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ABSTRACT: A simple model to predict the time- and environment-dependent
degradation of tensile strength of unidirectional E-glass fiber composites is
presented. The model is phenomenological; that is, based on curve-fits of data for
the individual time- and environment-dependent behavior, for which data is
available in the literature. These include stress corrosion, zero-stress aging,
interphase aging, and moisture-dependent matrix stiffness. The ineffective length
at fiber break sites is corrected for debonding length. The average strength of the
fiber is reduced to account for zero-stress aging. The concept of inert aged strength is
proposed to be able to.use data developed under different environmental exposure
and load-testing conditions. The conditions for which exposure and aging affect the
composite significantly are discussed. Different exposure and loading times are
accounted for in the model. Model predictions are compared with available
experimental data.

1. INTRODUCTION

LTHOUGH OTHER FIBERS have similar and even superior performance,
the main attractive of glass fibers is that they are inexpensive.
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In addition, they have high strength, good fatigue life, good corrosion
resistance in most common environments (in conjunction with a polymer
matrix) and they are good electrical and thermal insulators. 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, such
as civil infrastructure. First, the strength of glass fibers is a function of
time when subject to permanent loads (stress corrosion). Second, strength is
affected by the environment (aging) even if no stress is applied. Third, the
fiber-matrix interphase also ages, which is detrimental for the strength of the
composite. Finally, the matrix plasticizes in the presence of moisture, thus
impairing the ability to transfer the load among broken and sound fibers.

Numerous studies are being carried out to assess the effect of aging
and environmental exposure on strength of composites.-Many fiber-matrix
combinations, in many laminate stacking sequences, and many hybrid
systems involving composites and conventional materials are being
investigated experimentally. Aging under exposure is being recorded with
and without applied stress. A simple procedure is necessary to interpret
these data, one that does not require us to go back to measure parameters
that were not measured in the first place. '

Most studies report a small number of parameters that are practical to
measure. These include the age, conditions of exposure, value of applied
stress during exposure, remaining strength after exposure, and conditions of
strength testing. In addition, the type of fibers, matrix, and processing
technique used to manufacture the samples is reported. More sophisticated
data, such as variability of Weibull modulus with age and so on, are not
available nor are they feasible to measure because of the complexity of the
material and structural systems being studied (e.g., concrete beams wrapped
with carbon fabric impregnated and cured in-situ). Most studies on aging
do not measure the Weibull modulus of their fibers, nor do they report the
gage length used in strength testing. In view of this, a model that does not
require such detailed knowledge is useful even if approximate. The proposed
model provides a reasonable interpretation of the available data while using
nominal values, taken from the literature, for parameters such as Weibull
dispersion m, inert strength S, and so on. The remaining parameters (aging
a and b, stress corrosion susceptibility N, and so on) can be adjusted from
the available data without the need for refined measurements. The proposed
approach does not neglect such refined quantities but incorporates their
effect via curve-fit of observed behavior for each degradation mechanism.
The resulting model evaluates their combined effect on the life of the
composite.

Most every new study changes the exposure conditions to better represent
practical applications of the materials under study. For example, exposure
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conditions for bridge decks and pier piles are completely different.
Geographic location also plays a role. Testing conditions also vary broadly
because of the particular dimensions and processing conditions of various
systems. For example, concrete fiber wraps are usually thin, pultruded struc-
tural shapes may contain voids, VARTM-produced bridge decks samples
do not resemble anything else, and so on. Therefore, because of the variety
of exposure conditions and testing conditions being used, a simple pheno-
menological model is deemed necessary to allow for comparison among
seemingly different studies. Simplicity of the resulting model and the scarcity
of sophisticated measurement mandates that the model includes only the
mechanistic aspects that most dramatically impact the observed behavior.
The present work is developed under such premises. More sophisticated
models have been proposed [11,15,21-23,38,39] but so far they have
not found its way into applied durability studies because of complexity and
the concomitant need for parameters that are either very difficult to measure
or for which no measurement technique has been proposed.

Quasi-static tensile strength of unidirectional composites can be predicted
by the weakest link model [10,12,44]. The main feature of this model is to
consider the influence of fiber average strength, Weibull dispersion, and
matrix shear stiffness. The influence of initial fiber damage and creep of
the matrix were added in [3,27]. The weakest link model highlights the
importance of the shear-lag zone at the fiber break points, since fiber—-matrix
debond at the same points has a detrimental influence on composite
strength. The debond length is a function of time and environment [49].
Available experimental data is used to quantify its effect.

An extensive review of the effects of chemistry, structure, and
morphology of the effects of the interphase on the durability of composites
is available in [45,47]. Fiber-matrix adhesion has been measured by
fragmentation tests [14,17,33,50], micro-bond tests [19], fiber pull-out [40],
and micro-indentation [29]. A round-robin study revealed large difference
in bond strength among these measurement techniques [41]. Because of
this, [49] used the surface energy to quantify the fiber—matrix debonding.
The results of their study provide a practical procedure to measure debond
length as a function of time and environment of exposure. Such data is
incorporated into the predictive model developed in this work.

In addition to time- and environment-dependent debonding length, the
influence of time- and environment-dependent fiber strength is integrated
into the proposed model, by including the degradation of the-average fiber
strength as a function of time and environment, which is called zero-stress
aging. Zero-stress aging data is available for exposure in air at 0% RH and
100% RH [48], air at 50% RH [18], in distilled water [34], all at 20°C, and
100°C distilled water [34].
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Further fiber degradation is caused by stress corrosion. Stress corrosion
data is available for exposure in air at 100% RH [35], air at 50% RH [2,37],
and in distilled water [2], all at 20°C. The scope of this study is limited to
E-glass composites, unidirectional and some laminates. Only data that is
available for both, stress corrosion and zero-stress aging, for the same
environmental conditions of exposure is used whenever possible.

Fiber stress corrosion reduces the strength of the fiber and thus the
strength of the composite. In order to quantify stress corrosion of glass
fibers under various environmental conditions, several authors have used
a linear fit in logarithmic scale of the time to failure versus applied stress.
The stress corrosion susceptibility is computed as the negative of the slope
of the linear fit. The data deviates from the linear fit for long testing times,
suggesting that other mechanisms act to degrade the fiber beyond the
phenomena of stress corrosion [9,13,16].

Fiber strength also reduces when fibers are aged without applied stress, in
what is called zero-stress aging. Since zero-stress aging takes place whether or
not a stress is applied, the phenomenon takes place concurrently with a stress
corrosion test, but it is not noticeable at short times. 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 stress
corrosion along acts for the first half of the time-to-failure and aging
dominates that last half of the life of the sample [43]. An alternate solution is
presented in this work by using the concept of inert aged strength.

Each of the models, corrosion, zero-stress aging, and debond length,
are fitted with experimental data, which are available in the literature. By
combining these models into one it is possible to predict the strength of
composite fiber bundles and laminates. Predicted values are then compared
to independent available experimental data that was not used to fit the
parameters of the individual models. The model seems to predict well the
strength of unidirectional composites and of some laminates [5], when
the strength is controlled by the unidirectional layers in the laminate.
Different exposure and loading times are accounted for in the model as
required by seasonal exposure of composites in civil infrastructure.

2. QUASI-STATIC FRACTURE

When a fiber breaks, it carries no load at the break point. However, the
same fiber is fully loaded a certain distance away from the break point. The
load carried by a broken fiber is transferred from the fiber into the matrix,
into the adjacent composite, then back into the broken fiber on the other side
of the break point. Since stress transfer takes place through the interphase
and the matrix, both play a crucial role in the strength of the composite.
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Figure 1. Schematics of a fiber break.

A fiber break is illustrated in Figure 1. A debonded length 2L, was
created upon fracture of the fiber. The ineffective length § is the distance
required to recover the stress in the fiber almost to the far-field stress, or
o(8) = ¢ * oy, where ¢ =0.9 means a recovery of 90% of the far-field stress
aro [44].

Fiber strength data follows a Weibull distribution with dispersion m
and characteristic value u. The characteristic value u of the Weibull dis-
tribution is related to the average strength o of the fibers by the Gamma
function [36] as

1 [r(l +1 /m)]"’ O

L o

where L is the fiber length used while testing for average strength o and
Weibull dispersion m [26,31,32,46]. In this work, the Weibull dispersion
for E-glass used was m =8.89 [26]. The average strength as function of time
is given by the modified stress-corrosion model (Equation (16)) developed
in Section 6.

The debonding length 2L, increases the ineffective length to 6 + L;. Using
the weakest-link model of [10,12,27,44] but with provision for the debond
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length, yields a prediction for the strength of the composite as
Fi = [w(8 + Lg)me]™"/™ (2)

where e is the base of the natural logarithms. For an elastic matrix
with shear modulus G,,, the ineffective length can be estimated as [44]

-1/2
_g| (L= (& L+(1— ¢y’
‘5“7[( Nz )(Gm)} ] O

It can be inferred from the model that the longer the ineffective length
the lower the composite strength. As shown in [27,28], the ineffective length
can increase due to the viscoelastic reduction of G, with time, so the
long-term modulus G, should be used in conjunction with long-term tests.
Another cause for increase of § is the reduction of shear modulus
with moisture. In this work, we used the retention factor ([4] Equation
(2.5)) to modify the shear modulus in account of temperature and moisture
content as

.. — T\
6n = (7228 G @
g

where Ty is the reference temperature, T, is the glass-transition temperature
of the dry matrix. The glass-transition temperature of the wet polymer
can be estimated ([4] Equation (2.4)) as

Tew = (1 — 0.1mgae + 0.005m2, ) Teq 6)

in terms of the saturation moisture content, which can be estimated by a
power law of the relative humidity RH [8] as

RH)"
= a({g5) ©

where a=0.018 and =1 for epoxy matrix composites [8,13].

3. INTERPHASE DEBONDING

The fiber-matrix interphase is a thin layer that bonds the fiber to the
matrix. Temperature, time, moisture, and other solvents tend to degrade
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Figure 2. Fragmentation test for determination of fiber-matrix debond length L.

the interphase, causing fiber-matrix debond near the fiber breaks. The
strength of the composite reduces when the fiber-matrix debond length
increases.

The strength of the interphase can be measured in several experimental
methods, such as fiber fragmentation [14,17], micro-bond [19], fiber pull-out
[40], and micro-indentation [29]. The fragmentation test consists of a single
fiber embedded in a polymer sample, as depicted in Figure 2. The sample is
loaded in tension and fiber breaks are observed. The breaks reach saturation
at a distance § + L, because the matrix is unable to load the fiber unless it
has room to transfer the load by shear. Then it is possible to measure the
debonding length from the measured saturation spacing and knowledge of &
from Equation (3). Also, it is possible to directly measure the debonding
length by optical observation [49]. By measuring the debonding length as
function of time, it is possible to infer the degradation of the interphase due
to aging. Debonding length as function of time for E-glass fibers in epoxy
matrix, immersed in 95°C water are reported in Table 3 from [49]. The data
was fitted with the following equation

Ly =+ X In() (7

where k=1822 x 107%,1 =179 x 1075, time is in days and length in meters.
Equations (2)—(7) can then be used to predict the time-dependent strength of
unidirectional E-glass composites, provided the time- and environment-
dependent strength of the fibers o,, is known. A model for fiber strength is
developed in the next sections.

4. FIBER ZERO-STRESS AGING.

Zero-stress aging is defined as the reduction of strength when no stress
is applied during the time of exposure to a given environment. For
determination of zero-stress aging, samples are aged in a given environment
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at constant moisture, temperature and so on; then load-tested for strength.
No load is applied during the time of exposure. The data is then fitted with

o(t) = oo(1 + at,) P 8)

where oy is the strength at time zero, at the environment of exposure, ¢ and
B are empirical constants adjusted to fit the experimental data. For example,
fiber strength aged in various moisture environments is shown in Figure 3,
fitted with Equation (8).

In the sequel it is necessary to distinguish between exposure and load-
testing conditions. In most studies available in the literature, load testing
takes place after exposure to determine the remaining strength, due to
practical reasons. Load testing is not necessarily performed under identical
environment as during aging. Some of the available data have been load-
tested at the conditions of exposure while other were tested at room
temperature after removing the samples from the environment of exposure.
The initial strength oo (at t=0) is a strong function of the environment
at which the sample is load-tested to failure, and it is obviously independent
of subsequent aging. This is evident in Figure 3, where the initial strength

(at t=0) varies from one data set to the next eventhough they are all E-glass
fibers.
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Figure 3. Zero-stress aging data and fit for all environment exposures.
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Optical fibers aged at 20°C were load-tested at inert conditions (zero
moisture and very low temperature), and at room temperature ambient
(RTA) conditions yielding data of “inert strength’> and “RTA strength”,
respectively. The inert strength of aged fibers fits an equation similar to
Equation (8), namely

S@) = So(1 + af)™? 9)

where S is the inert strength at time zero, load-tested at inert conditions, o
and B are the same empirical constants determined by fitting Equation (8) to
the data load-tested at RTA. That is, the curves represented by Equations (8)
and (9) are parallel on a log-log plot. The ambient strength was measured at
20°C and the inert strength in liquid nitrogen (LN2) at —196°C [16].

No aged inert strength data exists for E-glass but the initial inert strength
of E-glass is So=5.817 GPa, as measured in [6]. Based on the observations
for optical fibers, we postulate that for E-glass fibers, the effect of envi-
ronment during load-testing is independent of the age of the sample. In
other words, the reduction of strength from its inert value S to its value
when tested at other environment should be independent of the age of the
sample, resulting in a parallel shift of strength, downward in log-log scale.
This is illustrated in Figure 3 by the two curves corresponding to 0% RH.
The inert strength curve for any condition of exposure can be obtained by
an upward shift of the curve obtained by load testing at RTA.

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 « and B by fitting Equation (8) using available data (o(¢),?) of
aged fibers which were load-tested at the condition of exposure, at RTA,
or at any other condition. Then, simply use the same constants o and
into Equation (9). The value of the inert strength at time zero S, has to
be determined independently by load-testing un-aged samples at inert
conditions, but this data is available for E-glass [6,7). Therefore, all the
curves available in the literature can be shifted to inert condition in order to
compare then with each other.

5. FIBER STRESS CORROSION

Stress corrosion, also called static fatigue, stress rupture, or delayed
failure, represents the loss of strength as a function of time under a constant
applied stress. The mechanism of failure of glass fibers is dominated by the
growth of cracks and defects in the fiber. Surface energy is required to
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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 W, 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 y;, 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 2y,. The surface energy density is a
material property that represents the ability of the material to resist crack
formation. In fracture mechanics, it is called strain energy release rate, and
it is proportional to the fracture toughness of the material.

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 [1]

K; = Yo/na (10)

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

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 latter effect is a strong
function of time and stress, since time is necessary to allow cracks to grow
until they reach a critical dimension, and we call it stress corrosion.

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 [5-7]. Eventually, the surface energy density
falls below the threshold and fracture occurs. Such effect is accounted for
in this work by a curve-fit of remaining strength of aged, unstressed fibers
(see Section 4).

Since stress intensity is proportional to crack length, cracks grow (under
permanent load) until they reach a critical dimension that causes fracture
[20]. The slow growth of cracks is called stress corrosion and it is modeled



in this section with the slow crack model [1]. The relationship between crack
growth velocity V and stress intensity K is Paris law:

da N
V=—=AK (11)
where 4 and N are constants, N is called stress corrosion susceptibility.
Proof of this model cannot be obtained by direct observation since it is
nearly impossible to measure crack velocity. However, an indirect proof can
be offered if it can be shown that 4 and N are constants, and they
can be obtained from experimental data.
Solving Equation (10) 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 Equation (11) to yield

dt . 2K;
dK; ~ 2Y2AKY

(12)

The time to failure is obtained by integrating over the range of stress
intensity factors [16,25,43], as

2

- 2-N _ N2—-N
tf - o2Y2nA (2 _ N) [(ch) (Kh) ] (13)

where the limits of integration are the initial stress intensity at time zero Kj;
and the final stress intensity at fracture Kjc. The latter is the fracture
toughness of the material, which is proportional to the surface energy
density. For typical values of susceptibility N (on the order of 10-20), the
first term in the square bracket of Equation (13) is much smaller than the
second and thus can be neglected [25]. Zero-stress aging can be interpreted
either as a reduction of K¢ [23] or a reduction of the average strength of
aged, unstressed fibers. We chose the latter because it leads to a simple
curve-fit of available data (Section 4). Such data and the curve-fit for them
are available in the literature. If on the other hand we were to model zero-
stress aging as a change in K, the first term in Equation (13) could not be
neglected over long times [23]. Then, Equation (15) would not give a line in
log-log scale, and the stress susceptibility could not be defined as the slope
of such line. For our purpose, this would render impractical the classical
stress-corrosion theory [34,35,37], which provides a credible interpretation
of over fifty years of data (under conditions for which zero-stress aging
is negligible, i.e., RTA). Therefore, we chose to leave the classical stress
corrosion theory unchanged, and to model zero-stress aging as a reduction
of the average strength of the fibers.
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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

Kli ch
TS 14

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
K/c. 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 [43]. Using
Equation (14), we can write the time to failure as

tr =[BSN 2o~V = CoV
2 (15)
B =
Y2mA(N — 2)K) 2

In this work, Equation (15) is called conventional stress corrosion (CSC)
model. 4 power-law regression of time-to-failure versus failure-stress data
yields the susceptibility N and the coefficient C. The coefficient B can be
computed from C as B=CS*~V. Stress-corrosion data of E-glass at 50%
RH from two sources [2,37] is displayed in Figure 4.

Since the value of N can be found from time-to-failure versus applied
stress data, it is not necessary to know the geometric factor Y in Equation
(10) and the crack-velocity coefficient 4 in Equation (11). We postulate here
that the inert strength must be independent of time for Equation (15) to
truly represent the behavior of a material for which loss of strength is
controlled only by slow crack growth according to Equation (11). Because
of zero-stress aging (Section 4), the inert strength of the material remains
constant only for a limited time. Therefore, the initial inert strength at time
zero So must be replaced for S in Equation (15) while determining the
constant susceptibility N and coefficient C from stress corrosion data. This
allows for a univocal definition of susceptibility N, which must be
independent of time. The inert strength of the material cannot change
during the time interval used to compute N. This imposes a restriction on the
stress corrosion data that can be used to compute N, as we shall elaborate in
Section 6.

The complete set of stress-corrosion data for E-glass at 100% RH from
[35] is displayed in Figure 5. No data were censored in any way. The line fit
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was performed using short-term data, that yields N =16.274. When longer
test data is used, the incorrect value of susceptibility to stress-corrosion
decreases to N =10.182. Similar deviations from a straight line have been
observed previously for optical fibers [16,42]. A reduction of N means a
smaller time to failure for any given applied stress. The parameters B and N
are dependent on the environment of exposure but they must be independent of
time. Therefore, a second mechanism must be acting to further degrade the
fiber. Since zero-stress aging takes place independently of the applied stress,
it must be taking place concurrently with stress corrosion test. Therefore, all
stress corrosion tests of long duration are affected by zero-stress aging,
unless the environment is so benign (e.g., RTA) that zero-stress aging is not
noticeable. Since zero-stress aging is negligible at short times, the stress
corrosion susceptibility can be found when short-term data is used.

6. SIMULTANEOUS FIBER STRESS CORROSION AND AGING

To account for stress corrosion and zero-stress aging in a unified model,
we replace the aged inert strength S(¢,) as a function of aging time ¢, from
Equation (9) into the classical stress corrosion Equation (15). Then, we
solve for the stress to obtain the proposed modified stress corrosion (MSC)

model as
. —1/N
f
o(tr, ty) = 16
(1> ta) I:BS{,V ~2(1 +ata)-ﬂ(1v—2)] (16)

where t; is the time to failure. Note that the values of N and B were
determined with Equation (15); that is, with the short-term data for which
S'=Sp is a constant. The susceptibility N represents the stress corrosion
phenomena, which does not change for the entire life of the fiber. Any long-
term reduction of fiber strength not accounted for by stress-corrosion is
accounted for by a reduction of the inert strength S according to the zero-
stress aging model Equation (9). Note further that no testing is necessary
at inert conditions since only the values of o and B need to be found from
aging data. The initial inert strength is known from un-aged tests at inert
condition, which are available [6].

Since all the available stress corrosion data was obtained at constant
environmental exposure, the aging time is the same as the time to failure
(t=1;). 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.

PR



This is particularly important since aging is only detrimental for severe
conditions of exposure, as it is demonstrated using available experimental
data next.

An environment at 20°C and 50% RH is known as RTA. Two sets of
stress corrosion data are available for RTA exposure, from [2] for fiber
strands and [37] for individual fibers. The load on a strand was used to
compute the fiber stress dividing by the area of a strand, given as
0.0564 mm?2. The susceptibility coefficients N and B obtained by fitting
Equation (15) are reported in Table 1 and the fit is shown in Figure 4.
Zero-stress aging data at RTA is available in [18]. The parameters o and B
are obtained by fitting Equation (8) to the data shown in Figure 3. The
values are reported in Table 2. For RTA exposure, the zero-stress aging is
negligible. The modified stress corrosion Equation (16) results in very small
deviation from the straight line predicted by classical stress corrosion. At
RTA exposure, the susceptibility N is independent of time. It can be seen
in Figure 4 that very similar values of stress corrosion susceptibility N
were obtained eventhough the time of exposure are different for the two
sets of data.

Stress corrosion data for exposure at 20°C and 100% RH are available
from [35]. The susceptibility coefficients N and B obtained by fitting
Equation (15) are reported in Table 1 and the fit is shown in Figure 5.

Table 1. Stress corrosion parameters for each environmental exposure.

Relative Temperature
Environment Humidity (%) ) N B (Pa®s) Reference
Air 50 20 17.670 5.355E16 [37]
Air 50 20 17173 1.82E16 [2]
Air 100 20 16.046 9.151E14 [35]
Distilled water - 20 14.98 2.011E9 [18]

Table 2. Zero-stress aging parameters for each environmental condition.

Relative Temperature
Environment Humidity (%) ©) a(1/s) B Reference
Air ‘ 0 ' 20 1.446E-6 0.04712 [48]
Air 50 20 3.880E-4  0.01248 [37]
Air 100 20 1.770E-5  0.06189 [48]
Distilled water - 20 4973E-7  0.27980 [18]

Water - 100 7.490E-4  0.23192 [34]
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Table 3. Debonding length L, of E-glass—epoxy
in 95°C water as function of time [49].

Immersion v Debonding
Time (Days) Length L, (um)
0 35
0.01042 1934
0.02083 1379
0.04167 1710
0.08333 5200
0.58333 1734
4.08333 792
6.0 4854
13.0 7144
14.0 5292

Note that only the short-term data can be fitted with a line. The slope of
such line is the susceptibility N = 16.274. The complete data, including long-
term data, shows signs of zero-stress aging which results in a poor linear fit
and an artificially lower value of N =10.182. Therefore, we propose that N
be computed with stress-corrosion data for samples that fail before zero-
stress ageing becomes noticeable. The zero-stress aging curve in Figure 5
reveals noticeable aging by 1 day. Therefore, only data corresponding to
applied stress bins for which all samples failed by 1 day were considered for
the computation of the susceptibility N =16.274.

Stress corrosion 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 regression of the actual data, not of the average
time to failure for each applied stress. The median time-to-failure values are
shown in Figure 5 to avoid cluttering, but the slopes were computed using
all the data. In terms of the median time-to-failure, the short-term data
included all data points up to 0.2 days.

Zero-stress aging data at 100% RH is available in [48]. The parameters o
and B are obtained by fitting Equation (8) to the data shown in Figure 3,
then shifted to the inert condition and shown in Figure 5. The values are
reported in Table 2. For 100% RH exposure, zero-stress aging is noticeable.
The modified stress corrosion Equation (16) results in a reduction of 27% at
one year from the strength predicted by classical stress corrosion. Stress
corrosion data for exposure at 20°C immersed in distilled water are available
from [18]. Zero-stress aging data in distilled water is available in [2]. Since
zero-stress aging is significant for distilled water exposure, the modified



stress corrosion Equation (16) results in a reduction of 50% at one year
from the strength predicted by classical stress corrosion.

The susceptibility decreases with moisture content, as shown in Table 1.
A decreasing value of N represents faster reduction of strength with time
and shorter time-to-failure for a given stress. Stress corrosion alone cannot
model the observed reduction of strength at long times. Zero-stress aging,
which is negligible for short time and for low moisture content, becomes
important at long times and high moisture. In addition, time and moisture
degrade the fiber—matrix interphase, which results in longer debonding
lengths and consequent further reduction of composite strength, as modeled
in Section 3. Therefore, the proposed composite model incorporates the
degradation of the fiber and interphase, so that it can be used to predict
the long-term strength of composites. Predicted values are compared next
with available data for composite strands, laminates, and hand lay-up
samples.

7. COMPARISON WITH COMPOSITE EXPERIMENTAL DATA

All the parameters of the model have been determined in previous
sections. The stress corrosion susceptibility N and constant B were
determined from fiber data for each type of environment (50 RH, 100%
RH, water, all at 20°C) and reported in Table 1. The inert strength of
E-glass is a known constant So=15.817 GPa. The parameters o and B of
the zero-stress aging model were determined from fiber data for each type
of environment and reported in Table 2. Experimental data required
for determination of the parameters k and A of the debond-length model
Equation (7) are available only for water immersion at 95°C, so this data
will be used for the predictions. Since this is a more severe environment
than the environments for which susceptibility and aging data are available,
they are likely to result in conservative estimates of composite tensile
strength.

Data and model predictions for unidirectional E-glass strands in epoxy
matrix (G,,=1.130GPa) are shown in Figure 6. The samples were aged
under load in distilled water at 20°C [2]. The fiber volume fraction is v,=0.5.
The prediction by Equation (2), including stress-corrosion and aging (MSC,
Equation (16)) as well as debond (Equation (7)) does match the data
very well for the whole range of time. Conventional stress-corrosion cannot
predict the long-term data accurately. It is worth emphasizing that the
curves are not empirical fits of the data shown, but true predictions; that is,
based on independently obtained fiber and interphase data.

Data from two sources were combined in Figure 7. First, unidirectional
hand lay-up E-epoxy samples were aged in water at 20°C [24]. The fiber
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Figure 6. Experimental data and model predictions for E-glass-epoxy strands in distilled
water, 20°C. :

06
== MSC model prediction _
< Laminate data at 38 C with no load
A Unidirectional data with no load
05 1 o O Laminate data at 38 C with sustained load
’ Q_Yn tawi in
) S
®
Q. 0.4
e
E
2031
7]
0.2 4
01 \ — ey
10 100 1000
time (days)

Figure 7. Laminate E-glass—vinylester and hand lay-up E-glass—-epoxy data and model
predictions.




volume fraction is v,=0.47 and the shear modulus of the matrix is
G,,=1.274. Some samples were unloaded during aging, while others were
loaded during aging. All samples were then removed from the aging
environment and tested at RTA conditions. The effect of sustained load was
small and could be observed only past 100 days.

Next, laminated [0/90/45/—45],; E-glass—vinylester samples were aged in
water at 38°C. Some samples were not loaded during aging while others
were loaded, then tested [5]. The effect of sustained load was not significant.
The fiber volume fraction is reported in the range 0.48-0.57, so 0.525
was used in the analysis along with a shear modulus for the matrix
G, =1.232 GPa. Classical laminate theory was used to distribute the stress
on the laminate into the layers and into the appropriate orientations. The
laminate was assumed to fail when failure was predicted in the 0° layers.
That is, it was assumed that while the 90 and 45 layers contribute to
stiffness, they do not control the ultimate failure of the laminate. The MSF
model (Equation (16)) was used to compute the average fiber strength to be
used in Equation (2). The model matches the data reasonably well taking
into account that fiber data, debond data, and composite data were
measured on separate studies. Furthermore, the model predicts the correct
trend (Figure 7).

8. CONCLUSIONS

The weakest link model was modified to include time- and environment-
dependent reduction for fiber strength and fiber-matrix debonding length.
The concept of inert aged strength was introduced to allow for the use
of aging fiber data from various sources obtained in dissimilar conditions.
The shift to inert conditions also allows for future aging studies to perform
load-testing at ambient conditions rather than expensive load-testing at the
conditions of exposure or at inert conditions. The same concept allowed
us to derive an exact expression for the modified stress corrosion model.
The fiber model seems to capture the essential features of stress corrosion
and aging, which are displayed in long-term stress corrosion data of E-glass
fibers. The composite model can predict the correct magnitude of strength
and correct rate of degradation of composite samples when the environ-
ment of exposure is severe enough to trigger the same degradation
mechanisms in the composite and the naked fiber. For mild conditions of
exposure, the polymer matrix seems to protect the fibers resulting in
degradation rates for the composite that are slower than for the fibers
subjected to the same environment. Incorporation of a diffusion model is
envisioned to be able to compute the actual environment inside the
composite.



392 E.J. BARBERO AND T.M. DAMIANI

ACKNOWLEDGEMENTS

The financial support by the National Science Foundation (USA) through

grant CMS-9612162 is gratefully acknowledged.

10.
1.

12.
13.

14.

15.

16.

17.

REFERENCES

. Anderson, T.L. (1995). Fracture Mechanics Fundamentals and Applications. Boca Raton:

CRC Press.

. Aveston, J., Kelly, A. and Sillwood, J.M. (1980). “Long term strength of glass reinforced

plastics in wet environments,” Advances in composite materials. In: Proceedings of the

3rd International Conference on Composite Materials. Vol. 1. Oxford, UK: Pergamon Press.
pp. 556-568.

Barbero, E.J. and Kelly, K. (1993). Predicting high temperature ultimate strength
of continuous fiber metal matrix composites. Journal of Composite Materials, 27(12):
1214-1235.

Barbero, E.J. (1998). Introduction to Composite Materials Design. Philadelphia: Taylor &
Francis.

Buck, S.E., Lischer, D.W. and Nemat-Nasser, S. (1998). The durability of E-glass/vinyl
ester composite materials subjected to environmental conditioning and sustained loading.
Journal of Composite Materials, 32(9): 874-892.

Cameron, N.M. (February 1968). The effect of environment and temperature on the

strength of E-glass fibers. Part 1: High vacuum and low temperature. Glass T echnology,
9(1): 14-21.

. Cameron, N.M. (October 1968). The effect of environment and temperature on the strength

of E-glass fibers. Part 2: Heating and aging. Glass Technology, 9(5): 121-130.

Chamis, C.C. (1987). Simplified composite micromechanics equations for mechanical,
thermal, and moisture-related properties. In: Weeton, J.W. et al. (eds.), Engineers’ Guide to
Composite Materials, 3-8-3-24. Matherials Park, OH: ASM International.
Chateauminois, A., Chabert, B., Soulier, J.P. and Vincent, L. (1993). Hygrothermal ageing
effects on the static fatigue of glass/epoxy composites. Composites, 24(7): 547-555.
Coleman, B.D. (1958). IJPS.

Curtin, W.A. (1999). Stochastic damage evolution and failure in fiber-reinforced
composites. In: Advances in Applied Mechanics. Vol. 36. pp. 163-253.

Daniels, H.E. (1945). In: Proceedings Royal Society of London.

Dewimille, B. and Bunsell, A.R. (January 1983). Accelerated ageing of a glass fibre-
reinforced epoxy resin in water. Composites, 35-40.

Drzal, L.T., Rich, M.J.,, Camping, J.D. and Park, W.D. (1980). Interface shear
strength and failure mechanism in graphite fiber compistes. In: Proceedings of the 35th
Annual Techincal Conference on Reinforced Plastics. Section 20-C. The Society of Plastics
Industry.

Fabeny, B. and Curtin, W.A. (1996). Damage enhanced creep and rupture of fibre-
reinforcd metal-matrix composites. Acta. Mater., 3439-3451.

France, P.W., Duncan, D.J., Smith, D.J. and Beales, K.J. (1983). Strength and fatigue of
multi-component optical glass fibers. Journal of Materials Science, 18: 785-792.

Fraser, A.A., Ancker, F.H. and DiBenedetto, A.T. (1975). A computer modelled single
filament technique for measuring coupling and sizing agents effects in fibre reinforced
composites. In: Proceedings of the 30th Annual Technical Conference on Reinforced Plastics.
Section 22-A. The Society of Plastics Industry.




18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

Freske, S. and Otto, W.H. (June 1966). Role of fiber finish in wet strength retention of glass
fibers — Final Summary Report. U.S. Naval Research Lab, Contract No. 4522 (00) (X),
Whittaker Corp., NARMCO R & D Div., San Diego, CA.

Gaur, U, Chou, C.T. and Miller, B. (1994). Effect of hydrothermal ageing on bond
strength. Composites, 25(7): 609-612.

Hammond, M.L. and Ravitz, S.F. (1963). Journal of the American Ceramic Society, 46: 329.

Ibnabdeljalil, M. and Phoenix, S.L. (1995). Creep-rupture of brittle matrix composites
reinforced with time dependent fibres: scalings and Monte Carlo simulations. J. Mechanics
and Physics of Solids, 43: 897-931.

Iyengar, N. and Curtin, W.A. (1997). Time dependent failure in fiber-reinforced composites
by matrix creep and interfacial shear. Acta. Mater., 45: 3419-3429.

Iyengar, N. and Curtin, W.A. (1997). Time-dependent failure in ceramic composites
by fiber degradation and interface creep. In: Brandt, A.M., Li, V.C. and Marshall, I.H.
(eds.), Pro. mt. Symp. Brittle Matrix Composites 5. Warsaw. BIGRAF and Woodhead
Publ. 13-15 October.

Kajorncheappunngam, S. (1999). The effect of environmental aging on the durability
of glass/epoxy composites. PhD Dissertation, WVU.

Kalish, D. and Tariyal, B.K. (June 1976). Probability of static fatigue failure in optical
fibers. Applied Physics Letters, 28(12): 721-723.

Kasai, Y. and Saito, M. (1979). Weibull analysis of strengths of various reinforcing
filaments. Fibre Science and Technology, 12: 21-29.

Kelly, K.W. and Barbero, E. (1993). The effect of fiber damage on the longitudinal creep
of a CFMMC. Int. J. Solid Structures, 30(24): 3417-3429.

Lifshitz and Rotem. (1970). Fibre Science and Technology.

Mandell, J.F., Grande, D.H., Tsiang, T.H. and McGarry, F.J. (1986). Modified
microdebonding test for direct in situ fiber-matrix bond strength determination in fiber

composites. In: Whitner, J.M. (ed.), Composite Materials: Testing and Design (7th Conf.).
Philadelphia: ASTM STP 893. pp. 87-108.

Martine, E.A. (1993). Long-term tensile creep and stress rupture evaluation of
unidirectional fiberglass-reinforced composites. 48th Annual Conference. Composites
Institute, The Society of the Plastics Industry, Inc., Session 9-A. pp. 1-4.

McDonough, W.G. and Clough, R.B. (1996). The measurement of fiber strength
parameters in fragmentation tests by using acoustic emissions. Composites Science

-and Technology, 56: 119-1127.

McDonough, W.G. and Clough, R.B. (1996). The measurement of fiber strength
parameters in fragmentation tests by using acoustic emissions. Composites Science and
Technology, 56: 119-1127.

McDonough, W.G. and Clough, R.B. (1996). The measurement of fiber strength
parameters in fragmentation tests by using acoustic emission. Composites Science and
Technology, 56: 1119-1127.

Metcalfe, A.G. and Schmitz, G.K. (1972). Mechanisms of stress corrosion in E-glass
filaments. Glass Technology, 13(1): 5-16.

Metcalfe, A.G. and Schmitz, G.K. (1966). Stress corrosion of E-glass fibers. I & EC Product
Research and Development, 5(1): 1-8.

Montgomery, D.C. and Runger, G.C. (1994). Applied Statistics and Probability for
Engineers. New York: Wiley.

Otto, W.H. (June 1965). The effects of moisture on the strength of glass fibers — a literature
review. U.S. Naval Research Lab, Contract No. 4522(00)(X), Whittaker Corp.,
NARMCO R & D Div., San Diego, CA.

Phoenix, S.L. (2000). Modeling the statistical lifetime of glass fiber/polymer matrix
composites in tension. Composite Structures, 48: 19-29.



394 E.J. BARBERO AND T.M. DAMIANI

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Phoenix, S.L. and Beyerlein, 1.J. (2000). Statistical strength theory for fibrous composite
materials. In: Kelly, A. and Zweben, C. (editors-in-chief; Chou, T.W. Volume 1 edn), 80
page chapter in Vol. 1 of Comprehensive Composite Materials. (6 volumes). Pergamon:
Elsevier Science.

Piggott, M.R., Chua, P.S. and Andison, D. (1985). The interface between glass and carbon
fibers and thermosetting polymers. Polymer Composites, 6: 242-248.

Pitkethly, M.J., Favre, J.P., Gaur, U., Jakubowski, J., Mudrich, S.F., Caldwell, D.L.,
Drzal, L.T., Nardin, M., Wagner, H.D., Di Landro, L., Hampe, A., Armistead, J.P,,
Desaeger, M. and Verpoest, I. (1993). A round-robin programme on interfacial test
methods. Composites Science and Technology, 43(1-4): 205-214.

Ritter, J.E., Roberts, D.R., Cuellar, E. and Kennedy, M.T. (December 1994). Static fatigue
transition in optical glass fibers. Glass Technology, 35(6): 265-271.

Ritter, J.E., Roberts, D.R., Cuellar, E. and Kennedy, M.T. (1991). Calculation of static
fatigue lifetime of optical fiber. Optical Engineering, 30(6): 716-727.

Rosen, B.W. (November 1964). Tensile failure of fibrous composites. 4414 Journal, 2(11):
1985-1991.

Schultheisz, C.R., McDonough, W.G., Srikanth, K., Schutte, C.L., Macturk, K.S.,
McAuliffe, M. and Hunston, D.L. Effect of moisture on E-glass/epoxy interfacial and fiber
strengths. 13 Symposium on Composite Materials: Testing and Design. pp. 257-286.
Schultheiz, C.R., McDonough, W.G., Shrikant, K., Shutte, C.L., Mcturk, K.S., McAulife,
M., Hunston, D.L. 13th Symposium on Composites Testing and Design. ASTM, PA.
pp- 257-286.

Schutte, C.L. (1994). Environmental durability of glass-fiber composites. Material Science
and Engineering, R13(7): 265-324.

Thomas, W.F. (February 1960). The strength and properties of glass fibers. Physics and
Chemistry of Glasses, 1(1): 4-18.

Wagner, H.D. and Lustiger, A. (1994). Effect of water on the mechanical adhesion of the
glass/epoxy interface. Composites, 25(7): 613-616.

Wagner, H.D., Nairn, J.A. and Detassis, M. (1995). Toughness of interfaces from initial

fiber-matrix debonding in a single fiber composite fragmentation test. Applied Composite
Materials, 2: 107-117.




