TPB Test Provides New Insight to Fiber Strength, Quality

Failure strains measured using a two-point bend (TPB) testing technique provide useful information about the prop-
erties and quality of glasses and allow characterization of the effects of melt history on the nominal
homogeneity of the resulting glasses, in particular, the effects of melt processing near the liquidus temperature.
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Strength generally is not considered
an intrinsic property of glass.The dif-
ficulty in the preparation of pristine,
undamaged samples and testing
them to failure while avoiding the
creation of strength-limiting critical
flaws has precluded the measure-
ment of intrinsic strength for all but a
few glass compositions.!

Two-Point Bend Technique

One approach to readily character-
ize intrinsic failure properties is the
two-point bend (TPB) technique?
recently perfected to characterize
the mechanical properties of opti-
cal-glass fibers.3# A fiber, typically
100-150 pm in diameter, is bent in a
U-shape, with its plane perpendicu-
lar between stationary and moving
face plates (Fig. 1) until the fiber
fails. The fiber is held in place by a
fixture that constrains the two free
ends during the test.

The strain at failure () of a fiber
with a diameter d is given by* g, =
1.198d/(D - d), where D is the face
plate separation distance at failure.
Because elastic modulus depends
on strain>® and because the strain
dependence at ¢ is largely
unknown, strength at failure is not
generally known. Therefore, the fail-
ure strain data provided by the TPB
test is preferred.

Silica-glass appears to be an
exception.The strain dependence
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of the elastic modulus for SiO, is
such? that the failure strength cal-
culated from the ~18% failure strain
determined from inert TPB tests
corresponds to a failure strength of
~13 GPa when using the zero-strain
modulus, equivalent to the inert
failure strength of silica reported
from tensile tests.

The TPB technique is relatively
simple to perform compared with,
for example, uniaxial tensile tests.
There are no gripping issues that
cause problems for tensile tests,
particularly when tests are made
under liquid nitrogen to minimize
water activity and avoid stress cor-
rosion effects. In addition, because a
small section of fiber is tested in
bending, the chances of encounter-
ing a strength-limiting critical flaw
are decreased, compared with fibers
tested in tension.

A limitation of the TPB technique
used in this study is that fibers with
diameters less than ~75 pm cannot
be tested, because their acoustic
signal (the snap) at failure is too low
to be detected.

Most previous TPB studies have
been on optical silica fibers. These
include studies of stress-corrosion
susceptibility,89 although some

Fiber collection apparatus used fo pre-
pare samples for TPB testing. Fibers were
drawn onto a rotating cage (top) from
the surfaces of melts heated in the SiC-
element furnace (bottom).

earlier studies have been done on
borosilicate-glass optical fibers.1°
Recent research at the University of
Missouri-Rolla, supported by the
Center for Glass Research, has
extended the glassforming systems
characterized using TPB to a wide
variety of compositions, including
alkali silicate, soda-lime silicate, alu-
minosilicate, borate and phosphate
glasses.!

Fiber-Drawing System

A critical aspect of this work has
been the development of a fiber-
drawing system that allows pristine,
uniform glass fibers, ~150 pm in
diameter, to be drawn from melt sur-
faces and tested without encounter-
ing strength-limiting surface flaws
(Fig. 2). A rotating cage that translates
along its axis is used to collect the
fibers and to provide a sufficient
length of pristine sample for the TPB
test.The cage consists of 12 arms,
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~10 cm apart.The fibers are drawn
from the surface of a melt contained
in a platinum crucible held in the fur-
nace (SiC elements) positioned
directly below the fiber cage.

A water-cooled copper coil is used
to control the surface viscosity of
the melt as fibers are drawn. After
fibers are collected, the cage is
removed from the apparatus and
individual fiber sections, ~10 cm
long, are removed from the cage for
TPB testing. This system makes it
possible to test a wide variety of
glass compositions and to test sam-
ples drawn from melts with various
thermal histories (melt times and
temperatures).

Weibull Distributions

In a typical TPB experiment, =20 fiber
sections are tested using some set of
experimental parameters, e.g., face-
plate velocity (which can be varied
from 5 to 4000 um/s) and environ-
ment (including liquid nitrogen and
air with fixed humidity). The failure
strain (g;) data are plotted using the
Weibull formalism InIn(1 = P)-"=mIn
e, Where P is the failure probability
and m the Weibull modulus.The latter
is a measure of the reciprocal of the
breadth of the failure distribution;i.e.,

a large value for m represents a nar-
row distribution of failure strains.

Examples of Weibull distributions
of failure strains from E-glass and sili-
ca fibers collected in TPB experi-
ments performed under liquid nitro-
gen to minimize water activity and,
therefore, avoid stress-corrosion
effects are shown (Fig. 3). The E-glass
data were obtained from fibers
drawn from glass marbles provided
by Owens-Corning Fiberglass.The
marbles were remelted at 1550°C in
platinum crucibles for =4 h, then
drawn at 1350°C.

Eight data sets of =20 fibers each
were collected at various times over
about two years.The failure-strain
measurements are reproducible: for
the entire set of E-glass data, the
Weibull modulus is 119, which rep-
resents an overall variance of ~1%
for the eight sets of data. The silica
data were obtained from TO8 opti-
cal fiberglass manufactured by
AT&T and are comparable with inert
failure-strain results reported else-
where.12

The tight and reproducible failure-
strain distributions that were
obtained for samples with appropri-
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Weibull distributions of inert (liquid nitro-
gen) failure strains of 10Na,O-10CaO
-80Si0, (mol%) glass fibers tested at
various TPB face plate velocities.

ate melt histories suggest that
these results are intrinsic and, there-
fore, dependent on the nature of
the glass structure. For example, the
greater failure strain of silica (¢, =
17.98%) compared with E-glass (g,
= 12.81%) (Fig. 3) could be related
to the former’s stronger, more open
structural network. However, the
relationship between pristine, inert
failure strains and glass structure in
general is much more complicated.

Inert Delayed Failure Effect

Alkali silicate glasses with structures
that possess large fractions of non-
bridging oxygens fail at greater
strains under liquid nitrogen than
more crosslinked silica or aluminosili-
cate glasses, in part because of a fail-
ure process that is time depen-
dent.’3'4 An example of this inert
delayed failure effect (IDFE) is shown,
where the inert failure strains for
fibers drawn from a 10Na,O-10Ca0O-
80Si0, (mol%) melt were tested
using face-plate velocities (pr) for
the two-point bender that range
from 5 to 4000 pm/s. For this glass,
the average failure strain (g;) increas-
es as Vg, decreases.

Silica fibers have the opposite
dependence on V,: ; decreases as
V¢, decreases.’> 14 The IDFE may be

American Ceramic Society Bulletin, Vol. 84, No. 10

|
51




TPB TEST

correlated with the cracking behav-
ior of less-brittle glasses, as
described by Ito;'> that is, glass
compositions that exhibit an
enhanced IDFE also resist crack for-
mation in Ito’s indentation tests.!
The IDFE behavior may be related
to the reorganization of the glass
network under the high strains that

precede failure and is the subject of
on-going research by the authors at
UMR and Rutgers.

The dependence of inert failure
strain on the face-plate velocity (Fig.
4) could not have been detected
without the tight (<1% variance)
failure strain distributions that are
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typically obtained for fibers drawn
from melts that have been properly
conditioned to yield homogeneous
glasses.The optimized melting con-
ditions are usually several hours at
temperatures above the liquidus
temperature of the melt. The TPB
failure strain distributions are sensi-
tive to changes in melt history and
may provide a measure of the rela-
tive homogeneity of the glass fibers.

The inert (liquid nitrogen) failure
strains were measured (Fig. 5) for E-
glass fibers drawn from a single
melt that was held in consecutive
steps for set times either at 1224°C
(the fiber-forming temperature (T
defined as the temperature at
which the melt viscosity equals
1000 P) or at 1135°C (15°C below
the liquidus temperature (T"q)).The
original glass frit was provided by
PPG.The melt-conditioning steps
and the resulting fiber inert failure
strain data, including the Weibull
moduli (m), the average failure
strain (savg) and the difference
between the highest and lowest

Spring 2006 meeting to explore and discuss the latest cutting
edge developments. This meeting is organized around three
symposia topics:

failure strains for each set (Ag) have
been summarized (Table 1).
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A tight failure strain distribution
results when the E-glass frit is
remelted at T; for 30 min (sample
set No. 1). When the melt tempera-
ture is decreased below the lig-
uidus temperature, the failure strain
distributions broaden, with progres-
sively lower failure strains recorded

Table1. Melt Conditions and Failure Strain
Summariest

Consecutive melt
temperature (°C)/

e Characterization
e Composition . :
* Processing | .

SIAIQ STVIdALVIN

Sample time (h)* Equq (%) m Ag (%)
1 1224/0.5 12.05 113 0.49
2 1135/1.0 11.74 16 3.00
3 1135/3.0 11.34 17 291
4 1135/3.0, 11.03 9 4.96

1224/0.5
5 1224/2.0 11.50 20 2.85
6 1224/2.0 11.93 64 0.64

..

tFor E-glass fibers drawn from a single melt. Failure strain distri-
butions are shown in Fig. 5. *Melt temperatures and fimes are
the melt conditions immediately prior to fiber drawing and test-
ing; these condifioning treatments were done consecutively for a
single glass melt.
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Weibull distributions of failure strains for
20Ca0-20A1,05-60Si0, (mol%) glass
fibers collected at 24°C under various rel-
ative humidity conditions from 10% (right)
fo 84% (lefy) RH.

for some fibers drawn from melts
held below Ty, for longer times
(sample set Nos. 2-4). There were no
apparent microscopic defects in the
fibers drawn from the melts held
below Tj,.

Nevertheless, the broad failure
strain distributions associated with
fiber melts held below T, are con-
sistent with the expected formation
of heterogeneities in the melt that
then decrease the strength of the
resulting glass fibers. This explana-
tion is supported by the observa-
tion that, when the melt that pro-
duces the fibers with the broadest
failure strain distribution is subse-
quently heated to T, the resulting
fibers once again produce inert fail-

ure strain distributions that become
tighter with longer times at T; (sam-
ple set Nos.5 and 6).

Other Heterogeneities

TPB tests can be used to characterize
the development of other hetero-
geneities or defects associated with
glasses. An example is the inert failure
strain distributions for 20Ca0O-
20A1,0,-60Si0, (mol%) fibers that
have been exposed to a 50°C/80% RH
environment for up to 247 d.This
exposure produces visible reaction
products on the glass surfaces (Fig.6
inset) that likely contribute to the
progressive loss of the inert failure
strain with exposure time.

Cameron'® has observed similar
degradation to the strengths of aged
E-glass fibers and has proposed that
it is caused by the formation of stress
concentrators on the fiber surfaces
by the reaction between water and
glass components.This explanation is
consistent with the decrease in g
and the formation of surface hetero-
geneities for the aged fibers (Fig. 6).

There is another type of informa-
tion that can be provided by TPB
tests (Fig. 7). Fibers drawn from a
20Ca0-20A1,0,-60Si0, (mol%) melt
have been tested at 24°C and under
various relative humidity conditions
between 10 and 84%, using an

environmentally controlled cham-
ber built for the TPB tester.The
room-temperature failure strain
decreases systematically with an
increase in RH, which reflects the
effects of water on the failure
process and indicates that quantita-
tive fatigue information can be
obtained using this technique.
Earlier TPB failure studies of silica
and borosilicate-glass fibers confirm
the dependence of glass strength
on humidity and provide informa-
tion about the humidity depen-
dence of the reaction order
between water and the glass sur-
face.210
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