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An acoustic emission study of failure by stress
corrosion in bundles of E-glass fibres
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Fibre failures in bundles of parallel E-glass fibres loaded from their ends and immersed in
aqueous HCI solutions or in water are detected using acoustic emission. In constant load and
constant stress tests the times to failure of the fibres and the bundles are accounted for on the
basis of a theory which assumes a Weibull distribution of initial strengths, and that the
velocity (v) of subcritical stress-corrosion cracks in the fibres depends on the stress intensity
(K,) according to a power law (voc K7). The crack growth parameter (n) is measured by three
methods, and its variation with acid strength is correlated with other corrosion studies. The
stress corrosion measurements also allow a determination of the Weibull modulus of the fibres.

1. Introduction

Individual fibre breaks in a bundle containing a large
number of strong parallel fibres in tension can readily
be detected using acoustic emission (AE): this has
been shown for fibres of Kevlar [1], carbon [2] and
glass [3].

Recently [3] we reported a technique which enables
the parameters of single fibre strength distribution for
nominally similar glass fibres to be determined from a
bundle test using AE. The method is convenient and
rapid in comparison with strength measurement tests
on individual fibres, and avoids the problems of con-
tamination and damage to single fibres caused by
handling, since the material is tested in the form of a
continuous tow, which is a conventional factory product.

An initial aim of the present work was to develop an
AE bundle testing technique which would enable the
rapid acquisition of statistical data on stress corrosion
failures of glass fibres. We have chosen to study E-
glass fibres in water and aqueous HCI because of the
technical applications interest. In particular, mineral
acid environments have an aggressive attack on these
fibres [4, 57 and consequently can cause cracking in
stressed E-glass—resin composites [6].

Although several studies [7-10] have been made of
the mechanical effects and chemical corrosion pro-
cesses which occur in E-glass fibres during simple
immersion in mineral acids, the physical mechanisms
leading to stress corrosion (static fatigue) failure of the
fibres in these environments are unresolved.

One theory of stress corrosion failure which applies
to some brittle materials is based on the experimental
result that preferential corrosion will occur at a crack
tip to produce a subcritical crack velocity given by
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where o and n are constants for the particular material
and environment. K; is the mode I stress intensity and
is related to the crack length, g, by the relationship

K; = yoal? 2)

where o is the applied gross stress and y is a constant
which depends on geometry.

The crack growth theory has been developed [11,
12] to predict stress corrosion failure rates of similar
brittle components which have a Weibull distribution
of fracture stresses. For E-glass fibres in a bundle
under constant load and exposed to water at 20 °C the
theory has been found to account for times to failure
of the bundies and for the rates of failure of the
individual fibres [12, 13]. Thus a further aim of the
present work was to determine whether the static
fatigue crack growth model is applicable to the im-
portant case of acidic corrosion of E-glass fibres under
either constant stress or constant load.

2. Theory of stress corrosion cracking
2.1. Constant applied stress

The E-glass fibres used in this work have, in their
uncorroded state, a Weibull distribution of strengths
[3], according to which the fraction of a large sample
of N, fibres which will survive the application of a
tensile stress o is given by

NEO = P = exp(—G)m 3)

where o, is a scale parameter and m is the Weibull
modulus. It is assumed that catastrophically rapid
fracture will occur in a fibre when the stress intensity
at a crack exceeds a critical value K. Thus an
uncorroded fibre which breaks at stress o does so by
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fast fracture of a pre-existing crack of length a;, given
from Equations 2 and 3 by

(BT
¥Oo p

In stress corrosion, a fibre under constant gross stress
o fails at time t; due to growth of a crack from an
initial length g, to critical length a..

From Equations 1 and 2

Jca""/zda = occ"y"f dt (%)
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Provided that (ﬁ) < 1 the time to failure is
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Substitution of a; from Equation 4 into Equation 7
yields the time ¢( P) for a large sample of fibres to reach
survival fraction P(t) under conditions of constant
environment and constant stress
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AE data are continuously monitored in the bundle
corrosion tests and can easily be extracted in the form
of t and P(z). It is convenient to determine the time for
(say) 50% of the fibres to fail (P(r) = 0.5) and this so-
called median lifetime is given, from Equation 8 by

tgs = Cio™" ©

t(P) =

where C, is a constant. A plot of log ¢, 5 against log o
should then be linear and the slope will yield a value
for n, the crack growth parameter.

From Equation 8§ the fraction P(t) of fibres which
survive at time ¢ in a corrosion test at constant stress is
given by

1
_— = C,tm=2 10
P = P (10)
where C, is a constant. A plot of log[in1/P(t)]
against logt will be linear, if the theory is appropriate,
and the slope will yield a value for m/(n — 2).

2.2. Constant load

On the basis of the crack growth model outlined in
Section 2.1, Kelly and McCartney [12] have shown
that in bundles of parallel glass fibres whose strengths
follow a Weibull distribution, the fibre survival prob-
ability P(z) in stress corrosion with constant applied
bundle load F is given by

U (. 1\eT]dP

where
F n—2
C3 =
NyogA
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Kelly and McCartney also show that the time to
failure of a bundle is given by

2/m  n/m 1
n ne Fr «> (12)

logt; = —nlogF + log( ax -
6

where
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Cs = EOLK?c 2y*od = Cs/(NOGOA>

and F_,,, is the maximum load which can be sustained
by the uncorroded bundle. Equation 12 predicts a
linear plot of log t; against log F for stress corrosion of
an E-glass fibre bundle under constant load in a given
environment. Such a plot should yield an » value for

the given conditions.

2.3. Incubation periods

In all corrosion tests on bundles of fibres described in
this paper the acid or water environment was intro-
duced at t = 0 and the stress on the fibres was con-
stant during the incubation period 0 < ¢t < t; where t;
is the time of the first fibre fracture. Since the number
of fibres (normally 200) in the bundies was large, the
length a;(max) of the largest pre-existing crack (and
thus the minimum fibre strength) was approximately
the same for each bundle tested. According to the
theory, the value of g;(max) determines ¢;. Putting
a; = a; (max) into Equation 7 we obtain

ti = C7G—n (13)

where C, is a constant. For a given environment
Equation 13 predicts a linear plot of logt; against
log o and the slope should yield a value for n.

3. Materials and methods
E-glass fibres of nominal diameter 10 to 12 pm were
supplied by Owens Corning Fibreglas (GB) Ltd in the
form of continuous parallel tow. The number of fibres
(about 200) in samples taken for stress-corrosion
testing were determined from scanning electron
micrographs. Each bundle specimen was fixed at its
ends to aluminium plates using epoxy resin. The free
(uncoupled) length of the fibres was 20 + 2 mm. The
end plates were mounted in the grips of an Instron
machine, and the bundle was surrounded by a sealed
polyethylene capsule to contain the liquid corrodant.
As described previously [3], each fibre break in a
bundle under tension produced a single AE burst of
large amplitude which was detected using AET type
140 B sensors. The electrical signals were amplified by
40 dB and processed using an AET 5000A real time
processor which output amplitude, rise time, duration,
energy and ringdown counts for each event. The
overall amplification was 58 dB and the system dead
time some 60 psec. Dead time losses of AE signals
were negligible.
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Figure 1 Failure fraction N(t)/ N, plotted against time ¢ for corro-
sion of E-glass fibres under constant applied stress in aqueous
2M HC1 at 20°C. The stress levels are (in GPa): curve a = 0.40;
b =0.43; c =046;d = 0.57; ¢ = 0.70; f = 0.97.

Loading of the bundles was done at 0.05 mm min 1.
There were normally zero fibre breaks due to applica-
tion of the pre-load. The corrosive environment was
introduced from a hypodermic syringe at ¢ = 0. All
tests were at room temperature, 20 + 3 °C. Constant
stress tests were done by maintaining the load to
surviving fibre ratio, F/N constant. This gave con-
stant stress on the fibres, provided that the mean fibre
cross-sectional area was invariant during stress corro-
sion. In practice it was found that constant bundle
strain effectively provided the constant stress condi-
tion.

In a separate corrosion test (without stress applied)
0.5 g samples of the E-glass fibres were immersed in
100 m! of aqueous HClI at 20°C in polyethylene con-
tainers. This was done for HC] molarities in the range
0 to 6M. After immersion for 170 h the fibres were
removed. The concentration of calcium in the surface
layers of the fibres was measured by energy dispersive
X-ray analysis (EDXRA), the calcium concentration
in each case being referred to that of silicon. As a com-
plementary test the calcium content of the acid
solution was measured using atomic absorption spec-
troscopy (AA); the overall fractional loss of calcium
from the fibres could then be deduced.
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Figure 2 Log-log plot of In 1/P against time ¢ for corrosion of E-
glass fibres under constant applied stress in aqueous 2M HCl at
20°C. The stress levels are (in GPa): x 0.40; @ 0.43; A 046;
A 057, © 0.70;, B 0.97.
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Figure 3 Median failure time ¢ 5 plotted against applied stress for
corrosion of E-glass fibres under constant applied stress in 2M HCI
at 20°C.

3. Results

3.1. Corrosion tests at constant stress

The results for constant stress were obtained using 2M
aqueous HCIl Fig. 1 shows the failure fraction
N¢(t)/ N, plotted against time for bundles of E-glass
fibres in this environment at several constant stress
levels in the range 0.40 to 0.97 GPa. The curves in
Fig. 1 are almost linear for stresses above ~ 0.5 GPa.

In Fig. 2 the failure data for the family of stress
corrosion curves at constant stress is plotted in the
form log(Inl/p) against logt. The approximately
parallel straight lines obtained are supportive
of Equation 10, and their slopes yield a mean value
m/(n—2)= 1.8.

Fig. 3 shows the variation of median failure time ¢ 5
with applied stress in corrosion tests at constant stress
in aqueous 2M HCI. A notable feature of Fig. 3 is that
trs decreases with increasing applied stress much
more rapidly at stresses between 0.4 and 0.5 GPa than
is the case in the range 0.5 to 1.0 GPa.

Fig. 4 shows a plot on log-log axes of t; 5 against
applied stress. The graph is linear (correlation coeffi-
cient = 0.96) and the slope, from Equation 9, yields
n=235"7

20p
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Figure 4 Log-log plot of median failure time t; 5 plotted against
stress for corrosion of E-glass fibres under constant applied stress in
2M HCI at 20°C.
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Figure 5 Log(F/F ) plotted against log t, for corrosion of E-glass
fibre bundles under constant load F at 20 °C. The corrodants were
deionized water (O) and aqueous HCI of molarity 0.2M (@); 1M
(A); 2M (W); 4M (O) and 6M (A).

3.2. Corrosion tests at constant load

In the constant load tests times ¢; to complete bundle
failure were measured, and Fig. 5 shows, in accord-
ance with Equation 12, linear plots of logt; against
log(F/F,,,,) for aqueous HCI environments of molar-
ity 6M, 4M, 2M, 1M and 0.2M and also for deionized
water. In Fig. 6 the n values obtained from the slopes
of the lines in Fig. 5 are plotted against acid strength.
Fig. 6 shows that nis about 16 for deionized water and
decreases with increasing acid strength until a min-
imum (n = 5.7) occurs at acid molarity ~ 2M. In the
acid strength range 2M to 6M the n value increases
with increasing acid molarity.
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Figure 6 Crack growth parameter n plotted against acid molarity
for stress corrosion of E-glass fibres in water and aqueous HCI at
20°C. The n values were derived as follows (x ) from ¢, 5 data at
constant stress (Fig. 4); (@) from ¢; data at constant load (Fig. 5);
(O) from ¢, data (Fig. 8).

Fig. 7 shows the fraction of fibre breaks N;(t)/N,
plotted against t/t; for bundle corrosion tests under
constant load values F/F_,, =0 and 0.38 (2M HCI
acid, Fig. 7a); F/F, ., = 0.67 and 0.80 (deionized
water, Fig. 7b). Fig. 7 also shows curves predicted by
Equation 11 for several values of F/F,, with m = 6.0,
taking n = 5.7 for 2M HCl acid (Fig. 7a) and n = 16.0
for deionized water (Fig. 7b). The solutions of Equa-
tion 11 are discussed in Section 4.

Figure 7 Fibre failure fraction N({t)/N, plotted against
t/t; for corrosion of E-glass fibres under constant applied
load F at 20°C. In aqueous HCI acid of molarity 2M
(Fig. 7a) the applied loads F/F,,, are 0.29 (@) and 0.38
(x); in deionized water (Fig. 7b) the applied loads F/F,,,,
are 0.67 (M) and 0.80 (A ). The curves were generated using
Equation 11 with m = 6.0 and n = 5.7 (Fig. 7a) or n = 16.0
(Fig. 7b); F/F,,, values are indicated on the right-hand
side.
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Figure 8 Logt plotted against log o for corrosion of E-glass fibres
at 20 °C. The corrodants are deionized water (O) and aqueous HCI
of strength 0.2M (@); 1M (A); 2M (H); 4M (O); and 6M (A).

3.3. Incubation times

The incubation time data in Fig. 8 indicate a linear
variation of log t; with log , in accordance with Equa-
tion 13. Values of n, the static fatigue parameter,
derived from the slopes in Fig. 8 are plotted in Fig. 6
and show good agreement with the n values obtained
by other methods.

3.4. Corrosion studies using AA and EDXRA
The AA and EDXRA results are shown in Fig. 9. Both
sets of data indicate that loss of calcium from the E-
glass fibres was zero at zero acid molarity and in-
creased with increasing molarity in the range 0 to 1M.
The peak loss of some 59% of the initial calcium
content of the fibres occurred at acid strength ~ 2M,
while in the range 2M to 6M the loss of calcium
decreased slowly with increasing acid molarity.
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Figure 9 Percentage loss (@, from AA spectroscopy) and retention
(A, from EDXRA) of calcium in E-glass fibres following immersion
for 170 h at 20 °C in aqueous HCI of various molarities in the range
0 10 6M. :

4. Discussion

The results we have obtained for stress corrosion
fractures in E-glass fibres and fibre bundles in aqueous
HCI and water offer phenomenological support for
the model of failure by static fatigue crack growth. It is
surprising that this theory holds for a mineral acid
environment, since there may be changes in structure
[9] and tensile surface stresses are believed to arise in
the fibres [6] principally by exchange of Ca™*, Al1**
and Na* ions with H* ions from the acid.

With crack growth to critical size as the failure
mechanism, determinations of the crack growth para-
meter, n (which depends on the particular material
and environment) are of practical interest because # is
an important quantity in determining stress corrosion
failure times for either individual fibres or bundles.
The present bundle tests show (Fig. 6) consistency
among the direct determination of n by three methods,
namely (i) variation of ¢; with load in constant load
tests; (ii) variation of ¢; 5 with stress in constant stress
tests; (iii) variation of ; with stress. The t; method for n
has not previously been reported in the literature,
perhaps because it requires large numbers of nomin-
ally similar components to be tested in the same
conditions of stress and environment. In the bundle
tests incubation times are readily measured by AE
monitoring, and the number of fibres simultaneously
under test can be so large that the incubation period
observed approaches that of the total population.

There is an obvious correspondence between the
minimum #» value in Fig. 6 and the maximum loss of
calcium ions from the fibres shown in Fig. 9: these
turning points both occur at an acid molarity ~ 2M.

Although the data of Figs 6 and 9 relate to different
phenomena (Fig. 6 is indicative of the intensity of the
HCl acid attack at crack tips in the stressed fibres,
while Fig. 9 is concerned with a more general bulk or
surface loss of calcium ions from the unstressed fibres)
the results clearly imply that the more aggressive the
acid attack, the lower is the n value. The fact that
concentrated acids are less aggressive than diluted
acids is believed [14] to be due to the larger dissocia-
tion constant of diluted acids.

The locations of the turning points in Figs 6 and 9
show a marked correlation with the results of
Scrimshaw [10] who immersed unstressed E-glass
fibres in aqueous HCI of various strengths at 22 °C for
96 h and then measured the tensile strengths of the dry
fibres in air; the strength loss was maximum for acid
molarity ~ 2M.

For stress corrosion of E-glass fibres in 2M HCI
acid we have obtained n= 5.7 and m/(n — 2) = 1.8
from Figs 6 and 2, respectively, thus m = 6.6 from
present data. This value for the Weibull modulus is
similar to that obtained (m = 6.5) in our earlier tensile
bundle tests [3] on the same material in inert condi-
tions.

Fig. 2 shows that the variation of N¢(t) with time is
in accordance with Equation 10 for most of the dura-
tion of the constant stress tests, but there is a small
excess number of fibre breaks at short test times. This
effect may be due to the presence, already noted [3] in
this material of a small proportion of fibres which

305



have lower fracture stresses than predicted by the
Weibull distribution of the majority population.

The predictions of theory [12] shown in Fig. 7 for
fibre failures at constant load were obtained by
numerical integration of Equation 11 using the
Runge-Kutta—Merson method [15] assuming m
= 6.0, 6, = 1.95GPa and with n =57 (2M acid,
Fig. 7a) or n = 16.0 (deionized water, Fig. 16). The
initial condition used was that at ¢t = 0 in the inert
environment, the P value was that predicted by the
Weibull distribution for an applied load F.

The final boundary condition used was that the rate
of fibre failure is very large at the end of the test, i.c.
d(1 — p)/dt —» oo att = t;. The experimental points in
Fig. 7a and b lie below the curves predicted by theory,
yet clearly follow curves of similar shape. A further
point of agreement between experiment and theory in
Fig. 7 is that for each environment at the time of
failure (and also at intermediate times where the
theory curves are distinct, as in Fig. 7a) the value of
N(t)}/ N, increases with decreasing F/F,,,.

5. Conclusions

This work has shown that the technique of acoustic
emission monitoring of fibre breaks in bundles of
parallel glass fibres in tension, which we have pre-
viously developed to determine fibre strength distribu-
tions, can further be exploited as a rapid and conveni-
ent means of studying stress corrosion failures. For
many applications of glass fibres the study represents
a more realistic test of the useful durability of these
components than can be obtained by measuring envir-
onmental changes which occur during immersion
under zero applied stress.

The results, concerning stress corrosion in water
and aqueous HCI at room temperature, are consistent
with the occurrence of a subcritical crack velocity
V oc K7, together with a Weibull distribution of initial
strengths.

The bundle test has enabled rapid determinations
of the crack growth parameter, n, by three direct
methods, including the novel one of incubation times.
The n value is minimum for HCI acid molarity ~ 2M,
and this acid strength also gives the highest loss rate of
calcium ions. The result indicates that for mineral
acids the more aggressive the acid attack on the glass
the lower is the n value. The present stress corrosion
measurements have also enabled a determination of
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the Weibull modulus for the fibres, m = 6.6, a result
which is in good agreement with our earlier data
obtained from tensile bundle tests on the same batch
of material.
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