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Abstract
The current work presents for the first time the
application of luminescence spectroscopy in

following the micromechanics of deformation in
glass-fibre reinforced composites; this has been
achieved using luminescence-active glass fibres
prepared from glass doped with ¥m Glass

prepared in this way exhibited several relatively

lanthanides (such as SmEr") enable the local
stress state in glass to be observed using phato an
electroluminescence [5-6].

2 Experimental

2.1 Materials
Glass of composition (wt %) 64 % SiO

sharp and intense luminescence peaks observed in6.5 % ALO;, 1.6 % CaO, 10.7 % M@, 0.4% MgO,
the range 550 nm to 700 nm. The luminescence band16.3 % BO;, and 0.5 % Smfwas produced using

located at 648 nm was used for the calibratiorhef t
local strain state of the fibre due to its shiftverds
lower wavenumbers with increasing strain. The
fragmentation of Sm-doped glass fibre has been
followed in detail and the behaviour analysed using
a classical shear-lag analysis.

1 Introduction

It is a well-established fact that the physical
properties of the interface between a fibre and
a matrix material in a composite are very important
as this governs the stress-transfer process, which
turn is responsible for the effectiveness of the
reinforcement [1]. Raman spectroscopy is
a commonly used technique in analysing the
deformation micromechanics and the strength of the
interface  between composite matrices and
reinforcing fibres [2]. Although a wide range of
fibre-matrix systems have been studied using this
technique, glass-fibre-reinforced polymer-matrix

composites have not been characterised since it has

not been possible to obtain well-defined Raman

spectra of glass. Attempts have been made to—

overcome this problem by coating the fibres with
a strain sensitive material such as polydiacetylene

urethane copolymer [3] or using carbon nanotubes as

stress sensors in the vicinity of the glass filjdds

However, a recent study has reported that the use o

a standard melting process. Glass rods
approximately 20 cm long and 0.5 cm diameter were
drawn from the melt which were subsequently used
to form the individual fibres.

The resin matrix used in these experiments was
an epoxy Araldit& LY/HY5052 (Ciba-Geigy 5052).
The butan-1,4-diol diglycidyl ether resin (LY5052)
was mixed with the isophorone diamine hardener
(HY5052) in a 50/19 weight ratio.

2.2 Composite preparation

Dumbbell shaped single-fibre composite was
prepared of dimensions illustrated in Fig. 1. Rrst
some of the resin mixture was poured into a mould
and allowed to cure partially for 4 hours at room
temperature then a glass fibre (approximately 1 cm
long) was carefully placed onto the surface of the
resin in the centre of the sample. The secondgfart
the resin was then poured into the mould and the
samples left to cure for at least seven days ahroo
temperature.
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Fig. 1. Schematic representations of the dumbbell
specimen used in fragmentation test.
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2.3 Luminescence spectr oscopy 4 Singlefibre deformation

A Renishaw System-1000 spectrometer was As depicted in Fig. 2, several relatively sharp
employed to record spectra, using a 514 nm Ar laser and intense peaks of luminescence spectrum of glass
(Spectra-Physics Lasers) and a x50 lens. This lensfibres were observed in the range 550 nm to 700 nm.
focused the laser to a spot size of aboptr2on the
fibore surface. A highly sensitive Peltier-cooled
charge-coupled (CCD) camera was used to collect 70000
the luminescence spectra using an exposure 60000
time of 10 s. All spectra were fitted using
a Gaussian/Lorentzian function to determine the
peak position at each strain level.

In order to calibrate the 648 nm luminescence
band shift of the glass fibres, a single glassfivas
encapsulated onto the epoxy resin sample of 10000
dimensions 60x10x3 mm. The specimen was left to ,
cure at room temperature for at least one week. T THATS SR
A strain gauge (type EA-06-240LZ-120, produced Luminescence Wavelongth (nm)
by Vishay’), of gauge factor 2.08, was attached
parallel to the fibre in order to monitor the suda Fig. 2. The luminescence spectra of Sm-doped glidhs
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strain applied to the system. The specimen was then the 648 nm peak highlighted.
placed in a small four-point bending rig situated o _
the microscope stage of an Olympus optical The luminescence band located at 648 nm was

microscope, which was part of the Renishaw 1000 used for subsequent stress assessment due tgfits hi
system. The strain was increased in increments of intensity and distinctive linear shift toward lower

0.1% in tension, and spectra taken. wavelengths during tensile experiments as shown in
The dumbbell specimen was mounted on a Fig 3. The shift in the peak positiodv, with
Miniature Materials straining rig (MINIMAT™, respect to the applied strain, was found to bealine

Polymer Laboratories Ltd, UK), which was, in turn, with slope Av/Ae = -0.08 nm% (R* = 0.99) as
placed on the microscope stage. The strain in the illustrated in Fig 4.

matrix was simultaneously measured using a strain

gauge attached to the matrix surface adjacenteto th

fibre. Spectra were recorded along the length ef th 90000
fibre within the composite at various matrix stsin #5000
up to failure of the dumbbell specimen which
occurred at about 1.1% matrix strain.

3 Mechanical testing

The tensile properties of the glass fibres were
measured using an Instron universal testing machine

— unstrained
-+ 1% strain
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75000
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65000
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(model 1122) at a strain rate of 0.0167 ‘%sross- so000
head speed of 5 mm/min, gauge length 50 mm). For 55000 |- | | | | | |
statistical reasons approximately 40 fibres were 62 om e o8 e e o
Luminescence Wavelength (nm)
tested.
The fibres were found to hav_e a mean Young's Fig. 3. Shift in the 648 nm central maximum positisith
modulus of 99+3 GPa, a failure strength of a strain of 1% (dotted ne).

0.88+0.06 GPa and a strain to failure of 0.80+0.05
%. The Young's modulus of these fibres is quite
high compared to literature values for E-glafs {0

GPa in ref. 1). This may be due to the high level o

SiO..
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Fig. 4. The luminescence band shift of the 648
peak as a function of applied strain on a single
Sm-doped glass fibre.

5 Single fibre composite test

Several methods have been developed to
determine the properties of the fibre/matrix
interface. One of the most commonly used is the
single-fibre fragmentation test introduced by Kelly
and Tyson [7]. In this test, a single fibre is

embedded in a large amount of resin matrix and the

specimen is loaded in tension. As the load is
increased, the fibre breaks into fragments. It has

£ = 5,{1 (2)
where &, is the matrix straink; is the fibre
modulus,r; is the fibre radius, anldthe fibre length.

The parameterS is dimensionless and can be
expressed as follows:

_coshg(l /2-x)
coshg(l /2)

ZG 1/2
B=|—5—F
E,r; IniR/rfj

where G, is the shear modulus of the matrix
and R is the radius of a solid cylinder of matrix
around the fibre that is influenced by the applied
stress.

The interfacial shear stress along the fibre can
be calculated from the equilibrium of forces acting
over a small area on the surface of the fibre [10],
which gives:

3)

I do,
T2 dx

Hence, an expression for the variation of the
interfacial shear stress along the fibre can bveér

(4)

been demonstrated that luminescence spectroscopyaS:

can be used to study the micromechanics of load

transfer during fragmentation testing [8].

In this study luminescence spectroscopy was
employed to measure the axial stress along a studie
fibore by monitoring changes in stress sensitive

luminescence band positions at each stage of matrix

" sinh (i 12- %) )

Gm
T=E¢&,
{ZEf In(R/rf )} coshA /2

5.2 Fragmentation analysis
Fig. 5 shows the strain distribution along the

load. A shear-lag approach was used to analyse theSm-doped glass fibre at a matrix strain of bot®4.5

results.
5.1 Shear-lag model

The shear-lag model was originally proposed
by Cox [9]. The model assumes that the fibre aed th
matrix are in an elastic state, there is a perfect
adhesion along the interface, and there is nosstres
transferred across the ends of the fibres [1]. The
variation of the axial fibre stresgx( and strain &)
with position &) along an embedded fibre is given as
follows [10]:

_coshg(l /2- x)} M

o, =&,E(|1
coshgl /2

and

and 1.0%. The local fibre strains are low at thoeefi
ends which indicate the transfer of shear stress fr
the epoxy resin matrix to the fibre [10]. The fibre
strain then increased to a value approximately lequa
to the matrix strain.

At 1% matrix strain it can be seen that the fibre
broke into two fragments as the failure strainha t
fibore was exceeded. The fibre strain at the fibre
break point drops to about zero.

All of the solid lines through the experimental
data represent the theoretical calculations based o
Eq. 2. The value of R/r was calculated as 70 based
on the specimen dimensions3(mm thickness) and
the fibre diameterl#42 um), which gives a close fit
to the experimental data.

Closer inspection of Fig. 5 shows that the data
points, more noticeable at a matrix strain of 0.5%,
do not exhibit a plateau region at the central afea

3
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the fibre; instead, the fibre strain increases gy Well defined luminescence spectra from the glass
from one fibre end to the other. This gradual with a linear shift with strain of the 648 nm band
increase was postulated to be due to a variation in were obtained. Using the above technique it was
the fibre diameter along its length, as was obskrve possible to construct calibration curves for theie

in some cases. The fibres were manually hand drawnin evaluating the strain distributions along fibre

therefore rendering it difficult to maintain a cearst within model composite.
fibre diameter. As the fibre diameter is relatedhe The micromechanics involved in the
load transfer, the strain is therefore also affiecte fragmentation behaviour of Sm-doped glass fibre

The corresponding interfacial shear stress was studied in detail using classical shear lag
distributions derived from Eq. 5 are shown in Fg. analysis. From this analysis the maximum interfacia
It can be seen that the interfacial shear stress isshear stress was determined to be 36 MPa.

highest at the fibre ends as predicted by the dagar The current work demonstrates for the first
analysis. The maximum interfacial shear stress, time the mapping of a glass fibre-resin composite
for Sm-doped fibre was found to be 36 MPa. interface, thus highlighting the potential for ugin
doped fibres as strain gauges within related bulk
L materials.
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