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Abstract

Interaction between static fatigue and zero stress aging of E-glass fiber composites is
investigated. A comprehensive gathering of available experimental data for E-glass fibers
and unidirectional composites is presented. A methodology is proposed that allows us to
utilize seemingly ill-assorted data developed under non-comparable environmental
exposure conditions. This is made possible by using the concept of inert aged strength,
which allows us to homogenize all aging data regardless of the conditions of exposure by
shifting it to the inert condition. Such inert aged data is then used to generalize the static
fatigue model. Models for the two phenomena, static fatigue and zero-stress aging, acting
separately and jointly are presented. Conditions are established for proper determination
of the static fatigue susceptibility. Available experimental data of fibers and
unidirectional composites is used to support the arguments made for an interacting

model. The conditions for which aging becomes significant are outlined.

1. Introduction

Glass fibers are used on most commodity and civil infrastructure applications because
of their favorable performance/cost ratio. They have high strength, good corrosion
resistance in most common environments (in conjunction with a polymer matrix) and

they are good electrical and thermal insulators [2]. Although other fibers have similar and
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even superior performance, the main attractive of glass fibers is that they are inexpensive.
However, there are certain long-term phenomena that need to be accounted for successful
application of glass fibers to structures with long expected life cycle, typically on the
order of 50 years for civil infrastructure. Basically, the strength of glass fibers is a
function of time. Also, it is affected by the environment (aging) and by applied stress
(static fatigue). Since aging and static fatigue can interact, predictions based models that

consider their effects separately can be misleading.

Several authors have used a linear fit in logarithmic scale of the time to failure vs.
applied stress to quantify static fatigue under various environmental conditions, as
summarized in Table 1. The static fatigue susceptibility is defined as the negative of the
slope of the linear fit. Different values of susceptibility can be computed from the data
depending on the range of time used, as explained in Sect. 5. Large variations in the
duration of the longest test from source to source make it difficult to compare results
among various studies. The data further deviates from the linear fit for long times of
testing. This suggests that other mechanisms act to degrade the fiber beyond the
phenomena of static fatigue [4,18].

When fibers are aged without applied stress, static fatigue cannot take place. However,
the strength does reduce with time. This process is called zero-stress aging. Since zero-
stress aging takes place whether or not a stress is applied, the phenomena must take place
concurrently with a static fatigue test, but it is not noticeable for short times. It is shown
in Sect. 3 that this concurrent action of two phenomena causes long-term stress-corrosion
data to deviate from a line. An approximate solution to the interaction problem assumes
that static fatigue acts for the first half of the time to failure and aging dominates the last
half of the life of the sample [15]. An exact solution is presented in Sect. 4 in terms of the
inert aged strength. To support the proposed solution, a procedure is proposed in Sect. 3
to obtain inert aged strength from aging data gathered at not-inert conditions. This allows
us to use all of the available data, none of which was developed at inert conditions.
Furthermore, the proposed methodology has the potential of simplifying future aging

studies by eliminating the need for testing at inert conditions.
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While there are many sources of data reporting degradation of various materials, such
as optical fibers and laminated composites, the scope of this study is limited to E-glass
fibers and unidirectional E-glass fiber composites. The objective is to gain a clear
understanding of the behavior of the fiber, which is the fundamental component of any
composite. Only data that are available in the open literature for both static fatigue and

zero-stress aging for the same environmental conditions of exposure are reported herein.

2. Static fatigue

Static fatigue is defined as the loss of strength as a function of time under a constant
applied stress. It is also referred as static fatigue, stress rupture, or delayed failure. The
mechanism of failure of glass fibers is dominated by the growth of cracks and defects in
the fiber. Surface energy is required to produce the new surface associated to the growth
of a crack. The external loads or the strain energy stored in the fiber can provide such
energy. The Griffith energy approach states that a crack will grow only if the total
energy of the system deceases [1]. The critical condition of imminent growth is given
when the rate of change of the total energy is zero. In this case, the rate of change of the
surface energy Ws with respect to crack length a equals the rate of change of potential
energy W,, which is the sum of the external work done by the applied loads and the strain
energy stored in the fiber. The surface energy can be written as twice the area of the crack
times the surface energy density vy, recognizing that two mirror images are produced
when a crack opens. Therefore, the rate of change of surface energy with respect to crack
area is 24 The surface energy density is a material property that represents the ability of
the material to resist crack formation. If the material exhibits linear-elastic behavior, as
glass does, the surface energy is proportional to the fracture toughness K,z of the
material. Fracture toughness is related to surface energy as

Yy, =KL/E" (1)

where E’=E and E’=E/(1-v?) for a crack immersed in a plane-stress and plane-strain

field, respectively; E being the modulus of elasticity of the material.
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The stress intensity represents the severity of the stress concentration at the crack tip.
It is a function of the load, the geometry of the crack, and the geometry of the body in

which it is immersed. For a crack in a uniaxial, uniform stress field we have
K, =Yovma (2)

where a is the crack length, o is the far field stress, and Y is a geometric factor.

A crack will grow if the stress intensity exceeds the facture toughness of the material,
which is proportional to the surface energy. The surface energy density of the material
decreases as a function of time due to corrosion induced by the environment [4,12,13].
Eventually, the surface energy density falls below the threshold and the crack grows.
Since stress intensity is proportional to crack length, cracks grow until they reach a
critical dimension that causes fracture [5]. Therefore, there are two mechanisms that
bring about fracture as a function of time, the continuously decreasing surface energy
density of the material and the continuous growth of the crack length that increases the
stress intensity at the crack tip. The former effect is a strong function of the environment
that corrodes the fiber, and we call it aging. The later effect is a strong function of time,
since time is necessary to allow cracks to grow until they reach a critical dimension, and
we call it static fatigue. Obviously, both effects are coupled. A corrosive environment
reduces the surface energy density and cracks can grow faster. Growing cracks may

increase the exposure of the material to the environment, thus accelerating aging.

The growth of cracks can be modeled with the slow crack model. The relationship
between crack growth velocity V and stress intensity K; is postulated to be a power law

da
V=—=AK/ ©)

dt
where A and N are constants, N is called static fatigue susceptibility. Proof of this
model cannot be obtained by direct observation since it is nearly impossible to measure
crack velocity. However, and indirect proof can be offered if it can be shown that A and

N are constants, and they can be obtained from experimental data.
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Solving Eq. (2) for the crack length a and taking a derivative with respect to crack
intensity yields an expression for the increment of crack length da, which can be set equal

to da from Eq. (3) to yield

dt _ 2K,
dK, J°Y*mAK

(4)

The time to failure is obtained by integrating over the range of stress intensity factors,

as

2 2-N 2-N
t. = K -(K;

where the limits of integration are the initial stress intensity at time zero K;; and the
final stress intensity at fracture K,c. The later is the fracture toughness of the material,
related to the surface energy density by Eq. (1). Since stress intensity is directly
proportional to applied stress, the ratio of initial stress intensity to initial applied stress is

the same as the ratio of fracture toughness to inert strength S, or

K

K,
e 6
P (6)

That is, the fiber would break at time zero under inert environment at a stress S when
the stress intensity equals the inert fracture toughness of glass Kic. The inert strength S
and corresponding inert fracture toughness of glass K,c must be measured under dry
conditions to avoid the detrimental influence of moisture. The most effective way of
accomplishing perfectly dry conditions is to test at very low temperatures or in vacuum
[15]. For typical values of susceptibility N (on the order of 10 to 20), the first term in the
square bracket of Eg. (5) is much smaller than the second and thus can be neglected [17].
Using Eq. (6), we can write the time to failure as

t, =B[s" %™
2 (7)
B= 2 N-2
Y2A(N -2)KN

Solving for the stress we have
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t -1/N
o(t;) = |:Ff|\|—2 (8)

Taking the logarithm of Eq. (7) we have

[ o ]
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independent of the age of the sample. That is, we postulate that the inert strength of aged

fibers should fit an equation similar to Eq. (10), namely
S(t) =S, (1+at)” (11)

where Sy is the inert strength at time zero, load-tested at inert conditions, a and 3 are
the same empirical constants determined by fitting the data load-tested at the environment
of exposure. That is, the curves represented by Eq. (10) and (11) are parallel. This has
been shown to be true for optical fibers aged in water at 20C. The ambient strength was
measured at 20C and the inert strength in liquid nitrogen (LN2) at —-196C [4]. No aged
inert strength data exists for E-glass but the initial inert strength of E-glass was measured
in [12] as Sp=5.817 GPa.

In other words, the only effect of inert load-testing conditions is to shift up the
strength curve by a constant. The shift can be easily computed for any material if the inert
strength at zero time Sy is known. Then, the inert aged strength curve can be obtained
from available data as follows. First, determine the constants a an (3 by fitting Eq. (10)
using available data (o(t), t) of aged fibers which were load-tested at the condition of
exposure or any other condition. Then, simply use the same constants a and 3 into Eq.
(11). The value of the inert strength at time zero Sp has to be determined independently
by load-testing un-aged samples at inert conditions. Such data is available for E-glass.
Therefore, all the curves available in the literature can be shifted to inert condition in
order to compare them with each other.

Note that inert strength means load-tested at inert conditions, but always aged at not-
inert conditions. Since aging cannot occur if the sample is kept permanently at inert
conditions, the parameter a and 3 in Eq. (11) depend of the conditions of aging. In this
work, Eq. (11) is written at inert conditions to provide a common reference condition that

allows us to compare data among diverse studies.

Interact SF ZSA revised.doc 8 1/30/02



4. Modified Static fatigue

Once we know the aged inert strength S(t,) as a function of aging time t, from Eq. (11)
, We replace it in the classical static fatigue Eq. (8), to yield the proposed modified static

fatigue equation

-1/N

t.t)= L
U( f a) - BSON—Z (1+ma)—ﬂ(N—2)

(12)

where t; is the time to failure. All the available static fatigue data was obtained at
constant environmental exposure. In that case, the aging time is the same as the time to
failure (t;=t). However, from practical applications of composites, aging at adverse
exposure conditions may take place for a reduced length of time. For example, if seasonal
conditions expose the material to high moisture only for a fraction of the service lifetime
of the structure, then t,<t:. This is particularly important since it will be demonstrated that
aging is only detrimental for severe conditions of exposure (Sect. 9). Taking t,=t;, the
time-to-failure for a given applied stress can be predicted by numerically solving for t; in
Eqg. (12).

5. Interaction Range

First, consider data obtained at 20C and 50%RH, which is commonly known as room
temperature ambient (RTA) conditions. Two sets of static fatigue data are available in [9]
for fiber strands and [10] for individual fibers. The load on a strand was used to compute
the stress dividing by the area of a strand, given as 0.0564 mm?. The susceptibility
coefficients N and B obtained by fitting Eq. (9) are reported in Table 2 and the fit is
shown in Fig. 1.

Zero-stress aging data at RTA is available in [11] for E-glass fibers and [4] for optical
fibers. The parameters a and 3 are obtained by fitting Eq. (10) to the data shown in Fig.
3. The values are reported in Table 3. For RTA exposure, the zero-stress aging is
negligible. The modified static fatigue Eq. (12) results in a very small deviation from the
straight line predicted by the classical static fatigue Eq. (8). At RTA exposure, the
susceptibility N is independent of time. It can be seen in Fig. 1 that very similar values of
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static fatigue susceptibility N were obtained even though the times of exposure are
different for the two sets of data.

The second set of data is available for exposure at 20C and 100%RH. Static fatigue
data are available from [7]. The susceptibility coefficients N and B obtained by fitting Eq.
(9) are reported in Table 2 and the fit is shown in Fig. 4. Note that the susceptibility N is
independent of time only if the short-term data is used (N=16.27). The long-term data
shows signs of zero-stress aging which results in an artificially lower value of N=10.18.
Therefore, we proposed that N be computed with stress-corrosion data for samples that
fail before zero-stress ageing becomes noticeable. The zero-stress aging curve in Fig. 4
reveals noticeable aging between 4 and 5 in logarithmic scale. Therefore, only data
corresponding to applied stress bins for which all samples failed by log(t)<4 were
considered for the computation of the susceptibility N=16.27.

Static fatigue tests are done with many replicates at the same stress, which give a
broad scatter of time to failure data. All data corresponding to the same applied stress is
grouped into a data bin. The number of data points in each bin is not the same. Therefore,
the susceptibility N should be calculated by a linear regression in log-log scale of the
actual data, not of the average time to failure for each applied stress. To avoid cluttering,
median of time-to-failure for each stress bin are shown in Fig. Fig. 4, but the slopes were

computed using all the data.

Zero-stress aging data at 100%RH is available in [8]. The parameters a and 3 are
obtained by fitting Eq. (10) to the data shown in Fig. 3, then shifted to the inert condition
and shown in Fig. 4. The values are reported in Table 3. For 100%RH exposure, zero-
stress aging is noticeable. The modified static fatigue Eq. (12) results in a reduction of
27% at one year and 35% at ten years from the strength predicted by classical static
fatigue Eq. (8).

The third set of data is available for exposure of fiber strands at 20C immersed in
distilled water. Static fatigue data are available from [11]. The susceptibility coefficients

N and B obtained by fitting Eq. (9) are reported in Table 2, the fit is shown in Fig. 5.

Zero-stress aging data in distilled water is available in [9]. The parameters o and 3 are

obtained by fitting Eq. (10) to the data shown in Fig. 3, then shifted to the inert condition
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and plotted in Fig. 5. The values are reported in Table 3. Zero-stress aging is significant
for distilled water exposure. The modified static fatigue Eq. (12) results in a reduction of
50% at one year and 71% at ten years from the strength predicted by classical static
fatigue Eq. (8).

The value susceptibility N decreases with moisture content, 17.17 at 50%RH, 16.27 at
50%RH, and 14.98 in distilled water. A decreasing value of N represents faster reduction
of strength with time and shorter time to failure for a given stress. But static fatigue
cannot model the observed reduction of strength at long times. Zero-stress ageing is
negligible for short time and for low moisture content. But long times and high moisture
can deteriorate the strength beyond the reduction due to static fatigue. Such reduction is

illustrated in Fig. 4 and 5.

Different values of initial strength are reported for each study in Table 3 even though
they are all for E-glass fibers. This is because different environment were used for load
testing, even at t=0. These differences are not of concern because all the data is shifted to
the inert condition using a single value for the initial inert strength So=5.817 GPa from
[12].

The data at 20C and 50%RH from [9] was generated using fiber strands. The reported
load on a strand was used here to compute the stress dividing by the area of a strand,
reported as 0.0564 mm?. The area of fibers is smaller than the apparent area of the strand.
Their ratio is the packing fraction, which was not reported. Therefore, the calculated
stress values were lower than expected and lower than the fiber data for the same
exposure from [10]. This is of no concern since the slope of the time-to-failure vs. stress

data is used to compute the slope N, which is not affected by a shift.

The data for exposure to distilled water [11] shows very slow aging, as indicated by a
small value of a, when compared to the other studies on E-glass for other exposures, as
reported in Table 3. The aging reported is also too slow when compared to data for the
same exposure but for optical fiber, also reported in Table 3. The fibers were removed
from the exposure atmosphere for testing, which could increase their strength if they were
allowed to dry. Therefore, we used the data from [4] for comparison to water exposure of
composite strands.
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E-glass/Epoxy composite strands were tested in water at 20C [9]. The time-to-failure
vs. applied stress data is shown in Fig. 6, which is drawn with the stress on the abscissa
and time on the ordinate, as it is customary for the determination of the static fatigue
susceptibility. Such data will be referred to as static fatigue data although it will become
obvious that the data reflects zero-stress aging as well. The inert strength of the fibers
was included in the same figure to highlight the effect of zero-stress aging. A static
fatigue susceptibility value of N=5.12 (which would indicate very strong static fatigue) is
obtained when all the data is used for the linear regression of Eq. (9). But it can be seen
that the knee on the aged inert strength of the fibers coincides with the knee on the static
fatigue data of the composite. A circle was drawn on the data that was considered to be
short time; that is, the stress-corrosion data obtained before the knee of the aging curve.
A linear regression of the short-time data yield N=18.46, which is in line with the value
of N=14.98 for bare fibers in the same environment (Table 2). The difference can be
attributed to the protective effect of the Epoxy that acts to effectively reduce the exposure

to water. The MSC model (Eg. (12)) fits nicely the experimental data.

6. Conclusions

The concept of inert aged strength was introduced to allow for the use of aging data
from various sources obtained in dissimilar conditions. The shift to inert conditions also
allows for future aging studies to perform testing at ambient conditions rather than
expensive load-testing at the conditions of exposure. The same concept allowed us to
derive an exact expression for the modified static fatigue model. The MSC model seems
to capture the essential features of static fatigue and aging, which are displayed in long-
term static fatigue data of E-glass fibers and unidirectional composites. Additional static
fatigue data of E-glass fibers for longer periods of time would serve to further validate
the model. Also, inert strength data of aged E-glass fibers would provide definite proof of

the shifting argument proposed.
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9. Tables

Table 1. Static fatigue studies on E-glass fibers and conditions of testing.

Type of Data | Environment Relative Humidity | Temperature | Reference
Fiber Air 100% 20 C 7

Fiber Air 50% 20C 10

Fiber Strands | Air 50% 20C 9

Fiber Strands | Distilled Water | - 20C 9

Table 2. Static fatigue parameters for each environmental exposure.

Conditions of Exposure
Parameter | 50%RH [10] | 50%RH [9] | 100%RH [7] | Distilled Water [11]
N 17.67 17.17 16.05 14.98
B (Pa™*s) | 5.355E16 1.882E16 | 9.151E14 2.011E9

Table 3. Zero-stress aging parameters for each environmental condition.

Environme | Relative Temperatu

nt Humidity |re a (1/sec) B 0o (GPa) Ref.

Air 0% 20C 1.446E-6 | 0.04712 3.400 8

Air 50% 20 C 3.880E-4 | 0.01248 4.470 10

Air 100% 20C 1.770E-5 | 0.06189 3.400 8

Distilled | _ 20 C 49736-7 |027980 [#°7® 11

Water

Distilled -

Water, - 20 C 1.670E-4 | 0.22200 4

Optical

Fiber

Water ; 100 C 7.490E-4 |0.23192 |[3-400 6
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10. List of Figures

1. Static fatigue susceptibility for fibers in 50%RH at 20C.
2. Determination of the susceptibility N of fibers from static fatigue data.
3. Fiber zero-stress aging data and fit for all environment exposures.

4. Median time-to-failure for each bin of applied stress and zero-stress aging data
shifted to inert condition for fibers in 100%RH at 20C.

5. Fiber static fatigue and zero-stress aging data in distilled water.

6. Time-to-failure vs. applied stress of E-glass/Epoxy composite strands in water at
20C.
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Fig. 1. Stress corrosion susceptibility for fibers in 50%RH at 20C.
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Fig. 2. Determination of the susceptibility N of fibers from stress corrosion data.
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Fig. 4. Median time-to-failure for each bin of applied stress and zero-stress aging data shifted to inert condition for fibers in 100%RH at 20C.
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