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Subcritica cradk growth in fusel silica is treatal as a stres assistd chemica reaction between
wate and strainal bonds at the crad tip. In this work, the kinetics of the reaction is modelal by
assumig the stres reduce the enery barrig of the activatel complex by affecting both the
activation enthally ard entropy whete the stres dependenecan take differert forms. This theory
is compare with dynamt fatigue dat obtainel for pristine fused silica opticd fiber. The
experimerg were conducte in both distilled water ard pH 7 buffer solution and the resuls are
found to be similar. The fatigue parametes were found by fitting to three different forms for the
stres dependencgethe activation enthaly and entroy were then determine from the fatigue
parameterslt is found tha stres increass the activation entropy whicheve kinetic form is used,
ard therely reduce the activation energy barrie height The activation enthalyy is also stress
dependentbut stres tends to increag the enthaly contribution to the barrie height The results
showv subcriticd cradk growth in high strengh silica is dominatel by entropy effects © 2001
American Institute of Physics [DOI: 10.1063/1.1361245

I. INTRODUCTION

Fatigwe in silica glass i.e., strengh degradatia under
stressis the resut of subcritica crad growth? It has been
found that the apparehactivatian energy for fatigue in silica
glass is stres dependent=® However the rate proces is
controlled by the activatian free enery rathe than the ap-
parer activation energy?® the stres dependene of the acti-
vation entropy therefoe shoul hawe sone effed on fatigue.
Few studies on the activatin entropy for fatigue have been
published The activatian entrogy was first found to be stress
dependenfor fatigue of a porows alumira by Avigdor and
Brown.” Scanlafi later propose atheoy indicating both the
activatian enthalfy and entroyy for the slow cradk growth in
fused silica shoutl depenl on stress He reexamind crack
growth rate dag for silica glass of Wiederhon and BolZ® to
verify his theory® Inniss Kurkjian, and Brownlow® showed
tha the activation entropy temm for static fatigue of silica
opticd fiber exist by reanalyzig Kao’s data; but they did
not conside the stres dependene of the entropy The data
associaté with thes studies on activation entropy were not
detailed enoudn to understad the entropy effect on fatigue,
since the stres dependene of activatin entrogy was either
ignored or different mathematickforms for the stres de-
pendene were nat discussed.

This article is intendel to identify the role of the activa-
tion entropy in the fatigue of fused silica by measurig the
activation enthaly and entropy togethe with a thorough
consideratia of the implications of assumiig differert stress
forms A theow for the fatigue rate of silica glass will be
propose and comparé with experimenthdata In contrast
with static fatigue tests which were usel to study activation
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entropy in all the earlie work, we hawe usel an experimen-
tally more convenieh dynamt fatigue technique which can
generat extensie fatigue data within areasonata time. The

materid usal for this study is “pristine’’ silica opticd fiber,

which exhibits high strengh with an extremey narrow
strengh distribution’® The smal scatte in strengh improves
the accuray of the fatigue dai obtaineqd and makes the

estimate of the fatigue parametes more accurate.

Il. THEORY

The well-known subcriticd crak growth modé has
been commony useal to descrike the fatigue of ceramic
materials' Unde moce 1 loading a cradk of lengh c lo-
cally amplifies the applied stress,o,, resultirg in a stress
intensiy given by

Ki=a,Y A, 1)

wherr Y is a paramete which describs the crack shae and
loading geometry When the stres intensiy factar exceed a
critical valug K,c, the crak grows catastrophicajl and
causs failure. The mechanim for subcritica cradk growth is
stres assistd chemica reactiors betwee the solid ard re-
active environmenth species mos commony water!? A
mathematickform for the stres dependeneof the resulting
crak growth is needé in orde to estimae the lifetime of
the materid unde stressVarious kinetics modek describing
the relationshp betwea the slow cradk growth rate ard the
stres intensiy hawe bee proposé in the literature®® We
will conside here three of the more commony usel models.
First, the empiricd powe law'**® is widely use for its
mathematicasimplicity and assume the cradk growth ve-

locity, c, is

© 2001 American Institute of Physics
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the secon model base on simple chemic# kinetics is
given by*3

_ K

c=A, exp{ nz—') modé 2; 3
KIC

and the third modéd is a simplificationt>® of a chemical

potentid modef’

. K, \2
c=Azexp n3 K=
Ic

(Following the work of Jakus Ritter, and Sullivan®® we have
normalizel the stres intensiy factar to its critical value,
K,c, for simplicity.) The parametes in the kinetics models,
the n; (i=1,2,3 represehthe sensitiviy of the chemical
reactian to stres (stres corrosia susceptibiliy parametey,

ard the A; deper on the environmemh and material It is not
clear which of thes kinetics modek beg describs the fa-

tigue of silica® However to clarify our developmenof a

genera kinetics mode| we can write thes three modek in

one form with a generalizd function of normalizel stress
intensity, f(K), where K=K, /K¢

modé 3. (4)

c=A; exp(n;f(K)) (5)

in which f(K) takes the form InK, K, and K? for modeb 1,
2, and 3, respectively.

Fatigle in silica glass is well known to resut from the
chemicé reaction betwea strainal siloxare bonds and am-
biert moisturé-12°

=S-0-S=+H,0-=S-0-H+H-0-S=. (6)

Sud a reaction can be characterizé by absolué reaction
rate theory?! also known as transitim stae theory (e.g.,

Moore ard Pearsoff). This theol assumethat the reactants
form a short-lived activatel comple< which is situatel at the

top of an energy barrier The rate of the reactio is then

given by the velocity at which the activatel comple travels

over the top of this barrier® According to this theory; the rate

constan of a chemicé reaction k, , is®

KT AG* ,
TR SR T RT ) @
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expet it to be asignificart effect Scanlafl did discus this
subjec¢ but only in terms of a simple exponentia stres de-
pendencei.e, modd 2. However we will shav tha the
interpretatio of resuls can depem on the assumd form of
the stres dependencéVNe therefoe devel@ amore general
theoly here The activation enthalpy AH* (K), and the acti-
vation entropy AS*(K), can be written as:

AH*(K)=AHE — by f(K), (8)
AS*(K)=AS! +bsf (K). (9)

AHF and AS; are the activation enthalyy and entropy at
zer applied stress For simplicity, we assune the form of
the stres dependene of both entrofy and enthally is the
same namely f(K), thoudh their sensitiviy to K is different
(i.e., by#bg). The sigrs of the terns containirg by, and bg
are chosa sud tha if thee parametes are positive increas-
ing K would decreas the barrie heigh and so increag the
crak growth rate The crak growth rate in silica glass can
be relatal to the rate constam by

c=Cok;9(aoH-), (10)

whetr ¢, isthe increag in crak lengh per breakirg bord at
the crad tip; g(apy-) isamonotonicaly increasimg function
of the hydroxyl activity. It isincluded in Eq. (10) becaus it
has bee suggestd tha fatigue of silica glass is dominated
by reaction with hydroxyl ions rathe than molecula water,
since the fatigue rate increass with pH.?>24 Thouch not es-
sentid for the developmenof our theory; it will be assumed
tha g(apn-) is proportiond to a powe of the concentration
of hydroxyl ions Cqy, i.e.,

g(aon-)=aCgy, (12)

where m is the reaction order, and « is the constant of pro-
portionality which will depem on the units of concentration
ard the assumd standad state.

Combinirg Egs (7)—(11), the cradk growth velocity is
given by

KgT p(—AHg As;;>

C=COTaC8Hex ==&

H S
— 4 —

F{ b
X ex

RT R (12

f(K)}.

wherex is the transmission coefficient which represents theComparig Eq. (12) with Eq. (5), the fatigue parametes can

probability of the activatel complex passiig over the energy
barriee and decomposig to form the producs (« is usually
taken as unity), kg and h are the Boltzmam ard Pland con-
stantsand AG* is the free energy chang from the initial to
the activatel state i.e., the heigh of the energ barrier.

The free enery barrig of the reactian has both activa-
tion enthally ard entrofy contributions AG* =AH*
—TAS*. An entropt temm is expecté becaus the reactants
are more disordere than the activatel complex This differ-
ene in randomnes resuls in an entrory decreas which
represerst a barrig to the reaction? It is generaly assumed
that the stres reduce the activation enery by decreasing
the activatio enthalpy?* The influenc of stres on the acti-
vation entropy is seldan consideredbut it is reasonald to

be expressé in terms of fundamenththermodynand param-
eters

kgT —AH} AS]
A= co%aC“O“Hexr< R—TO + ?SO) , (13
by | bs
ni—m_ E (14)

Even thouch the form of f(K) is uncertain this analysis
shows that if the activatin entrogy for fatigue of silica is
stres dependentthen the n; shoull hawe atemperatug in-
dependentem [Eq. (14)]. Scanla found this sane result
but assumiiy a simple exponentifikinetics form (modéd 2).8
However hete we shaw this is a gener&resut for ary rea-
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sonabé kinetic form. In mog publishe&l work, only one ki-

netic form is assumd for dat analysis consequenyl any
conclusios drawn may depenl on that form being correct.
We use all three modek to determire which conclusiors are
genera ard which depenl on the validity of the assumed
kinetics form.

In this work, the temperatue dependene of the fatigue
parameterghe n; ard A;, will be examina in orde to study
the stres dependeneof the activation enthalfy and entropy.
The sane experimeng were conducte in two testirg solu-
tions distilled wate ard pH 7 buffer solution in an attempt
to understad the contributian of hydroxyl ion concentration
on the activation enthalyy and entropy All three kinetics
modek will be usal to analyz dynamt fatigue data because
it is not known which modé beg describs the fatigue of
silica glass This als serves to determire which conclusions
are dependenon the assumd kinetics form ard which are
more gener&in nature.

The materid usal in this work is pristine silica optical
fiber, which is considerd “flaw free.”° It thus might be
arguel tha the theor derived abow is not valid since the
subcritica cradk growth modd assumethe materia contains
well definal shap microcracks This isste has been brought
up in the past Michalske Smith, ard Bunkef® discus the
fatigue mechanisma in high strengh silica fiber and con-
cludal tha the measurd fatigue resuls can be describe by
the subcriticd crad growth modé if the cradk growth rate
increass exponentiay with applied stress However they
overlok the possibility that othe modek could also give
goad agreemenbetwea slow crak growth ard fiber fa-
tigue Matthewsor® points out tha even if the subcritical
cradk growth modé is nat strictly valid for pristine fiber, it is
still a usefd vehicle for describimg trends with environmen-
tal effects Considerig the fatigue is controlled by crack
propagatio rathe than crad initiation, the use of our theory
to compae the experimenthresuls of pristine opticd fiber
can therefoe be justified.

IIl. EXPERIMENTAL PROCEDURES

Dynamt fatigue experimens were performel on a fused

Y. S. Shiue and M. J. Matthewson 4789

6.0 (a) distilled water

Failure Stress (GPa)

=
o
T

1000

3.5 i 1 !
0.1 1 10 100

Faceplate Speed (um/s)

30°C

: 40°c

(b) pH 7 buffer 50°C
60°C
70°C
80°C

6.0

Failure Stress (GPa)

>
o
T

3'5 S, 1 1 1
0.1 1 10 100 1000

Faceplate Speed {(um/s)

FIG. 1. The strengh of fused silica opticd fiber measurd at various tem-
peratursin (a) distilled water, ard (b) pH 7 buffer solution as afunction of
faceplaé speed.

Unlike static fatigue which can be used to obtain fatigue
parametes graphicaly for any of the modek [Eqgs (2)—(4)],
the fatigue parametes generaly neel to be determiné by
numericd integration from dynamt fatigue datal®> A com-

silica opticd fiber, which has a 125 um glass diameter and a PUte& progran wes develope tha integrate the fatigue
250 um outer UV-curable acrylate coating diameter. The€duatios and then fits the resuls to the experimenthdata to

strengh of the fiber was found using a two-poirt bend
technique?®?” which can measue the strengh of many
specimes simultaneously The tess were conducte at five
faceplae speeds0.1, 1, 10, 100, and 1000 um/s?® at tem-
peraturse rangirg from 30 to 80°C, controlled to =0.1°C.
The experimensg were conducte in both distilled water and
pH 7 buffer solution Twenty specimes were measurd un-
der ead testig condition All specimes were pre-
equilibratel at room temperatug in the testirg solution for
three days before performirg the dynamt fatigue tess to
ensue moistue has completey penetratd the polyme coat-
ing. Before startirg the experimentsthe samplas were im-
mersel in the testirg solution at the ted temperatue for 5
min to ensue the fiber reachd therma equilibrium This
equilibratin time is shot to avoid zem stres aging which
occus rapidly at the highe temperaturé®

obtan the fatigue parametersThe progran also calculates
confidene intervak for the parametes which are essential
for the work here Reasonald values of certan parameters
usal in this procedue were assumedthe critical stres in-
tensiy factar K,c=0.75 MPam? Y=1.16 ard the initial
strengtho; =12 GPa Thes values do nat influene the es-
timates of the n; ; they do influene the magnituck of the A, ,
but the trends in the A, with temperatug are not affected.
The conclusios we will draw from this work do not depend
on the accurag of thes values.

IV. RESULTS AND DISCUSSION
A. Strength

The mean strengh of the fiber at various temperatureis
shown in Fig. 1 as afunction of the faceplae speedAll error
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bars shown in this article represeha 95% confidene inter-
val. As expected the strengh exhibits little scatter The
strengtls measurd in the two testirg solutiors do not show
mucdh difference indicating only wate has diffused through
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the polyme coating In earlie work,*® we hawe shown that
bare fiber is weake in pH 7 buffer than in wate becaus the
pH of wate is lower than 7 due to dissolvel carba dioxide,
ard also becaus of the increag in the dissociatim constant
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FIG. 4. The fatigue parametersA; (m/
s), as afunction of temperatue mea-
sural in (a) distilled water, and (b) pH
7 buffer solution Thes resuls are ob-
tained by constrainirg the n; to depend

225 Model 2 221 pModel 2 linearly on reciproc temperature.
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with temperature Three days preconditionirg time in the
buffer solution at room temperatue is insufficiert for the pH
controlling species to fully penetrat the coatirg of the fiber.
The rate of diffusion of the buffering ions varies for different
coatings it has been shown that it can take montts for the
ions to stat having an effed on the strengh of coate fiber3*
The dilemma here is that zero stres aging resultirg from
reaction of wate ard silica could weaken the strengh before
the pH ions read the fiber surfa@ if given avery long pre-
conditionirg time. Neverthelessthe dynamt fatigue results
obtainel from the test in pH 7 buffer solution can still be
analyzel and compare with the resuls in distilled water.

B. Fatigu e parameters

The fatigue parametersthe A; ard n;, found by fitting
the kinetics modek to the dynamt fatigue datin Fig. 1, are
shown as afunction of temperatue in Figs 2 and 3. The
values of the fatigue parametes obtainal from the two test-
ing solutiors are similar ard the trends with temperatue are
the same This is further confirmatio tha the fiber in pH 7
buffer only sees the wate and not the buffering ions.

Figures 2 and 3 shav tha n; does not chang signifi-
canty with temperature while A; shows approximately
Arrhenius behavior The empiricd powe law (modé 1) usu-
ally assumeall the temperatue dependereisin A;, which
is the resut obtainel here However if the data are fitted to
a modé with more physicd meanig (modebk 2 or 3), the
temperatue dependenreis found to be predominatel in n;
rathe than in A, as shown in Figs 2 ard 3. However the
large errar bais in thes figures raise the questian of whether
the trends with temperatug are real.

UTx 10 (K

The confidene intervak for A; and n; were determined
togethe with their variance and covarianceslIt has been
shown that becaus the two parametes are strongl corre-
lated the methal for determinirg them gives significart un-
certainy in their values even thouch the overal quality of fit
is good® Sinee A, and n; are strongy correlateg the uncer-
tainty in one parameteis greatly reducel if the othe param-
et is determine with highe precision The theoy pre-
sentel abowe suggest that the n; shout be alinear function
of 1/T. By constrainiig the n; to hawe this dependencewe
are effectivel fitting to all the data at all temperaturesimul-
taneous} which has the effed of greaty reducirg the error
bars in the A;, as shown in Fig. 4. Despie applying the
constraint the trends with temperatue reman unchanged.
This shows tha the trends shown in Figs 2 and 3 are real,
despie the large errar bars.

C. Quality of fit

The residu& sum of squars for the fit of the dynamic
fatigue daia to eathh modd (Figs 2 ard 3) is comparé in
Fig. 5. The modé which fits the data the beg would hawe the
smalles residua sum of squaresAs shown in Fig. 5, model
3 fits the worst, and modé 1 gives the beg fit, while model
2 issomewhee in between Figure 5 shows only the quality
of fit to dynamt fatigue datg it does not necessanl corre-
spord to the correctnes of the model Similar resuls for the
quality of fit for the three modek are found by Armstrong,
Matthewson ard Kurkjian2? However they found that
modd 2 beg describs how the fatigue parametes vary with
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FIG. 5. Residuasum of square measurd in (a) distilled water, ard (b) pH
7 buffer solution for Modd 1 (@), Modd 2 (O), and Modd 3 (V).

humidity. The fact that the residud sum of squarsin Fig. 5
is smalles for modéd 1, therefore does not mean it best
describs the overal fatigue behavior.

D. Activatio n enthalp y and entrop y at zero stress

The activation enery is usualy obtainel from an
Arrheniuws plot. However by analyzirg the temperatue de-
pendene of the fatigue parametes insteal of the raw
strengh datg we can determire the activation enthaly and
entropy separategl rathe than an overal apparehactivation
energy.

Examinatiom of Eq. (13) shows that the activation en-
thalpy and entropy extrapolatd to zemo stress AHgG and
AS§ , can be calculatel from the slope ard intercep of a line
fitted to (INA—InT) vs 1/T, where

Y. S. Shiue and M. J. Matthewson

I —AHG

slope= ——; (15
. CoKg ASy

intercept= InT +In(aCgy) + R (16)

For the calculatiors in this article, ¢ isassumdto be 25 A,

the sane value usal by Scanlarf However the absolute
value of the tem In(eCg},) is nat known Therefore we can
only calculae the appareh zem stres activatian entropy,
AS} o defined by

ASS 2= ASE +RIN(aCYyy. (17)

(Approximae values for AHg and ASj,,, can be obtained
from the regressia lines in Fig. 2 since the term of InT is
small However our resuls do accoutt for the InT temm for
precision)

Table | summarize the values of AHg ard ASj,,,
found for the three kinetics models The values obtainel for
the two testirg solutiors are the sane within experimental
errors this is expecte as discussd earlier The activation
enthaly calculatel usig modd 1 is ~48 kJ/mol but is ef-
fectively zem if calculatel using modek 2and 3. The appar-
ert activation entropy for modé 1 is positive but is negative
for modek 2and 3. Since the value of «Cg, is unknown we
cannda interpré this differene betwe@& models However it
has often been assume®® that this tem is unity (i.e, ASE
=ASg 49, Which canna be justified.

E. Stress dependenc e of the activatio n parameters

The parametersb,, ard bg, which quantify the stress
dependenre of the activation enthally and entropy are cal-
culatad from the slope and intercep of the regressia linesin
Fig. 3. The resuls are shown in Table Il. Once again the
resuls in the two testing solutiors are similar. The by for
modé 1 is effectively zerq i.e. the activation enthaly is
roughly constam with stress However by is negatie for
modek 2 ard 3, i.e, the activation enthally increase with
increasimy stress This mears the resuls found for different
kinetics modek are nat the sarre in this regard This illus-
trates that analyzirg fatigue data using only one kinetic form
can lead to conclusiors tha are only valid for that particular
form and may not be generaly true It isimportart to distin-
guish which conclusios are dependenon the kinetic form
ard which are not This can only be dore by considerilg a
numbe of differert models as we hawe dore here.

As shown in Table II, the bg term is nonzeo for all the
models indicating the activatian entrofy inded is stres de-
pendent The positive sign of bg implies that the activation

TABLE |. The activation enthally and entropy extrapolatd to zem stres for the three kinetics modek mea-

sureal in distilled wate and pH 7 buffer solution.

Environment Modd 1 Modd 2 Modd 3

Distilled water AHF (kJ/mo) 48+8 —2+14 —4%9
AS; 4pfkd/md K) 0.05+0.03 —0.46+0.04 —0.38+0.03

pH 7 buffer solution AH} (kd/mo) 44+8 5+16 —12+9
ASg’app(kJ/md K) 0.03+0.02 —0.43+0.05 —0.4+£0.03
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TABLE Il. The coefficiens of the stres dependeneof the activation enthaly ard entropy by, and bg.

Environment Modd 1 Modd 2 Modd 3
Distilled water by (3/mo) (0.7+9.9xX10*  (-1.3:0.3 x10° (—3.5+0.6x10°
bs (3/md K) (1.8+0.3 X 107 (8.7+1.1) X 107 (1.7+0.2 x10°
pH 7 buffer solution by, (J/mo) (5.5+9.)x10*  (-1.1+0.4x10° (—3.70.6x10°
bs (J/md K) (1.6=0.3) X 107 (7.7+1.29 X 1% (1.7£0.2 X 10°

entropy increass with increasimy stres for all three kinetics
models We can therefoe concluck tha the stres depen-
dene of activatian entroyy is generaly important and thisis
true whicheve kinetics modé is assumedSud stres de-
pendene is consisteh with the previows resuls for slow
growth of macroscopi cracks in silica glass® and for static
fatigue of porous alumira in water’

It is known that the rate of a reactian is determine by
the activation enery barrig (the free enery of activation),
and not necessanl by the activatinn enthally alone® Our
resuls showv tha stres reduce the activatian barrie height
by increasimy the activation entropy Although typically as-
sumed the stres does not redue the enthalyy contribution
to the barrie height indeed for the more physicaly reason-
able exponentihmodels the enthalpy contributian increases
the barrie height However the overal effed is alowering
of the barrig sinee the effed on entrory dominates This
implies tha stres dependen subcriticd cradk growth at
leag in fusd silica, is dominate by entropy effect rather
than enthalpy.

V. CONCLUSIONS

A generalizd chemic# kinetics theow for the fatigue
rate of silica glass is proposed Resuls for the dynamt fa-
tigue of a polyme coatel fused silica opticd fiber were com-
pared with the theory The fatigue experimehwas conducted
in both distilled wate and pH 7 buffer solution at tempera-
tures rangirg from 30 to 80°C using a dynamt two-point
berd technique The strengh dat were then fitted to three
different crack growth kinetics modek to determire the fa-
tigue parametersA; and n; (i=1...3). The activatian en-
thalpy and entrogy are determiné from the temperatue de-
pendene of A; and n; .

No significart differene was found betweea the behav-
ior measurd in pH 7 buffer solution and distilled water. This
is becaus only wate penetratethe fiber coatirg on the time
scak of the experimentsResuls for bare fiber in pH 7 and
water, when the pH ions can immediatey read the fiber
surface are expecté to be differert becaus the neutrd pH
of wate changs with temperature.

It is found that the activatian entroyy is stres dependent,
as proposeé in the theory The activatian entrogy increases
with increasig applied stres for all three kinetics models.
The stres dependehactivatian entropy has adominan con-
tribution to the activatian energ barrier.

The stres dependene of the activation enthalyy varies
for the differernt kinetics modek consideredHowever in all
casesthe stres does not redue the activation enthalpy In-
deed for some forms of the kinetics mode| stres increases
the enthalyy barrier.

The resuls indicak tha sore conclusios drawn from
fatigue dat depen on the assumd form of the kinetic
model It is therefoe not appropriaé to assune just one ki-
netic mode| becaus the conclusiors might be misleading It
is advisabé to use severd forms in orde to establih the
generaliy of any conclusions.
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