of UFC with Various Theories

Several equations for the static fatigue of glass which have
been detived by various investigators on the basis of different
physical mechanisms are shown in Table VIIT. To provide a
ready basis for compatison they all have been written in a form
which gives log ¢, the time until breakage oceurs, as a function
of o, the applied stress. In cach case all the constants oc-
curring in the theory can be combined into two positive pa-
rameters @ and b, which are constant for any given specimens
and set of test conditions. The constants a and b are not of
course the same for the different expressions.

Expressions (B) and (D) in this table are asymptotic forms
of more complete expressions derived by the respective in-
vestigators and should be valid for large and small values of ¢
respectively. To fit the complete fatigue curve their complete
expressions are necessary.

An attemnpt was made to fit the universal fatigue curve of
Fig. 6 with functions of the forms shown in Table VITI. The
resulting curves are shown in Fig. 8 along with points (see
Appendix I) representing the smoothed curve of Fig. 6. For
each expression the citrve of best fit was found by plotting the
smoothed peoints of Fig. 6 in terms of variables such that the
equation in guestion would yield a straight ine. The straight
fine which gave the best fit over the expecied region of validity
of the equation was then used as the best theoretical expres-
sion. All these expressions were then replotted in the usual
coordinates in Fig. 8.

From the figure it can be seen that expression (4) repro-
duces the data well for large #/ty,; but deviates badly for short
times and predicts infinite strength for finite times within the
experimentally accessible region. This expression was origi-
nally derived to fit the data of Baker and Preston.”® Siace
their data were acquired for specimens with relatively high
strength (see Fig. 3) and correspondingly small values of
fo.5 (sinee 1t fo5 & 1/0x?), their experimental points undoubt-
edly correspond to #/fs large, Thus expression (4) gives ex-

1 By the Griffith relation; see preceding sections of this paper.
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cellent agreement with Baker and Preston's data,® even
though it does not apply for the small values of reduced time
in the present resiults.

Expression (B) gives an excellent representation of the data
over the range for which it is valid. In addition, from the
direction of the deviation, it seems likely that Stuart and
Anderson’s complete curve, of which this is an asymptotic
form, would also fit the rest of the data for longer iimes. It
should be noted, however, that fitting the long-time end of
the curve involves, in this case, intreducing an additional
constant inte the expression so that it hecomes a three-param-
eter, rather than a two-parameter, theory. In addition this
expression is inconsistent with the existence of an instanta-
neous strength since as f becomes indefinitely small, o increases
indefinitely.

Expression {€) did not provide a good fit to the data over
any of the experimental range for intervals of more than three
or four decades. The curve shown gives the best fit for large
load durations. A curve which fits the short-time data would
yield strength values much too high at long times. This ex-
pression, like (4), predicts infinite strength for sotne short but
measurable value of load duration.

Finally, expression (D) reproduced the data very well over
the expected region of validity, In this case the complete
expression, which has a horizontal asymptote for short times,
should also give a reasonable fit to the experimental curve over
its entire range, Charles’ expression therefore reproduces all
the features of the UFC as determined in this study.

The foregoing analysis has shown that expressions of the
general form of (4) and () must be considered as approxi-
mations valid ouly over a very limited region of the complete
static fatigue curve. Expressions (B) and (D) fit the data
equally well over the regions for which they are valid, and the
complete expressions of the respective theories would fit the
entire experimental curve with reasonable accuracy. How-
ever, (B) predicts a value of ¢ increasing indefinitely with de-
creasing load duration beyond the range of the experimental
data. Thus among the four theories considered, only that of
Chatles, (D), yields a time dependence in complete agreement
with the data obtained in this study.

(8) Dependence of fy5 on 1/ry?

In order to compare the various theories with the second
experimental criterion ((¥) above), note that the constants
@ and b in expressions (4) through {D) of Table VIIT are
constant only with respect to a given set of specimens and ex-
perimental conditions, They can in general depend on ey,
the initial strength of the specitriens, and also on the variables
(e.g. temperature, relative humidity in air, and pH in liquid)
which characterize the test conditions. As mentioned above,
the dependence on such variables may provide a much more
critical test than the degree of agreement with the UFC.

One can write equations (4) through (D) in terms of o/ox
as foflows:

() log = —at L (“’“) 5)

G

(B)logt=a — log ox — box (i‘) — log (G_ix) (8)

(CYlogt = —a + 2, (i‘f) (7

oy’
(DY logt> —a —~blog axkblog(i‘) {8)

If o/ox = 0.5 is substituted in these equations, the expres-
sions for log fo5 are in terms of a, b, and ex. Furthermore,
theories (&) and (1) were developed in such a way that for
these thecries it is possible to write the explicit dependence of
e and b on the initial crack depth ¢y and thus on 1/¢y? =
1/B%x2

In the case of (B) (Stuart and Anderson?®?) the theory con-
tains a stress-concentration factor, d (¢ in their notation),
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which by the theory of stress concentrators can be expressed
in terms of the initial crack depth, ¢, or low-temperature
strength, ow, as follows (noting that gy = koy):

K

dr—\-"z-\/60=702:k2—i{—2 (9)

In the case of (D} (Charles®), the initial crack depth occurs
explicitly in the development of the theory.

For the various developments of theory (4) neither stress
coucentrators nor instantaneous strength play any role so
there is no attempt to apply it here. For theory (C) the
original form as stated by Elliott? implies that the crack
depth is negative and infinite for ¢ = 0 and thus cannot be ap-
phed. A simple modification, however, eliminates this dif.
fieulty without affecting the long-time behavior of the theory
(see Appendix II, p. 592). With this modification one can
also predict a dependence of .5 on 1/ox? from this theory.

The predicted dependences of fys on 1/ox® for theories
(B), (C), end (D) as obtained in this way are given by

(B)log #o.s = constant (independent of ax) (1o
B
(C)logtys = A4 - 3 {11)
L
A
(DY ks = pe’ (12)

where A and B are independent of oy, Of the three treat-
ments, only (C) (Elliott, modified as in Appendix II) yields a
dependence in agreement with the results of this study as
shown ir: Fig, 6 and expressed in equation (3).

{4) General Conclusion

None of the static fatigue theories considered above pro-
vides a complete and adequate account of all the results of
this study. Two of the approaches, however (Charles? and
Elliott,** modified), are partly successful, each being in agree-
ment with one of the experimental criteria. By examining
the bases of these approaches ene may obtain clues as to the
prabzble nature of & more complete theory.

In each of these approaches static fatigue is assumed o de-
pend on the growth of microscopic cracks in the surface of a
glass specimen under stress uniil they reach such a size that
the instantaneous strength is equal to the applied stress. The
treatments differ with respect to the assumed dependence of
the rate of crack growth {dc/df) on other variables.

Charles assumes that de/dt is an explicit function only of the
instantaneous value of o, the localized stress at the erack tip.
Any dependence on ¢, the instantaneous crack depth, arises
only through the effect of ¢ on the stress-concentration factor
for the crack and thus ot ¢;.  As seen above, such a treat-

. ment can provide the proper dependerice of the hreak time on

applied stress but does not yield the correct dependence of
fo.5 01l Co OF oy, the initial values of erack depth and instanta-
neous strength.

In Elfiott’s treatment as modified in Appendix If, de/d¢ is
assumed to depend explicitly on ¢ but to be independent of .
(Tt is, of course, implied that soine tensile stress must be pres-
ent for crack growth to occur) This treatment yields the
proper dependence of o5 on o and o buit is not in agreement
with the observed dependence of break time on applied stress.

1f the erack-growth hypothesis s correct, it seems likely that
a complete theory for the static fatigue of glass must contain
features of both of the foregoing treatments. Specifically,
the rate of erack growth may depend explicitly on the local-
ized stress at the crack tip (as determined by o, the applied
maeroscopic stress, and ¢, the crack depth) and also inde-
pendently on ¢ itself. This suggests that the rate of crack
growth is determined by a stress-dependent interaction be-
tween glass and an attacking medium (in these experiments
water) and thal this interaction is also governed by the avail-
ability of the medium at the tip of the crack. Treatments
which consider only the dependence on the stress (Charles) or
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the availability of the medium (Elliott) yield only partial
agreetnent with the experimental results. It seems likely that
a complete theory must take account of both these factors.

Finally, it should be recalled that the experimental static
fatigue results of the present paper were obtained with the
specimens immersed in distilled water, and, steictly speaking,
the foregoing theoretical discussion applies to this situation
only. Strength and staticfatigue in other ambient media wilt
be treated in Part IV of this series. '

V. Summary and Conclusions

The results of this study can be summarized as follows:

{1) A controlled grit blast has been found to be a highly
reproducible method of producing standardized damage to a
glass surface. The effects of grit size, blast pressure, and
amount of grit have been studied and described.

{(2) TFor abrasions of simnple geometry {emery scratches at
right angles to the stress) the strength as measured with the
specimens immersed in liquid nitrogen follows the Griffith
relation ¢ = \/ Eea/fcif a value of « (the surface energy) con-
siderably larger than that measured at high temperatures is
used.

(3) Abrasions of different geometry and severity produce
static fatigue curves of the same general nature but differing
in gquantitative detail for tests in distilled water. However,
when normalized with respeet to the very low temperature
strength (which is independent of time) and plotted vs, a re-
duced time coordinate, all the curves can be fitted by a single
universal fatigue curve.

(4) The breaking time (.5 for stresses equal to half the
low-temperature strength depends strongly on the geometry
and severity of the flaws in the surface. Large flaws (low
initial strength) show much less rapid weakening relative to
their low-temperature strength than do small flaws. The rate
of weakening under stress appears to depend exponentially on
initial flaw size (In fy.s < 1 /ow?).

(5) Linear flaws weaken more rapidly under stress than
do point flaws by a factor of approximately 50.

(B) Of several published theories for the static fatigue of
glass nomne gives an adequate account of the complete experi-
mental results of this study. An examination of these theo-
ries in the light of the present data indicates the probable na-
ture of 2 more complete theory,

Appendix |

Numerical Values for Universal Fatigue Curve

Thke numerical values of the UFC as obtained from the data
of this study {Fig. 6) are shown in Table AI,
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Appendix Il

Modification of the Elliott Relation

Elliott?? suggests that the growth of a surface erack under siress
is governed by the diffusion of a corrosive agent through the
amorphous corrosion product remaining in the crack. By anal-
ogy with the growth law for oxide films he writes:

c=walog! +8 {Al)

where ¢ = crack depth at time / and « and 8 are constants.
Applying the Griffith criterion:

% = K¢/t (Az)

he obtains
i
; = 0 logt + ,80 (A3)

where ¢ = applied stress, # = time, and ag and §; are constants.
For f = 0 equation (Al) gives ¢ = — © so that it must cease to
apply for very small values of {. One can remove this diffi-
culty by writing

c=eolog(t+ &) + 8
« log (;-0 4 1) + g (Ad)

where
' =8+ alogh

Static fatigue involves a range of { covering many decades so that,
except for the shortest durations, {>>{ and equation {A4) is
equivalent to equation (Al), With this modification equation
(A8} is replaced by

1 ¢
L o (g n 1) + B (A5)
for short times, For ¢ = 0 (instantaneous strength) this yields
LI P AB
:ﬂz = co = B ( )

For longer times (#>>#) equation (AB) can now be written
1 1
;2 = ap log t — aq log o + :02 (A7)

or (noting that oo = koy),

1 1 2
log ¢ = (log fo- Je%mﬂ) + a—m?(%"') (AB)

Substituting;ﬂw = 0.5 and { = tps one obtains
N
¥ 1 1y 1
log tps = log ty + ;ﬂ' (4: - E'z ;‘2 (Ag)

This is the same as equation (11} of the text if
A = logh {(A10)

and

1y 1
B—(4-E -



