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Abstract Mechanical performance of commercially

manufactured unsized and c-aminopropylsilane sized

boron-free E-glass fibres has been characterised using

single-fibre tensile test. Both apparent fibre modulus and

fibre strength were found to strongly depend on fibre gauge

length. The average strength of sized fibres was found

40–80 % higher than unsized fibres at different gauge

lengths. Weibull analysis suggested that the failure mode of

unsized fibres could be described by unimodal Weibull

distribution, whereas the strength distribution of sized

fibres appeared to be controlled by two exclusive types of

flaw population, types A and B. Comparison of the Weibull

plots between unsized and sized fibres revealed that the

strength of unsized fibres was likely to be dominated by

type A flaws existing on the bare glass surface and type B

flaws may be related to the defects on the glass surface

coated with silane. This was partially supported by the

observation of fractured cross-sectional area using SEM. It

was, therefore, proposed that the strength difference

between unsized and sized glass fibres may be more rea-

sonably interpreted from the surface protection standpoint

as opposed to the flaw healing effect. The results obtained

from this study showed that silane coupling agent plays a

critical role in the strength retention of commercially

manufactured E-glass fibres and the silane effect on the

fibre strength is also affected by the change in gauge length

of the sample.

Introduction

As a major reinforcement in polymer composites, E-glass

fibre delivers high mechanical performance such as

Young’s modulus and tensile strength. More recently,

boron-free E-glass has been developed to reduce environ-

mental emissions from glass fibre manufacturing plants.

This has broadened the scope of definition for E-glass

compositions [1]. It is well-known that the mechanical

performance of glass fibres in general depends on many

factors stemming from glass composition and forming

history [2, 3]. In particular, the correlation has been

extensively studied between fibre strength and various

factors including sample dimension, test temperature, and

stress corrosion [4–6]. The practical fibre strength is usu-

ally found to be considerably lower than the theoretical

expectation [7, 8]. This is normally attributed to existence

of surface flaws, which may cause stress concentration and

lead to premature fibre fracture as the fibre is loaded.

The surface of commercially manufactured glass fibres

is routinely treated with organofunctional silanes together

with other ingredients such as different film formers and

auxiliary agents. Such surface treatment, commonly refer-

red to as sizing, is a key step influencing the success or

failure of most reinforcement products due to the major

role it plays in the price, processibility, and performance of

that product [9]. Organofunctional silanes can serve as a

coupling agent to promote fibre–matrix interaction levels

by various adhesion mechanisms such as chemical bonding

and molecule interdiffusion. Moreover, these multifunc-

tional species can make a big impact in fibre strength. It has

been reported that silanes seem to have ability to ‘heal’

surface flaws and improve average fibre strength [10–12].

It has been advocated by some authors that the silane

deposits can, to some extent, patch up the flaws and in turn
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reduce the stress concentration at the flaws [11]. It has also

been reported that this healing process may be augmented

by the addition of film formers [12]. A controlled study of

sizing effect on mechanical properties of glass fibre

requires a comparison of mechanical performance between

bare and sized glass fibres on a basis of other variables,

including composition and forming history, remaining

identical. This prerequisite may be compromised by dis-

symmetrical conditioning to the samples. For example, it

has been shown that mechanical properties of glass fibres

can be significantly altered after exposure to additional heat

treatment [13–15]. Therefore, it may be inappropriate to

obtain the unsized glass fibre by means of burning off

surface coating at elevated temperature [16]. Furthermore,

manual handling before the measurement of fibre strength

may create new flaws and/or change the existing ones. It

follows that the results for the strength from sized fibres

would be able to not only show possible flaw healing

efficiency but also indicate the protection effect caused by

the surface coating.

In this study, we used commercially manufactured bare

and sized glass fibres and characterised their mechanical

performance. Since these fibres underwent the full course

of typical industrial processing and additional handling

before testing, we attempted to investigate how a silane

couple agent would affect the mechanical performance of

glass fibres after this entire process. The main focus was

given to the difference of the fibre strength and its distri-

bution between bare and sized glass fibres. In addition,

fibres were tested at multiple gauge lengths to determine

actual Young’s modulus and dimension dependence of the

fibre strength.

Experimental

Materials

Boron-free E-glass (Advandex) fibres supplied by Owens

Corning Vetrotex were investigated in this study. All fibre

rovings were produced on the same pilot scale bushing and

were received as 20 kg continuous single-end square edge

packages. The rovings had a nominal tex of 1200 g/km and

a single-fibre diameter of 17.4 ± 1.3 lm. No sizing was

applied to the water finished fibres which had only been

water sprayed using the normal cooling sprays under the

bushing [8], these samples are referred to as water sized or

unsized (since it can be assumed that most water is

removed during the subsequent drying step). The sized

fibres were coated with a normal rotating cylinder sizing

applicator containing a 1 % c-aminopropylsilane (APS)

hydrolysed solution in distilled water. All fibre packages

were subsequently dried at 105 �C for 24 h.

Single-fibre tensile test

The fibres were used as received from the manufacturer.

Single-fibre tensile properties were determined following

the method described in ASTM C1557-03. Single-fibres

were meticulously separated from the as-received glass

fibre strands. Individual fibres were glued onto card tabs

with a central window cut out to match the desired gauge

length for the test. Card frames were cut from 250 g/m2

grade card and single fibres were fixed to the card at both

sides of the window using LoctiteTM Gel Superglue. The

fibre cross-section was obtained by assuming the glass

fibres along the gauge length have a uniform circular cross-

section normal to the axis of the fibres. The cross-sectional

area was then calculated from the individual average fibre

diameters measured at three points along the gauge length

by Nikon Epiphot Inverted optical microscopy. During

handling of the fibre in the microscope, care was taken to

avoid fibre damage through contact with the microscope

objective. The card mounted single fibres were gripped in

an Instron 3342 universal testing machine equipped with a

10 N load cell. After the specimen had been mounted in the

test machine, a section of the tab was carefully cut away,

leaving the specimen free to be loaded during the test.

Gauge lengths of 5, 10, 20, 40 and 80 mm were tested for

both fibre types and approximately 80–100 fibres were

tested at each gauge length. The loading rate was adjusted

according to the fibre gauge length so that the fibres were

subjected to constant strain rate of 1.5 %/min for all gauge

lengths. All the tests at different gauge lengths were carried

out at room temperature and 50 % relative humidity.

In order to determine the locus of failure, some addi-

tional fibres were used and covered with epoxy resin during

testing. This allowed for the preservation of original frac-

ture cross-sectional area in the fibre, especially for the

samples with a high strength. The broken fibres were

immediately rinsed with acetone to remove the resin from

the surface. The samples were then coated with gold and

examined under SEM.

Results and discussion

Fibre diameter distribution

Over the course of the investigation, approximately 600

each of unsized and sized glass fibres, respectively, were

measured using the optical microscope. This allows us to

establish a profile for the fibre diameter distribution as

shown in Fig. 1. It can be seen that studied E-glass fibres

have the same diameter distribution for bare and sized

fibres. Fibre diameter is an important parameter in defining

the final performance of fibre reinforced composites [17]
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and is related to several parameters including the internal

diameter of the bushing tip, the velocity of molten glass

flow, and attenuation rate [18]. For a given manufacturing

configuration of glass fibres, it is the variation of molten

glass flow that mainly accounts for fibre diameter distri-

bution. The variation in the viscosity of glass melt is

believed to be caused by the temperature distribution

across the bushing [18]. Therefore, it is not surprising to

see that both bare and sized fibres possess the identical

fibre diameter distribution since they were manufactured

under the same processing configuration. The only differ-

ence in their forming history lies in the silane application to

the fibre surface. It is also noticed in Fig. 1 that the pres-

ence frequency of the mean value is actually only 21 %

within a fairly broad distribution.

Fibre modulus

The results for the average fibre modulus (error bars show

95 % confidence limits) of unsized and silane sized glass

fibres obtained from single-fibre tensile test are shown as a

function of the sample gauge length in Fig. 2. It can be

seen that the apparent modulus obtained from the raw

measurement is highly dependent on the gauge length. The

Young’s modulus of bulk boron-free E-glass has been

quoted as 80 GPa [2]. At short gauge lengths the values are

much lower but increase rapidly with an increase of the

fibre length until at long gauge length the measured mod-

ulus appears to approach an asymptotic value. It appears

that in all cases the unsized fibres give a higher value for

modulus compared to the sized fibres. The modulus

dependence on gauge length is a phenomenon related to the

use of the testing machine crosshead position to approxi-

mate the fibre strain which does not take into account the

contribution of the strain of the other components in the

testing system, in particular the paper tabs and the glue.

The corrected fibre modulus can be obtained using the

following considerations [19]. Suppose that the fibre

stress–strain curve is linear up to the breaking strain. If E*

is the experimental Young’s modulus then the measured

failure stress rr is given by rr = E* 9 DLr*/L0 where DL�r
is the apparent breaking elongation and L0 is the initial

sample length. The actual fibre breaking elongation DLr is

given by DLr = DL�r - K, where K is the machine and

sample mounting displacement. Assuming that K is pro-

portional to the applied stress we obtain K = C�rr where

C is proportional to the machine compliance. The actual

fibre modulus is then given by

E ¼ rr

ðDLr=L0Þ
¼ rrL0

DL�r � Crr

ð1Þ

And hence

1

E�
¼ 1

E
þ C

L0

or
L0

E�
¼ L0

E
þ C ð2Þ

Using Eq. 1, the fibre modulus can be obtained from the

intercept of a straight line plot of experimental fibre

compliance (1/E*) against inverse gauge length (1/L0).

Using Eq. 2, it is necessary to plot the value of L0/E*

(where E* is obtained from the slope of the experimental

stress–strain curve) against L0 and the fibre modulus is

obtained from the inverse of the slope of the line in such a

plot. It is also possible to obtain an estimate of the value of

the machine compliance C for the experimental setup used.

Given no significant changes in the experimental procedure

this value of C can then be used to obtain an estimate of

fibre modulus from measurement on single fibres carried

out at a single-gauge length. It is also worth mentioning

that the correction for the modulus based on Eq. 2 may

contain less potential error since the calculation of modulus

depends on the slope of the line within the range of the

experimental data instead of an intercept value extrapolated

outside the range of the experimental data. Figure 3

presents the modulus data plotted according to Eq. 2.
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From the slope of the lines, we obtain 78.7 and 76.9 GPa

for the corrected modulus of unsized fibres silane sized

fibres, respectively. It is not expected that the modulus of

the sized and unsized fibres is different. This slight

difference might be caused by the error in diameter

measurements.

Fibre strength and distribution

The results for the average fibre strength of the unsized and

sized glass fibres are shown as a function of the sample

gauge length in Fig. 4. It can be seen that the measured

average fibre strength is also highly dependent on the

gauge length although this dependence follows a trend

opposite to that observed for fibre modulus in Fig. 2. At

short gauge lengths the strength values are higher and

decrease with an increase of the fibre length. It has been

reported that the tensile strength of boron-free virgin

E-glass fibres lies in the range from 3.1 to 3.8 GPa [2]. The

reduced strength (below the pristine value) is generally

considered to be a manifestation of surface flaws existing

on the tested samples [20, 21]. Since both samples have

experienced an identical production, mechanical handling,

and environmental history before testing, the results in

Fig. 4 are expected to indicate the influence of the silane on

the retention of fibre strength during those processes.

Due to the nature of brittle solid, glass fibres normally

exhibits a strength distribution, which needs to be analysed

using probabilistic approaches. Among them is the fre-

quently employed Weibull distribution, which was pio-

neered in 1939 by Weibull [22]. Later in 1951 Weibull [23]

applied this statistical treatment to fibre strength analysis.

The approach is referred to as the weakest link theory,

which assumes that a length L of chain-like structure is

composed of N length l links in series (i.e. N = L/l) and

fracture of the chain occurs when the weakest link fails.

Based on this theory, when a fibres is under a stress less

and equal to r, the simplest function for the failure prob-

ability, P, is expressed by

P ¼ 1� exp � r
r0

� �m� �
ð3Þ

where m and r0 are referred to as Weibull modulus and

characteristic strength. These parameters can be estimated

by the maximum likelihood method. Furthermore, Eq. 3

can be rearranged into

ln½� lnð1� PÞ� ¼ m lnðrÞ � m ln r0ð Þ ð4Þ

The parameter estimation may be carried out through a

simple graphical method based on Eq. 4. The results from

Weibull analysis carried out in this study are presented

according to ASTM C1239-07, which recommends that the

Weibull plot (i.e. ln½� lnð1� PÞ� vs. lnðrÞ plot) may be

presented with the ordinate axis and abscissa labelled as

probability of failure and failure stress, respectively.

Figure 5 displays these Weibull plots for both unsized

and sized glass fibres at different gauge lengths. It can be

observed again that the measured strength for unsized

E-glass fibres is considerably lower than flaw free strength,

3.5 GPa, and the flaws seem to exist on virtually all the

fibres. The Weibull plots obtained from the unsized fibre

show a linear trend at each gauge length. This implies that

the failure of unsized fibres is dominated by a single-flaw

population, which may be described by the two-parameter

Weibull distribution based on Eq. 3. The parameter

estimation was carried out using both the maximum

likelihood method and the graphical method and the

results were summarised in Table 1. The results of the

unsized fibre in Fig. 5 were then fitted by the Weibull plots

based on the estimated parameters. It was found that the

experimental data from unsized fibres can be approximated

well by the unimodal Weibull distribution except for the

y = (1.27x + 3.4)E-2
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weakest fibres. Some authors choose to ignore such

deviations, whereas others postulate these deviations as

evidence of a more complex physical state of the test

material. However, it has been recently demonstrated by

Thomason [24] that the curvature in a standard Weibull

plot at the low strength end of data was simply caused by

the fact that there exists a minimum level of fibre strength,

which is necessary to be able to isolate, prepare and test

any fibre and fibres with strengths below this threshold

level do not appear in the experimental data. The minimum

threshold appears to be affected by the change in gauge

length and this is probably because the damage and the

extent of premature failure resulting from the imperfection

of the single fibre technique are associated with gauge

length of the sample. For example, the sample with shorter

gauge length could be more sensitive to the misalignment

between the fibre axis and the loading direction and may

give a higher threshold level in the data. Despite this

complexity, the values of 3–5 are obtained for Weibull

modulus and agree with typical values found in the

literature [16, 25]. These typical small values imply that

both coefficient of variation and the magnitude of the

dimension effect are quite high for the strength of unsized

fibres. Weibull characteristic strength corresponds to a

failure probability of 63.2 % and is found to decrease as

the gauge length increases as shown in Table 1. This is the

manifestation of dimension effect on the strength of brittle

glass fibres. The dimension effect on r0 has shifted the

Weibull plot towards lower stress as the gauge length

increases as seen in Fig. 5. It is more probable to encounter

more severe flaws as the fibre length increases. Finally, it is

obvious from Fig. 5 that for the linear Weibull plot there is

an excellent agreement on estimated parameters between

maximum likelihood method and the graphical method.

The sized E-glass fibres, on the other hand, apparently

show nonlinear Weibull plots at each gauge length in

Table 1 Summary of parameter estimation for unimodal Weibull

distribution (unsized fibre)

Gauge length (mm) Maximum likelihood Linear regression

m r0 (GPa) m r0 (GPa)

5 4.6 1.69 4.8 1.69

10 4.8 1.65 5.0 1.64

20 3.9 1.39 4.1 1.38

40 3.2 1.34 3.3 1.34

80 3.9 1.26 3.9 1.26

Fig. 5 Weibull plots of E-glass fibres at different gauge lengths

(open circles unsized, filled circles sized); dashed line maximum

likelihood method, solid line linear regression method and dash
dotted line fit based on bimodal Weibull distribution

c
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Fig. 5. Nonlinear Weibull distribution has been reported

for glass fibres and other brittle fibres [11, 12, 26–29] and

usually related to multiple failure modes associated with

different types of the flaw population in the material. This

has led to an introduction of multimodal Weibull distri-

bution, which is determined by multiple sets of m and r0

and each pair of these parameters correspond to a type of

flaw population that controls one type of fibre failure mode.

It follows that for a bimodal Weibull distribution the failure

probability may be expressed by

P ¼ 1� x exp � r
rA

0

� �mA
� �

� 1� xð Þ exp � r
rB

0

� �mB
� �

ð5Þ

where x is the fraction of failures due to type A flaws and

m and r0 with A or B scripts are the Weibull modulus and

characteristic strength for types A and B flaws, respec-

tively. The Weibull plots in Fig. 5 for the sized fibres at

different gauge lengths were, therefore, fit by the bimodal

Weibull distribution and the estimated parameters were

listed in Table 2. It was found that to achieve a reasonable

overall fit it was preferable to ignore some lowest strength

data in sized fibres since we now believe that the deviations

related to these data points are likely to stem from the same

reason described earlier for unsized fibres. It is seen in

Fig. 5 that the Weibull plots of sized fibres can be rea-

sonably fit by the bimodal Weibull distribution, suggesting

that failure of the sized fibres may be controlled by two

exclusive types of flaw population, which are referred to be

as types A and B hereafter. Comparing r0 of these two

types of flaws in Table 2, it is clear that type A flaws are

more severe than type B. Furthermore, type B flaws appear

to be more homogeneous than type A as the former has a

much higher Weibull modulus as seen in Table 2. It is

interesting to observe from Fig. 5 that the high strength

distribution (i.e. type B dominated distribution) gradually

phases out as the fibre gauge length increases. On the

contrary, the low strength distribution (i.e. type A domi-

nated distribution) progressively form the majority of the

Weibull plot as the fibre length increases. This dynamic

process during the length change is also reflected by the

variation of x with the fibre length in Table 2.

The comparison of Weibull plots in Fig. 5 between

unsized and sized fibres clearly shows that the silane, c-

APS, has a significant effect on the retention of fibre

strength. In the same Weibull coordinate, the Weibull plots

of unsized fibre are all located on the left of those from

sized fibre. It is quite impressive that a minute proportion

of a silane couple agent at the fibre surface can actually

have such a profound effect on the performance of the

fibre. It is interesting to see that the type A distribution in

sized fibres tends to overlap with the Weibull plots of

unsized fibres, implying that the failure mode of unsized

fibre is probably related to the type A flaws. It is important

to point out that the difference in Weibull plots between

unsized and sized fibres becomes less significant as the

fibre gauge length increases. Therefore, it is reasonable to

say that the effectiveness of strength improvement result-

ing from the surface coating is affected by the change in

gauge length of the sample. This may be explained by the

time dependence of silane adsorption on glass fibre surface

and/or nonuniformity of silane distribution. Thomason and

Adzima [9] conducted an investigation of the effect of a c-

APS containing size adsorption on the properties of glass

fibres and reinforced polyamide-6,6 and they showed that

the sizing coverage on the fibre surface is unlikely to be

fully achieved when the fibres are brought together to make

the first contact. Consequently there is a possibility for the

development of severe flaws at those bare spots through

fibre–fibre interaction during the secondary fibre process-

ing. This may account for type A flaws existing in both

unsized and sized fibres. As the fibre length increases, it is

more probable for sized fibres to encounter type A flaws

and in turn the fibre strength is determined more frequently

by type A flaws. In this sense, type B flaws may be

regarded as the defects existing on the surface coated with

silanes. It is noted that r0
B obtained from APS sized fibres

in this study agrees well with the average strength, 2.83

GPa, of sized fibre with 94 % sizing coverage in [9], where

the fibres were caught immediately after sizing application

and had little possibility to develop type A flaws. Type B

flaws may be created under the protection of dry-out silane

layers and/or arise from type A flaws altered by the silane

deposit on the surface. Figure 6 shows the observation of

fractured cross-sectional area of sized glass fibres with

various tensile strengths. It appears that fibre fracture tends

to originate from the fibre surface despite the different level

of strength measured in this study. This supports the

speculation that both types A and B flaws are located on the

fibre surface. The above-discussion has been carried out

from surface protection standpoint and assumed that glass

fibres, before gathering into strands, are free from surface

flaws. However, it is also possible that silanes may alter the

Table 2 Summary of parameter estimation for bimodal Weibull dis-

tribution (sized fibre)

Gauge

length (mm)

x Type A Type B

mA r0
A (GPa) mB r0

B (GPa)

5 0.10 4.3 1.42 10.2 2.84

10 0.28 4.5 1.21 10.5 2.88

20 0.30 3.1 1.15 10.9 2.88

40 0.58 3.4 1.14 10.3 2.78

80 0.61 3.1 1.05 10.1 2.73
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flaws created after individual fibres are gathered. Accord-

ing to the flaw healing mechanism proposed by other

authors, the aggregates of chemical species in the coating

have to be small enough to effectively fill the flaw space

[11, 12, 16]. Consequently, critical dimension of flaws was

introduced to account for the observation of overlapping in

high strength data of Weibull plots from unsized and sized

fibres [11, 12, 16]. It appears that the Weibull plots

obtained from this study show the opposite situation, in

which the overlapping occurs at low strength distribution.

This discrepancy suggests that the effect of the silane on

the strength of commercially produced glass fibres may

better be interpreted from the surface protection viewpoint.

Conclusions

The mechanical performance of commercially manufac-

tured unsized and c-APS sized boron-free E-glass fibres

were characterised by means of the single-fibre tensile test

in the present study. Apparent fibre modulus was found

highly dependent on the fibre length and was then corrected

by taking into account the system compliance. The length

dependence was also observed for measured fibre strength

due to the dimension effect. The average strength of sized

fibre was found 40–80 % higher than the unsized at dif-

ferent gauge lengths, indicating that silane plays an

important role in fibre strength. Weibull analysis showed

that failure mode in unsized glass fibres could be well

described by a unimodal Weibull distribution. In contrast,

sized glass fibres exhibited further levels of structure in

Weibull plots, which could be reasonably fit by a more

complex bimodal Weibull distribution. It was, therefore,

suggested that the strength of sized fibres were controlled

by two exclusive types of flaw population, namely types A

and B. The comparison of Weibull plots from unsized and

sized fibres further revealed that type A-controlled distri-

bution tended to overlap with the Weibull distribution of

unsized fibres and degree of the overlapping was observed

to increase as the fibre length increased. This observation

was supported by the increase of the values of the mixing

parameter as gauge length of the sample increased. It was,

therefore, concluded that the strength of unsized fibres was

likely dominated by type A flaws, which might appeared at

the bare surface while type B flaws might be related to the

surface flaws existing on the glass surface coated with

1.0GPa 1.5GPa

2.2GPa 2.6GPa

Fig. 6 SEM photos of fractured cross-section area of glass fibres with different tensile strengths (value for the tensile strength is shown in each

photo and arrow indicates the failure locus)
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silane. The mixture ratio of these two types of flaws was

found to be dependent on gauge length of the sample and in

other words, effect of silane coupling agent on fibre

strength is influenced by the change in gauge length of the

sample. Based on the results from this study, it is suggested

that the effect of silane coating on the strength improve-

ment of commercially manufactured glass fibres may be

better interpreted from the surface protection standpoint

than the viewpoint of the flaw healing mechanism.
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