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Abstract
The tensile strength of glass ﬁber bundles is highly dependent on ﬂaw nucleation and growth from contact abrasion and hydrolytic degradation. The eﬀect of ﬁber surface treatment on the hydrolytic stability of tensile strength is investigated for E-glass ﬁber
bundles with four commercial sizings. Acoustic emission (AE) generated by individual ﬁber fracture events provides a means to
determine a Weibull distribution of ﬁber strengths. Fiber bundles with starch, starch and silane, starch and wax, and epoxy surface
treatments are tested following exposure to 10%, 40%, 80% relative humidity and immersion in water. The tensile break strength,
number of breaks at peak load, and Weibull moduli of the glass ﬁber bundles are strongly dependent on the humidity level. The
diﬀerent surface treatments considered in this investigation strongly alter the absolute mechanical properties and the eﬀect of exposure to humidity.
 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Glass ﬁber is the reinforcement component in a wide
variety of composite applications ranging from aircraft
and automobiles to printed wire circuit board substrates
and sporting goods. While an ultimate stress of 3.5 GPa
has been measured in small diameter glass ﬁbers [1],
ﬂaws resulting from contact abrasion and hydrolytic
degradation signiﬁcantly reduce the realizable strength
of commercial ﬁbers used for manufacturing [2]. Mois*
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ture interaction with the metal oxides in E-glass leads
to corrosion-induced defects and decreased ﬁber
mechanical strength [3]. During the manufacturing process a surface treatment, referred to as a sizing, is applied
to protect the ﬁbers and to improve wettability of the ﬁber surfaces by liquid resin.
Sizing generally consists of a water-based mixture
containing a lubricant, a ﬁlm former, and a coupling
agent applied from an aqueous emulsion (e.g. epoxy,
poly(vinly acetate), etc.) or a solution [4]. An extensive
study of the eﬀect of surface treatment, ﬁber diameter,
gage length, and strain rate on glass ﬁber bundles [5–8]
reported an increase in bundle strength, of as much as
90%, associated with several surface treatments. The increase in strength is attributed to the sizing protecting
glass ﬁbers from contact abrasion and improving load
transfer between ﬁbers. Studies of the hydrolytic eﬀects
on single ﬁlaments [9] and bundles [10] have shown sizing can dramatically reduce the rate of humidity aging
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and the associated drop in glass ﬁber strength. The
hydrolytic degradation of glass ﬁber reinforced polymer
composites with [11] and without [12–14] the eﬀect of
sizing has also been studied.
This paper investigated the relationship between surface treatment and hydrolytic damage on E-glass ﬁber
failure. E-glass ﬁber bundles consisted of 204 individual
G150-type, 9 lm nominal diameter ﬁlaments [15]. Four
types of surface treatment types are explored: Type I
with starch, Type II with starch and silane, Type III with
starch and wax, and Type IV with epoxy. Silane added
to the starch chemistry in the Type II bundles is intended to protect the glass against hydrolytic damage.
Wax added to the starch chemistry in the Type III bundles is proposed to reduce damage caused by frictional
sliding between ﬁbers. Epoxy sizing in the Type IV bundles is applied to enhance interfacial adhesion between
the ﬁber bundle and an epoxy matrix.
Failure stress and Weibull parameters are measured at
four humidity levels: 10%, 40%, 80% relative humidity
(RH) and immersion in water. Previous measurements
of ﬁber strength frequently employed single-ﬁlament
tests [16], fractography [17], load drop [18], and strain
measurements [19]. These methods are limited to a single
ﬁber or a small bundle and estimate the characteristic
ﬂaw distribution of a ﬁber bundle. Weibull modulus
values for glass ﬁbers reportedly range from 3–15 at
ambient laboratory humidity levels [20–22]. In the
present investigation, an acoustic emission (AE) technique is applied to test a complete ﬁber bundle during
tensile loading. When a ﬁber under applied stress fractures, a portion of the elastic energy is consumed in creating the new fracture surface and the remainder is
radiated in the form of stress waves. Each ﬁber break
in a bundle is uniquely detected by recording AE during
fracture [23].

ure stress, which becomes the failure stress of the ﬁber
rf. The probability that an individual ﬁber will fail at
a given stress level can be written as
"   #
b
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P f ðrf Þ ¼ 1  exp L
:
ð1Þ
r0
Cowking et al. [23] proposed a model applying a Weibull distribution to characterize a ﬁber bundle in the
form
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b
N ðrf Þ
rf
¼ exp 
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where N is the number of unfractured ﬁbers corresponding to a stress in each ﬁber of rf and N0 is the number of
ﬁbers in a bundle. The Weibull modulus b and the scale
factor r0 are to be determined. The stress for the ith ﬁber
break is calculated assuming the applied load F is
equally shared among the N similar ﬁbers surviving before the break, thus
ri ¼

F
F
¼
;
NA ðN 0  ði  1ÞÞpr2f

ð3Þ

where N is the total number of ﬁbers in the bundle and rf
is the radius of the ﬁber. Taking the natural logarithm of
Eq. (2) twice and manipulation yields


N0
b ln rf þ b ln r0 ¼ ln ln
:
ð4Þ
N ðrf Þ
From the bundle test data, a plot of ln ln(N0/N) against
ln(r) is anticipated to give a straight line with slope b,
the Weibull modulus. The Weibull analysis assumes that
the material is statistically homogeneous throughout its
length, the stress–strain relationship for a single ﬁber is
linear elastic up to fracture, the applied load is uniformly distributed among the surviving ﬁbers, and the
interactions between ﬁbers resulting from friction and
twisting are negligible.

2. Overview of ﬁber bundle failure
When a glass ﬁber bundle fails, it is common for the
individual ﬁlaments to fail over a wide range of loads.
Many weak ﬁbers fail at low loads, redistributing the applied load onto the stronger ﬁbers. This type of failure
mechanism cannot be accurately described by a single
average strength value. While ‘‘weakest link’’ methods
have been presented in the literature [24–26], a diﬀerent
model must be adopted to capture the distribution of
strengths found when testing ﬁber bundles.
Coleman [27] ﬁrst suggested that the probability of ﬁber failure follows the form of a Weibull [28] distribution. He considered a ﬁber of non-dimensional length
L containing one or more critical ﬂaws, where L = 1 is
the minimum distance between two ﬂaws on a single ﬁber below which the ﬂaws interact. The only ﬂaw that is
considered to inﬂuence failure is the ﬂaw of lowest fail-

3. Materials and method
3.1. Sample preparation
A typical sample for tensile testing is shown in Fig. 1.
Samples were fabricated by cutting six-inch lengths of ﬁber directly from bobbins supplied by Advanced Glass
Fiber Yarns (AGY). Before being wound onto the bobbins, 0.7 turns per inch of twist was placed in the bundles by the manufacturer. The eﬀect of twist has been
discussed by Davis [29]. For this investigation the twist
was removed prior to making the samples by suspending
the cut bundle from one end with a small weight on the
free end of the bundle. The hanging bundles were placed
under a hood to prevent movement due to air circulation and allowed to oscillate until all of the twist was re-
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Fig. 1. Glass ﬁber bundle tensile specimen.

moved. The amount of force on the ﬁber from the
weight was approximately 0.8 N, which was a low enough load that no ﬁber breaks occurred. A 25 mm gage
length of ﬁbers was chosen because of the lower variation of strength found in shorter samples [5].
Silicone rubber molds were made to position the end
tabs and ensure that gage length was 25 mm. End tabs
(25 mm · 50 mm) were cut from perforated ﬁberglass
circuit boards. Two tabs were placed in the mold, and
coated with a highly viscous epoxy. Untwisted bundles
were then laid across the mold, and kept under a uniform tension with small weights on the bundle ends.
Two more tabs were placed on top of the bottom tabs,
sandwiching the bundle between them. In addition to
providing a practical method of mounting ﬁber bundles
in the grips of an Instron testing machine, the end tabs
also served as a wave-guide to transmit acoustic waves
from the glass ﬁbers to the piezoelectric sensor [20].
Two small wooden dowels were glued to the end tabs
as shown in Fig. 1 to maintain a consistent gage length
and protect the ﬁbers from damage prior to testing.
After a 24-h cure, the specimens were placed into an
oven or humidity chamber. Care was taken not to touch
the bundle gage length during manufacturing and testing to prevent damage to the ﬁbers, which would shift
the distribution of ﬁber breaks.
3.2. Environmental conditioning
A Plexiglass chamber was constructed to achieve different humidity levels. Low RH values (10%, 40%) were
obtained with a vacuum pump that pumped air out of
the chamber through a desiccant column (Anhydrous
CaSO4, W.A. Hammond Drierite Co.) and then back
into the chamber. A timer was used to maintain the desired humidity level. The higher, 80% RH environment
was created in the chamber using a modiﬁed warm-air
room humidiﬁer. A dial setting on the humidiﬁer was
used to maintain the desired humidity level. The immersion condition was obtained by soaking the ﬁber bundles in distilled water for 24 h. Distilled water was
used to prevent drops in strength associated with salts
[30]. In all cases samples were placed in the environmental chamber until a steady desired humidity level was attained and stored in the environmental chamber until
testing.

3.3. Experimental apparatus
E-glass ﬁber bundles were loaded in tension using an
Instron Mini 44 load frame with a 500 N (full scale) load
cell. Individual ﬁber breaks during the bundle test were
detected with an AE technique [23]. Load–strain data
and AE–time data were acquired concurrently by computer control, ensuring accurate correspondence of the
AE data representing individual ﬁber failure events with
the load–strain data, shown schematically in Fig. 2. The
load frame and load–strain data acquisition were controlled by Labview software via an IEEE bus connection. Energy released during ﬁber fracture were
detected with a 150 kHz piezoelectric AE sensor and
preampliﬁer (DECI SE 150-M, Dunegan and DECI
400p-20H, Dunegan). The sensor was attached to the
lower end tab using a clamp to reduce interface loss.
A 400 MHz oscilloscope (9310AM, LeCroy) recorded
an ampliﬁed signal from the sensor, providing the occurrence times of 205 signals: one initializing signal followed by 204 ﬁber failures. The threshold voltage to
trigger the oscilloscope was 0.5 V. As the number of recorded acoustic events never exceeds 205, it is concluded
that all of the AE events recorded after triggering represent ﬁber fracture. Upon completion of the test, ﬁber
break data were transferred to a computer via an
RS232 connection.
Specimens were mounted into the test frame directly
from the environmental chamber. To ensure the ﬁbers

Fig. 2. Schematic of the experimental setup for testing glass ﬁber
bundles with the AE technique.
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were not shock loaded, a small compressive load was applied on the sample while the dowels were cut. The
crosshead was zeroed with 1 N applied to the ﬁber bundle. Bundles were tested with a constant displacement
rate of 50 lm/min until all ﬁbers were broken. The displacement rate was chosen to maximize the accuracy to
AE data acquisition [20] and reduce strain rate eﬀects
associated with glass ﬁber failure [6,31]. Average values
and standard deviations of peak load, ﬁber breaks at
peak load, stain at failure, and Weibull modulus were
calculated from 20 specimens for each combination of
sizing type and humidity level.
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3.4. Analysis
Nominal strain values were calculated directly from
the gage length and cross head displacement. Fig. 3
shows typical load–strain data for a ﬁber bundle along
with the individual ﬁber breaks as detected by the AE
sensor. Excluding a small nonlinear region due to machine and ﬁxture compliance, the load–strain curve is
linear until the ﬁrst ﬁber break. The load continues to
increase until reaching a critical point, followed by rapid
failure. The peak load, strain to failure, and number of
breaks to peak load are recorded.
The stress in the surviving ﬁbers after each break is
calculated by Eq. (3). A Weibull plot is created by plotting ln(r) versus the ln ln(N0/N), shown in Fig. 4, from
which the Weibull modulus b is extracted. For values
of ln ln(N0/N) above a critical point, indicated by a line
in Fig. 4, the data become highly nonlinear. The data
above this line are excluded from calculation of the
slope. Failure of the ﬁnal ﬁbers likely deviates from
the Weibull model for a combination of reasons. Load
sharing between broken ﬁbers from surface forces takes
on an increased signiﬁcance compared with the load car-
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Fig. 3. Representative load–strain relationship for ﬁber bundles [Type
II E-glass ﬁber bundle at 100% RH]. The continuous load–strain data
set is given by the smooth continuous curve, the failure load and strain
of each individual ﬁber is indicated by a circle ().

21
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Fig. 4. Representative Weibull plot for ﬁber bundle failure [Type II Eglass ﬁber bundle at 100% RH].

rying ability of individual ﬁbers. Breaking ﬁbers can
cause damage to the surface of load bearing ﬁbers during recoil, creating stress concentrations and premature
failure in adjacent ﬁbers. Moreover, measurement of the
low total loads carried by the few remaining ﬁbers prior
to failure is limited by the sensitivity of the load cell.

4. Results and discussion
The four types of ﬁber bundles (I, II, III, IV) were
tested after conditioning in four diﬀerent levels of
humidity: 10, 40, 80 RH and immersion in water.
Twenty samples were tested for each combination of
surface treatment and humidity level, and the average
and standard deviation of each data set were calculated,
as listed in Tables 1–4. The data for the diﬀerent surface
treatments were compared at each humidity level. Representative load–strain curves at each humidity level are
plotted for the individual ﬁber bundle types in Figs. 5–8.
The average peak load for each type of ﬁber bundle
and humidity level are summarized in Table 1. Prior
to reaching peak load, individual ﬁbers fail and their
load is redistributed to neighboring ﬁbers while the bundle remains intact. Following peak load, redistribution
of the applied load exceeds the critical stress of the
remaining ﬁbers, leading to a rapid-cascading failure
of the bundle. For the displacement-control case investi-

Table 1
Eﬀect of relative humidity on averages and standard deviations of peak
load for ﬁber bundles with diﬀerent sizing types
Relative humidity (%)

Type I

Type II

Type III

Type IV

10
40
80
100

19 ± 1
18 ± 2
19 ± 2
16 ± 1

24 ± 2
23 ± 2
24 ± 1
21 ± 2

22 ± 1
21 ± 1
22 ± 2
16 ± 2

17 ± 2
18 ± 4
17 ± 1
17 ± 2
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Table 2
Eﬀect of relative humidity on averages and standard deviations of the
number of breaks at peak load for ﬁber bundles with diﬀerent sizing
types
Relative humidity (%)

Type I

Type II

Type III

Type IV

10
40
80
100

11 ± 4
13 ± 5
15 ± 6
21 ± 5

8±3
8±4
9±4
9±4

12 ± 5
20 ± 8
14 ± 6
17 ± 5

11 ± 3
7±3
10 ± 4
5±2

Table 3
Eﬀect of relative humidity on averages and standard deviations of the
Weibull modulus for ﬁber bundles with diﬀerent sizing types
Relative humidity (%)

Type I

Type II

Type III

Type IV

10
40
80
100

14 ± 4
7±2
9±3
9±3

11 ± 3
7±2
15 ± 6
17 ± 7

5±2
4±1
6±2
8±4

13 ± 2
14 ± 5
14 ± 4
17 ± 7

Fig. 6. Representative load–strain data for Type II ﬁber bundles at
each humidity level.

Table 4
Eﬀect of relative humidity on averages and standard deviations of
strain at failure for ﬁber bundles with diﬀerent sizing types
Relative humidity (%)

Type I

Type II

Type III

Type IV

10
40
80
100

3.6 ± 0.3
3.2 ± 0.3
4.2 ± 0.5
3.8 ± 0.4

4.1 ± 0.3
3.5 ± 0.3
4.5 ± 0.3
3.8 ± 0.3

3.9 ± 0.3
3.7 ± 0.3
4.2 ± 0.6
3.9 ± 0.5

3.1 ± 0.3
3.0 ± 0.3
3.1 ± 0.1
2.9 ± 0.3

Fig. 7. Representative load–strain data for Type III ﬁber bundles at
each humidity level.

Fig. 5. Representative load–strain data for Type I ﬁber bundles at
each humidity level.

gated in this work, the load continues to drop from the
peak value as subsequent ﬁbers fail.
The peak load for Types I, II and III ﬁber bundles
treated with starch-based sizings followed similar
dependence on humidity level, as shown in Fig. 9. All
three were statistically independent of the humidity level
for the non-saturated cases. For bundles immersed in
water, however, the peak load decreased signiﬁcantly.
Of the starch-based sizings, the Type II bundles with silane displayed the largest peak load of all the sizing

Fig. 8. Representative load–strain data for Type IV ﬁber bundles at
each humidity level.

types and the least drop in peak load following immersion. The Type III bundles with wax displayed a peak
load greater than the bundles with only starch Type I.
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Type III
Fiber bundle sizing type

Type IV

Fig. 9. Eﬀect of relative humidity on peak load for ﬁber bundles with
diﬀerent sizing types. The error bars represent ±;1 SD.

Fig. 10. Eﬀect of relative humidity on the number of breaks at peak
load for ﬁber bundles with diﬀerent sizing types. The error bars
represent ±1 SD.

Following immersion the peak loads of Type III and
Type I bundles were indistinguishable. The peak load
of ﬁber Type IV bundles with the epoxy sizing was independent of the humidity level, including saturation.
Moreover, the peak load was statistically equivalent to
the saturated bundles with Type III and Type I sizing
types.
The Type IV ﬁbers used in this investigation were
part of a small study batch made speciﬁcally for this
project. All other ﬁber samples were taken from large
production runs. As indicated by Fig. 9, the strength
of the type IV bundles is lower than expected for an
epoxy size. After a series of independent tensile tests
by the manufacturer, we concluded that the reduction
in strength could be attributed to the small production
run.
A summary of the number of ﬁber breaks prior to
peak load for each ﬁber type and humidity level is listed
in Table 2. All ﬁber bundles with starch-based sizings
(with the exception of Type III bundles at 40% RH)
exhibited a general trend of increasing number of breaks
prior to peak load with increasing humidity level, as
shown in Fig. 10. Fiber bundles with Type I and Type
III sizings exhibited a similar number of breaks and
large dependence on humidity, indicative of a large
number of ﬁbers experiencing hydrolytic damage. Fiber
bundles with Type II sizing exhibited less breaks and
minimal dependence on humidity. Fiber bundles with
Type IV sizing exhibited a number of breaks similar to
the Type II sizing, but had a marked decrease in the
number of breaks with increasing humidity, indicating
reduced hydrolytic degradation. Fibers broken prior to
peak load are weak or damaged ﬁbers; a larger number
of breaks denotes a larger number of ﬁbers with a critical stress value signiﬁcantly below the mean.
Table 3 lists the Weibull moduli of the ﬁber bundle
types. The Weibull modulus indicates the distribution
of critical stress values for the ﬁbers in a bundle. Lar-

ger Weibull modulus values represent a lower variance
of the distribution relative to the mean, and hence, a
less ﬂaw dependent material. All the ﬁber bundles
with starch-based sizings exhibited a decrease of Weibull modulus from 10% to 40% RH followed by an
increase of Weibull modulus with increasing humidity
level. The largest Weibull modulus for ﬁber bundles
with Type I sizing was at 10% RH; the largest Weibull
modulus for ﬁber bundles with Type II and Type III
sizing types was following immersion. Fiber bundles
with Type III sizing exhibited the lowest Weibull modulus of the four sizing types for the full range of
humidity levels investigated. Type IV ﬁber bundles
with epoxy sizing exhibited the highest values of Weibull modulus, which increased with increasing humidity. Measured Weibull modulus valued for 10% to
80% RH corresponds to the range of Weibull modulus
values given in the literature [20–22]. Following
immersion the Weibull modulus values increase above
previously reported values.
The nominal strain at failure, listed in Table 4,
measures the elongation of the last ﬁbers in the bundle to break. As shown in Figs. 5–7, the strain to failure of ﬁber bundles with starch sizes (Types I, II, and
III) is dependent on humidity level. Moreover, the
samples with low strain to failure exhibited either a
reduced strain corresponding to the peak load or a
more rapid-cascading failure of the individual ﬁbers
following peak load. The strain at peak load is closely
correlated to the peak load and the narrower distribution of ﬁber failures is described by lower values of
the Weibull modulus. Therefore, ﬁber bundles with a
starch size exposed to immersion in water and 40%
RH had low strain to failure corresponding to the
humidity levels with lowest peak load and lowest Weibull modulus, respectively. The strain to failure of ﬁber bundles with epoxy size is independent of
humidity level, as shown in Fig. 8. Fiber bundles with
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the starch-based sizing types exhibited strain at failure
values between 3.5% and 4.5%, while ﬁber bundles
with the epoxy-based sizing exhibited strain at failure
values of approximately 3.0%.

5. Conclusions
The eﬀect of four surface treatments – starch (Type I),
starch and silane (Type II), starch and wax (Type III),
and epoxy (Type IV) – on the hydrolytic stability of
E-glass ﬁber bundles was investigated. Acoustic Emission (AE) monitoring provided a load history of bundle
failure, which was used to evaluate the number of failures at peak load and the Weibull modulus.The type
of surface treatment on a glass ﬁber aﬀected both the
failure strength and the dependence on humidity level.
Moreover, ﬁber bundles with the starch-based sizings
exhibited similar trends in humidity dependence, which
were uniquely diﬀerent from trends of ﬁbers with the
epoxy-based sizing.
The number of breaks at failure and Weibull moduli
were both strongly dependent on humidity level. Fibers
with starch sizing (Type I) and starch and wax sizing
(Type III) both had an increasing number of breaks with
increasing humidity, ﬁbers with starch and silane sizing
(Type II) had a lower number of breaks and nominal
dependence on humidity. Fibers with epoxy sizing
(Type IV) had a low number of breaks, which decreased
with increasing humidity. All ﬁber bundles with starchbased sizings exhibited a decrease of Weibull modulus
from 10% to 40% RH followed by an increase of Weibull modulus, while the ﬁbers with epoxy sizing (Type
IV) had an increase of Weibull modulus over the full
range of humidity.
Below saturation, the peak load was independent of
humidity but was strongly dependent on surface treatment. The average non-saturated peak loads were 24,
22, 19, and 17 N for the Type II, Type III, Type I,
and Type IV bundle types, respectively. At saturation,
ﬁber bundles with the starch-based sizings exhibited a
decrease in peak load. The peak load of ﬁber bundles with starch sizing (Type I) and starch and wax sizing (Type III) decreased to that of the weakest ﬁbers
(Type IV).
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