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FOREWORD

This report describes the results of an experimental program oriented
toward a better understanding of lifetime predictions for optical glass
fibers. Some of the progress made toward this goal is sunjnarized in the
following two technical papers comprising this report.
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STATISTICAL REPRODUCIBILITY OF THE CRACK PROPAGATION PARAMETER N

IN DYNAtUC FATIGUE TESTS

J.E. Ritter , Jr., N. Bandyopadhyay , and K. Ja kus
Mechanical Engineering Department

University of Massachusetts
Amherst, MA 01003

The dynamic fatigue experiment , where strength is measured as a function

of stressing rate, is becoming an increasingly popular test for measuring the

crack propagation parameter N for ceramic materia ls.~
’
~

1 Data from the

dynamic fatigue test are fitted to the equation:

Sm 
= C l/(N+l ) (1)

where Sm is the median strength , ~ is the stressing rate, and N and C are

constants describing fatigue susceptibility . N is determined from Eq. (1)

by the least squares fit of the data . F’t gure 1 shows dynamic fatigue data

for soda-lime glass in water where the median strength was measured at 7

stressi ng rates ranging from .01 to 53 MPa/s with 50 samples per stressing

rate. From this data N was found to be 18.4.

Somewhat surprisingly, dynamic fatigue data for a given material tested

under similar conditions result in a relatively large range of values for N.

For example,. N from ‘1 3 to ‘19 have been reported for soda-lime glass in a

moist env ironment,1 ’4’6’7’12 15 to 25 for optical glass fibers in a moist

env ironment,8 and 35 to 68 for alumina in an aqueous env ironment .9~~
1 The

present note reports some results on the statistica l reproducibilit y 0f N as

determined from dynamic fatigue experiments.



Dynamic fatigue tests on an “ideal ” material were simulated on a

computer using Monte Carlo technique)3 It was assumed that samples of

this ideal material had a Weibul l ’14 inert strength distribution whose

slope and scale parameters, m and S0 are known. The fatigue parameters,

N and B were also assumed to be known . The object of the computer experi-

ments was to assess how accurately one can determine the value of N using

only a limi ted number of samples. In the computer simulated study, a

given number of samples at a specifi c stressing rate, ~~, were chosen

randomly by selecting their failure probability , F , from a un iform dis-

tribution between 0 and 1. Then the fatigue fracture strength , 5, was

calcula ted accordi ng to the fracture mechan ics relationship:12

in S = ~ C ln B + ln (N+l ) + (N—2) C ln in 
~
ip.+ ln S0) + in ] (2)

Once a set of strength values at several d~fferent stressing rates were ob-

tained , the median values were determined and Eq. (1) was then used to

calculate N. By iterating this procedure 100 times , a distribution for N was

generated which represents the statistical reproducibility of N as determined

from the dynami c fatigue tests. For a given material/environment system,

i.e. for a given set of m , S0, N and B, the important variables studied were

the stressing rate range, the number of samples per stressing rate, and

the number of stressing rates that were used in a given test. The number

of stressing rates chosen in a given test varied from 2 to 7.

Figure 2 illustrates how the statistical reproducibility of N for

soda-l ime glass in water depends on total sample size used in the dynamic
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fatigue experiments . In this figure the standard deviations , , were

calculated using the customary formula:

J

~: (N -N’) 2
2 i=l (3)

C =

J - 1

where J is the number of times the simulated experiment was repeated , N 1
are the Individual N values , and N’ is the mean value. It Is seen that the

statistical variability of the crack propagation parameter N depends strongly

on sample size and can be large for sample sizes less than 100. For example ,

for a sample size of 100, the + 2 c limits ranged from about 14 to ~3. The

results also showed that for the same range of stressing rates (maximum to

minimum ) and the same total number of samples , the best reproducibility of

N occurs for the case where N is determined from strength measurements at

2 stressing rates corresponding to the maximum and minimum . For the case

of multi-stressing rates, the reproducibility depended mainly on the tota l

number of samples and not on the number of samples chosen per stressing

rate. However , testing at only two stressing rates would not necessarily

be reconinended since there would be no way of knowing if one of the data

sets contai ns a systemati c error.

The statistical uncertainty in N for a given sample size was found to

depend on the stressing rate range and also on the Weibull slope parameter ,

m. As the stressing rate range and m decreased , the uncertainty in N

increased . Figure 3 compares the + 2 c limits for N as a function of m ,

keeping the other fatigue parameters constant , and illustrates that low

m va l ues , corresponding to greater variability in strength , result in

larger uncertainties In N.

~
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The variability in N also depends on the fatigue resistance of the

material (large N values generally represent materials wi th a greater

fatigue resistance). For example , Fig, 4 compares the results on the

reproducibility of N of a vitrified grinding wheel material 15 CN = 43.2)

with that for soda—l ime glass (N = 18.4) where the stressing rate range

and m was taken to be the same for the two materials. It is evident

that the uncertainty in N is much greater for the more fati9ue resistant

vitrified grinding wheel material .

In sumary, it was found that the statistical reproducibility of N

as determined from the dynamic fatigue experiment depends on the total

number of samples , stressi ng rate range, Weibull slope parameter m , and

the fati gue resistance of the material. This statistical uncertainty in

N can be large , especially for sample sizes less than 100. Thus , it is

reconinended that before meaningful conclusions can be drawn regard i ng

the effect of a test variable on N as measured by the dynamic fatigue experi-

ment, the statistical reproducibility of N should be evaluated . For example ,

the ranges of N values quoted at the beginning of this note for soda—lime glass ,

optical glass fibers, and alumina can be shown to be well within + 2 ~ range

expected from the dynamic fatigue test and it would be imprudent to attribute

a physical meaning to the difference between the hi gh and low values of N

in these ranges. Thi s investigation of the statistical reproducibility due

to sampling variability in fatigue strength testing is continuing and the

complete results and its implications to failure predictions will be reported

in a forthcoming paper.
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Figures

Fi gure 1. Dynamic fatigue data for soda -lime glass in water.

Figure 2. Stati stica l reproducibility of N as a function of the number

of samples randomly chosen from the fatigue populati on of

soda-lime glass where the appropriate constants are N = 18.4,

B = 0.18 MPa2 s, m = 8., S0 
= 138.0 MPa and the stressing

rate range Is .01 to 53 MPA/s. The number of stressing rates

used in determining N is as indicated .

Figure 3. Statisti cal reproducibility of N as a function of the Wei hull

slope parameter m , keeping the other constants the same

(N = 18.4, B = 0.18 MPa~ 
. s, S0 

= 138.0 MPa).

Figure 4. Comparison of the stati stical reproducibility of N for a

vitrified grinding wheel material (N = 43.2, B = 1.1 x lO~
MP a . s, m = 15 , S0 

= 53 MPa) to that of soda-lime glass

(N = 18.4, B = 0.18 MPa . s, m 15 , S0 
= 138.0 MPa).
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Fatigue of Optical Glass Fibers

3. E. Ritter, Jr., Karl Jakus , and 3. M. Sullivan, Jr.
~~chanical Engineering De~~rtment

Un iversity of Massadiusetts
ktherst , MA 01003

1.0 INr1~JouC1Ic~
C~ e of the key problens in the design of a high strength , opt ical-

fiber c~i~tunication cable is the long-term n~ thanical reliability of the

glass fibers. Unfortunately, glass fibers exhibit delayed failure

(cc~ti~only knc~n as static fatigue) and a wide variability in fracture

strength that can cause a significant numbers of fibers to fail at

noderate stress levels. ”2 Thus , it is importan t that the p ssthility

of failures either be statistically predictable or be eliminated by proof

test ing .

The object ives of the research reported herein ~~re: to denonstrate

the appl icability of fracture-mechanics theory in predict ing fatigue

failure of optical glass fibers before and after proof testing ; to

determine the effect s of relative humidity on the fatigue strength of

optical g1~ss f ibers; to study the etfectiveness of proof testing in

improving the after—proof strength distribution of optica l glass fibers.

2 .0 EXPERIME~’JTP,L PECCEDURE

The fat igue behavior of three optical glass fibers was determi ned by

the dyna~ic fatigue and static fatigue test techniques in which strength

~~~ t ime—to-failur e are measured as a function of stressinq rate and

applied stress, respectively. The dyn~ nic fatigue test envir~xients ~~re

0’_
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~~bient air at 23’C and 55% RH and foist air at 23C and 95% RH. The

environment for the static f~ttigue tests was ~~bient air at 23’C and

atout 75% RH. The three optical fibers studied ~~re all obtained from
ITr Corporation, }~ anoke, Va. and ~~re:

Fiber I — Type PS—lOS DDped silica core (inde x of refraction — 1.48)

optical fiber with protective polymer coatings of silicon

and Hytrel. This fiber was delivered June 1977. It is

not kn~~n if this fiber was proof tested.

Fiber II = Type PS—105 Dzped Silica core (index of ref ract~on 1.48)

optical fiber with protective polymer coatings of silicon

and Hytrel. This fiber was proof tested to 2700 MPa and

delivered January 1978.

Fiber III Type GG—02 Glass Graded index multinode optical f iber with

a roped Silica core ( index of refraction = 1.48), a boro—

silicate cladding (index of refraction = 1.45), and a fused

silica outer coating. This fiber had protective polymer

coatings of silicon and Hytrel. The fiber was factory

proof tested to 2070 MPa and delivered January 1978.

In addition , the fracture strength after proof testing for Fibers I

and II was determined as a funct ion of a fast and sl~~. unloading rate

from the proof stress. Fiber I s~ nples ~~re loaded to a proof load of

6.2 kg at a crosshead speed of 83.3 rn/s (.5c~~/min) ,  corresprnding to a

stressing rate of 18.2 MPa/s , then rapidly unloaded (83 .3 mis). This



proof load qave an average proof stress of 4260 MPa and was chosen to

give 33% failure in the proof test. The proof test survivors were

divided into t~~ groupa. With one group the inert strength was measured

in dry N2 at 2 3 C  and with the other group the strength in ambient air

(23 C and 55% RH) at a stressing rate of 19.2 Mp&/s was determined . (*~e

hundred sauples of Fiber III were also proof tested in ambient air.

These salTples were loaded to a proof stess of 5177 MPa correspond ing to a

33% failure probability, at a stressing rate of 192 MPa/s then the

surviv rs were alternately unloaded at a slow unloading rate of 8~3 rn/s

(.5 an/mm ) and a fast unloading rate of 10.7 mnv’s (i.e. 1 sec to unload),

repaectively. The proof test survivors, having been divided into the t~~
unload ing groupe, were reloaded to fracture at a stressing rate of 192

MPa/s in an ambient air (23’C, 55% R H) .

3.0 RESULTS P~ND DISCUSS IClb4

3.1 Fatigue Behavior

The median , honologous stress , and iterative, bivariant analyses

were utilized in determining the fatigue constants B and N from the

dynamic and static fat igue data . The reader is referred to ref erences 3

and 4 for a detailed description of these techniques . Table 1 sumarizes

these results. It is important to note that the data for Fiber I was

presented in an earlier paper. 3

The overall agreement in the fatigue constants for a given fiber and

environment as determined by the various data analysis techniques gives

validity to the fracture mechanics approach for analyzing fat igue data of



optical-q iass f ibers . Since the stat ic fatigue data was obtained in a

“shotgun fashion” , i.e. , time—to-failure was measured at a large number

of appl ied stresses , only the iterat ive, bivarient analysis was used with

this data since it does not require that the t ime—to—failure distribution

be determined at each appl ied stress.4

The effect on fatigue of fiber type, noisture, and test technique

can be best seen in terme of a min inLuT~ lifetime prediction diagram based

on proof testing . The min ilTum lifetime (tinin) in service af ter proof

testing is given by:5

Ln (tmin a~) = (N— 2) tn (o p/oa ) + Ln B (1)

where °a is the appl ied stress in service and is the maxirrum

proof test stress . Thus, a plot of Lfl (tmjn ~2) VS Ln (op/oa)

is a straight line with a slope of N—2 and an intercept of Ln B

Figure 1 is a mininum lifet ime prediction diagram compar ing Fibers

I , II , and III for ambient air at 2 3 C  and 55% RH. These mininum lifetime

predict ions are based on the fatigue parameters N and B as determined

from the iterative, bivariant anlaysis. This figure clearly shows the

similarity in the fatigue behavior of Fibers II and III. Presumably the

fat igue behavior of Fiber III is controlled by the fused silica coating

and that the ~nal1 anø.int of dopants in the fused silica core of Fiber II

does not alter its fatigue behavior . The fatigue results of Fibers II

and III are in marked contrast to those of Fiber I. The poorer fatigue

resistance of Fiber I is thought to be related to the preform used in the

t glass fiber production .6 Fiber I is thought to be made from a natural 

- - - - .  
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quart z preform and Fibers II and III from a synthetic quart z preform.

Fibers drawn from a natural quart z perform may still contaim mi crorenii~ nts

of the oriainal crystalline structure that ~~u1d give rise to micro-defects

throughout the volume of the glass fiber.  These microreinm~nt defects

could enhance subcritical crack gt~~ th by effectively increasing crad

size when a surface flaw encounters the microreninant defect through

subcritical crack growth .8 Interestingly enough , although the fatigue

behavior of Fiber I is distinctly different fran Fibers II and III , the

median inert strength of all three fibers is similar: 5669 MPa for Fiber

I, 5527 MPa for Fiber II, and 5622 MPa for Fiber III.

Figures 2 and 3 show the detr imental effect that humidity has on

fatigue. For exanç le, to assure a miniirum lifetime of 10 years in serv ice

at 2 3 C  and 55% RH under an appl ied stress of 1000 MPa, Fiber II ~~uld

have to be proof tested at 1950 MPa; however , for a humid envitorment the

required proof test ~~uld be 2450 MPa. Similarly , Fiber III ~~uld

require a proof test stress of 2000 MPa for 55% RH service env ironment

but 2900 MPa for a h igh humidity service environment to assure a mininun

lifeti~ie of 10 years under an appl ied stress of 1000 MPa.

Figure 4 compares the fat igue results of Fiber III as determined in

the various test environments. The results not only show the expected shift

in the mirt inum lifet ime prediction ourves as a funct ion of relative

humidity but also show nost importantly that the stat ic fat igue results

are consistent with the dynamic fatigue results. These results give

evidence that the accellerated test ( dynamic fatigue ) can be used to

determine the fatigue parameters needed for long-term failure predict ions.

—
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3. 2 Proof Testinq

The pirpose of p roof testing is to eliminate weak samples f ran the

strer~ th çopilation so that the after-proof strength distribution wi l l  be

stronger than the initial distribution. Figure 5 compares the after—pr oof

strength distributions of Fiber I to the initial distributions for the

inert and ambient air (23 C and 55% RH) environments.3 It is evident

that proof testing did not significantly improve the strength distributions;

however , this result is in ag reement with predict ions based on fracture

mechanics theory. The reason that the after—proof distribution is

approx imately that of the initial distribution is that although weak

samples are being elim inated by the proof test , strong sattples are

becoming weaker due to crack rowth 3

Figure 6 compares the after-proof strength distributions of Fiber

lU for a fast and slow unloading rate to the initial strength distri-

butions. As with Fiber I , a fast unload ing in the proof test gave

after—proof strength distributions that were in agreement with theory .

However , a slow unloading rate resulted in an after—proo f strength

distribution signif icant ly weaker than the initial . In this case fracture

mechanics theory cannot explain the observed after—proof strength distri-

bution. Ritter , et al 4 found similar results using soda—l ime glass

microscope sl ides . That is to say when crack growth was not min imi zed on

unloading, the observed after-proof , strength distributions were nuch

weaker than that predicted by theory . It was thouqht that in these cases

~~g ions II  of the subcritical crack growth curve beaxnes important .9

These results emphasize the need for hav ing good proof test controls ,

namely a fast unloading rate and a relatively dry proof test environment .
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4.0 SUMMARY

The fatigue behavior of optical glass fibers was found to be strongly

dependent on humidity with the fat igue resistance decreasing with art

increase in humidity.  The preform used in the production of glass f ibers

was found to effect the fatigue behavior. Fibers made from a natural

quart z preform had significantly poorer fatigue resistance than f ibers

made from synthet ic quartz preforme. The fatigue behavior determined by

the dynamic and static fatigue experiments were in agreement , ind icat ing

that the accellerated dynamic fatigue test can be used to estimate

fat igue l i fet imes under static loading. Proof test results showed that

when slow unloading rates were used in the proof test , the after—proof

strength distribution was significantly weaker than the initial distribution

and could not be predicted f rom fracture mechanics theory . These results

enç*~asize the importance of having good proof test controls.
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Table I. Suwnary of the Fatigue Parameters N and B for Optical
Glass Fibers

Fiber Environment Data~ Analysis Technique N tn B ( MPa2 .s)

I Air (23°C and D.F. Median 22 ,2 14.3
55% RH) ~bio1ogous Stress 21.7 15.6

Iterative, Bivariant 18.5 15.1

II Air (23°C and D.F. Median 26.4 16.1
55% RH) Ibnologous Stress 27.4 16.1

Iterative, Bivariant 27.1 16.2

Air (23°C and D.F. Median 36.8 9.1
55% RH) Fbnologous Stress 35.8 9.5

Iterative, Bivariant 25.2 12.7

III Air (23 °C and D.F. Median 27 .4 15.5
55% RH) Ibnologous Stress 26.3 15.4

Iterative, Bivariant 27 .6 15.2

Air (23 °C and D.F. Median 26.4 11.5
55% RH) Ibnologous Stress 28.1 10.8

Iterative, Bivariant 20.4 13.5

Air (23 °C and S.F. Iterative, Bivariant 17.5 17.6
75% RH)

+ D.F. represents dynamic fat igue and S.F . represents static fatigue.
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Figure 1. M.ininum l ifetime prediciton diagram for optical glass
fibers I, II, III in air at 23°C and 55% RH.

Figure 2. Mininuit lifetime prediciton diagram for optical glass
fiber II as a funciton of relative humidity.

Figure 3. Mininum lifetime prediction diagram for optical glass
fiber III as a function of relative humidity.

Figure 4. Minirruim lifet ime predict ion diagram for optical glass
fiber III comparing the fatigue behavior as determined
by the dynamic and stat ic fat igue test techniques.

Figure 5. Stregnth distributors of Fiber I before and after proof
testing compared to that pred icted from fracture mechanics
theory (from Ref. 3).

Figure 6. Strength distributions of Fibers III before and after
proof testing compared to that pred icted from mechanics
theory.
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