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During the deformation of an unfilled matrix of ethylene-tetrafluoroethylene (ETFE),
microcracking was observed by small-angle X-ray scattering(SAXS), although it does not cause
significant acoustic emission because the released energy is too small to be detected (size of
microcracks « size of fibres). Fibres induce local stress maxima and increase the formation of
microcracks. Fibre delamination processes were monitored by acoustic emission analysis. The use
of coupling agents improves the fibre—matrix adhesion and increases the mechanical yield stress
and decreases delamination processes. A simple model for estimating the energy released by fibre
delamination processes was suggested. The predicted difference in peak amplitude between the
two extreme processes agrees well with the results of the experiments. The characteristic values of
the peak amplitude distributions, however, do not show any significant dependence on fibre
coating or testing temperature. Further investigations by SAXS and acoustic emission analysis,
especially at low strain, will be necessary to obtain more detailed information about the initial
formation of microcracks and fibre delamination.

1. Introduction

Acoustic emission analysis is widely used for monitor-
ing fracture processes in long-fibre and laminate com-
posites. Wolters [1] described the basic principles for
the application of acoustic emission analysis to short-
fibre reinforced thermoplastics. The objective of the
present work was the characterization of failure mech-
anisms occurring during tensile testing of ethy-
lene—tetrafluoroethylene (ETFE) composites rein-
forced by short glass fibres. Small-angle X-ray scatter-
ing (SAXS) measurements show scattering from
microcracks both in the composite and in the pure
matrix material. Therefore acoustic emission analysis
was used to obtain additional information about the
failure mechanisms in these composites.

2. Theory
2.1. Failure processes in short-fibre
composites

Three basic failure modes caused by uniaxial deforma-
tion of short fibre complosites are as follows:

1. Matrix cracking. This occurs both in the pure
polymer matrix and in fibre-reinforced composites by
the formation of

(a) submicrocracks,

(b) crazes perpendicular to the strain direction, and

(c) interfibrillar microcracks paraliel to the strain
direction;
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2. Failure of the matrix—fibre interface. This occurs
because of

(a) stress applied normal to the fibre surface (de-
bonding) and
(b) shear stress leading to fibre pull-out.

Depending on the strength of the fibre-matrix inter-
face, the matrix slips off the fibres (bad contact, ad-
hesive failure) or breaks near the interface (good con-
tact, cohesive failure).

3. Fibre breakage. If the stress applied to the fibres
becomes greater than their strength, fibres will break.

2.2. The amplitude distribution function

The stress wave propagation in the specimen is very
difficult to describe [2] since the wavelength is com-
parable to the specimen size. Experiments using model
composites with single fibres show that the peak am-
plitude measured from an acoustic emission event is
proportional to the energy released by the underlying
failure process [1]. Failure mechanisms with different
energy values should be characterized by their peak
amplitude values. Lorenzo and Hahn [3] performed
a computer simulation for fibre breakage in a model
composite. The resulting (cumulative) amplitude dis-
tribution was modelled by a Weibull distribution
function with two parameters b and ¢ in the equation
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There is generally more than one failure mode during
the composite deformation process. Wu et al. [4]
proposed a linear combination of individual distribu-
tions to describe the amplitude spectrum of the entire
process.

This distribution function requires the measured
amplitude distribution data to be normalized to unity.
Another problem is the lower amplitude limit, which
results from the fixed threshold level. Therefore and
for easier interpretation we used the corresponding
distributive function:

_ _dCD(A)
o) = ——2 @
A —(cit+1) AN
0i(4) = ai(E) CXP[—<E> :l (3)
¢ = Y oidanbi,c) )

i

i=1

where ¢ = normalization factor, b = most frequent
peak amplitude value and ¢ = width of distribution.
Now the linear combination is given by adding the
individual distributions.

3. Experimental procedure

3.1. Materials and specimens

The ETFE matrix was a copolymer of ethylene
(38.5%) and tetrafluorocthylene (61.5%) with a low
fraction (0.4%) of perfluoropropylvinylether (PPVE)
produced by Hoechst.

The fibres were glass fibres (E glass) with an average
diameter of 10pum and an average length of
L = 60 um. One fraction of the fibres was treated with
the coupling agent LZ44 (neopentyl(diallyl)oxytri
(N-ethylenediamino)ethylzirconate) to improve the
fibre-matrix interface.

The specimens were prepared by melting the mix-
ture of matrix and a weight fraction of 10% of fibres
under pressure (p =25bar) at a temperature of
295°C, followed by cooling to room temperature
(cooling rate approximately 3 K min~*).

The influence of the coupling agent on the
fibre-matrix interface was studied by breaking com-
posites at low temperature (7 =~ —190°C, liquid
nitrogen) and analysing the fracture surface by scann-
ing electron microscopy. Electron micrographs (Figs
1 and 2) show that in the composite made of fibres
without coupling agent, the matrix is removed from
the fibres. In the composite made of the fibres treated
with coupling agent LZ44 most of the fibres are
covered with polymer matrix. This indicates that the
fibre-matrix interface is improved by the coupling
agent.

3.2. Small-angle X-ray scattering

The SAXS experiments were carried out with samples
of the pure matrix and composites with 20% by vol-
ume fibre content. The coupling agent was Lica 97
(neopentyl(diallyl)oxytri(m-amino)phenyltitanate).
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Figure 2 ETFE with fibres treated with LZ44.

3.3. Test methods
Tensile tests were performed on a Zwick testing ma-
chine at a constant speed of 5 mmmin~'. Acoustic
emissions were monitored on an AET Model 5500
system. The AET 5500 was set up in linear test mode
with two transducers attached to the specimen by
spring clamps. The transducers were standard AET
AC375L with a resonant frequency of 375kHz and
a sensitivity better than 70 dB referred to
1 V(ubar)~!. The detected signals were passed
through a bandpass filter FL-25 with a flat frequency
response between 250 and 500 kHz. Then they were
preamplified in an AET Model 140B preamplifier with
a total gain of 40 dB and a flat frequency response
between 1kHz and 2 MHz. Final amplification was
performed by the AET Signal Processing Unit with
39 dB. The preset parameters are given in Table I.
The acoustic emission data were analysed by cus-
tom-made software to correct the amplitude values for
attenuation in the specimen. Especially in thermoplas-
tic composites the acoustic emission signals arc
strongly attenuated when they are transmitted
through the specimen before they reach the sensor.
Wolters [1] suggested a method to correct the ampli-
tude values. The origin of an acoustic emission event
can be localized when the event is detected by two
sensors. With a given attenuation value d in the speci-
men it is possible to calculate the original peak ampli-



TABLE I AE preset parameters

Parameter Preset value
Preamplifier gain (dB) 40
Amplifier gain (dB) 39
Threshold voltage, V (fixed) 0.5
Event duration clock (ns) 1000
Longest event (us) 3839
Dead time (us) 256
Rise time clock (ns) 250
Distance locator clock (ns) 250

Acceptance criteria
Ring down counts
Event duration (us)

3 < N < 4095
2 < T <3839

tude A4 of the event at the place where it happened:
A = A +ds, (5)

where A" = measured peak amplitude, d = signal at-
tenuation (0.75dBmm ~?*) and s, = distance to the
SEnsor.

In our case where the attenuation is very high the
fraction of acoustic emission events that can be local-
ized is only small. Most events, however, occur under
one of the sensors and cannot be localized because the
distance to the other sensor is too far. Therefore we
consider all non-localized events to be independent
and add them without correction to the corrected
data.

The stress and strain data were fed to the AET 5500
through the analogue input channels. As most of the
specimen is covered with clamps and sensors, optical
strain measurement cannot be used here. The strain is
determined from the traverse distance. Therefore the
strain data are only accurate relative to different tests
but do not reflect absolute values.

4. Experimental results

4.1. Small-angle X-ray scattering

SAXS data were obtained during tensile testing of the
specimens. Microcracks and voids cause scattered
radiation at very high intensities due to the large
difference in electron density between them and the
polymer matrix. The SAXS experiments were carried
out with synchrotron radiation (wavelength 0.15 nm)
at HASYLAB (DESY, Hamburg) [5].

Obtaining the SAXS data was done step by step.
The specimen was strained by a certain interval (strain
rate Smmmin~'), eg. A =10 to A =12 (h=1/l,
where [, = initial length); then deformation was stop-
ped and a two-dimensional scattering image was
taken by scanning with a linear position-sensitive de-
tector. These steps were repeated several times to
higher deformations.

Assuming an ellipsoid of revolution with axes a and
va (v > 1) as the form of the microcracks, the inner
part of the diffraction curve can be described in
a Guinier approximation by

1{b) = (Ap)*V?exp(—4n’Rib?) (6)

where Ry = radius of gyration, b = absolute value of
the scattering vector = 2sin8/A, 20 = scattering angle,
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Figure 3 Guinier plot of scattering data and fitted curve: (x) ex-
perimental, (—) theoretical.
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Figure 4 Results of the Guinier approximation: ( x) without coup-
ling agent, (+) with coupling agent, () pure matrix.

Ap = difference in electron density and ¥V = volume
of the scattering units. The diameter a of the ellipsoid
is connected with the radius of gyration by
Ry = a/5'? [6].

It is impossible to make a statement about the large
axis va, which reflects the longitudinal dimension of
the microcracks parallel to the strain direction, be-
cause of limited resolution. Although the diameters of
the microcracks should be distributed over a certain
range, the scattering data can, to a first approxima-
tion, be described satisfactorily by a superposition of
two contributions with diameters a; and a,:

I(b) = I, (b) + L., (b) 7

Fig. 3 exemplifies the scattering data and the fitted
curve together with the two contributions I,, and
I,, which form a straight line in the Guinier plot (log I
versus b?). Fig. 4 shows a survey of results from fitting
data sets of different specimens: the pure matrix and
two composites with 20 vol% fibre addition, one with
a coupling agent and the other without any coupling
agent.

One can draw several conclusions from the results:

(a) The pure polymer matrix shows scattering by
microcracks although it is not possible to detect any
sound emission.

(b) The diameters a; and a, show no great vari-
ation during the deformation, with one difference: the
pure matrix shows a slight increase in the magnitude
of a; and a, during the initial phase (A < 2). The
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composites show nearly constant diameters a, and a,.
Obviously the formation of microcracks happens in
such a short strain interval that we could not detect
the initial phase. From acoustic emission analysis we
found a maximum in the acoustic emission rate for
composites at small strains of A ~ 1.2 and smaller. As
soon as fibres are added to the polymer matrix, the
matrix is stressed higher in the composite to get the
same rate of deformation as in the specimens without
any fibres. Therefore in the composite the formation of
cracks should happen much earlier than in the pure
matrix.

4.2. Acoustic emission during tensile testing
The rate of acoustic emission N; was calculated as the
number of events that occur in a strain interval of
Al = 0.01. In order to make diagrams from different
tests comparable, the acoustic emission rate was pro-
jected to a constant strain interval of AL = 0.01. For
plotting together with stress—strain curves the acoustic
emission rate was multiplied with a scale factor of
1072, Fig. 5 shows the acoustic emission rate during
the deformation of ETFE with 10% glass fibres with-
out coupling agent at room temperature (20°C).

Tensile tests were performed at different tem-
peratures between —40 and +80°C with a maximum
strain of A ~ 1.5. The shapes of the stress—strain curves
and the corresponding acoustic emission rate vary
only slightly, but the acoustic emission rate decreases
along with the yield stress. At all temperatures the
composites made of fibres coated with LZ44 show less
acoustic emission activity than the composites made
of uncoated fibres. For comparison between different
tests the average acoustic emission rate N, was cal-
culated:

Ny, = N/AL (8)

The average acoustic emission rate N at different
temperatures is shown in Fig. 6.

4.2.1. Peak amplitude distribution

Peak amplitude distribution functions were fitted to
the experimental data by the method of least squares
(Fig. 7). The fixed threshold cuts off the peak
amplitude distribution at a minimum value of 35 dB.
Therefore the amplitude distribution function was
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Figure 5 Acoustic emission during deformation: ETFE with 10%
uncoated fibres.
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Figure 6 Change of average acoustic emission rate with temper-
ature: ETFE with (@) 10% uncoated fibres, (A) 10% fibres coated
with LZ44.
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Figure 7 Peak amplitude distribution with fitted distribution func-
tion: ETFE with 10% uncoated fibres.

multiplied with a step function with a cutoff at 35 dB.
The measured amplitude distributions indicate that
a second failure process with a higher characteristic
peak amplitude is superimposed on the main failure
process. For further information about the depend-
ence of peak amplitude on the deformation, the peak
amplitude data were analysed for three different inter-
vals of the tensile test:

(1) an interval of low strain, where the stress in-
creases linearly and the acoustic emission is low,

(i) the transition from linear to plastic behaviour
including the yield point, where the acoustic emission
reaches its maximum, and

(i) the region of plastic flow with decreasing
acoustic emission. i

The fraction of events with high peak amplitude
values has its maximum in the first and second inter-
val and decreases gradually after the yield point. Fig. 8
shows as a typical example the change of the peak
amplitude distribution during the deformation of
ETFE with 10% glass fibres without coupling agent at
room temperature (20°C). This effect was observed in
both types of composite without significant differ-
ences. The characteristic distribution function para-
meters (b, ¢) show no systematic dependence on either
fibre type or temperature. Typical values for the re-
sults of fitting a peak amplitude distribution function
to the experimental data are

(i) the main failure process: b = 39.3-41.5 dB and
¢ = 8.6-10.6.



Figure 8 Change of peak amplitude distribution during deforma-
tion.

(i) a secondary failure process at low strain:
b =51.1-553dB and ¢ = 9.3-12.4.

5. Discussion

5.1. Identification of failure processes

Tests using pure matrix specimens without fibres do
not show any significant acoustic emission at all. This
demonstrates that acoustic emission is caused by pro-
cesses related to the fibres.

Fibre breakage is only possible if the fibres are long
enough. The critical fibre length I, can be estimated
by [7] l .

c Of

d 21, ®
With of =40 MPa (yield stress of the polymer
matrix), T, = 0.58 o} (failure hypothesis of Huber,
von Mises and Hencky [1]), of = 2300 MPa (fibre
strength) and d = 10 um (fibre diameter) the critical
fibre length is I, = 500 pm. As the fibres used in the
composites (L ~ 60 um) are much shorter, fibre break-
age is unlikely.

This shows that in this case acoustic emission is
caused by fibre delamination processes. With respect
to the results of peak amplitude distribution analysis,
the main failure process was interpreted as fibre de-
bonding. Since the fibres are oriented randomly in the
specimen, failure by normal stress is the more com-
mon process. Fibre pull-out can happen only to fibres
that are aligned more or less parallel to the strain
direction.

5.2. Model of fibre delamination processes
Berthelot [8] suggested a one-dimensional model of
microcracking in the polymer matrix. He modelled the
rupture process by a mass—spring system and cal-
culated the energy released as

1/ o2 R
AW, = =2 |81 —
=3 )

with o, = ultimate stress in the rupture area,
E = Young’s modulus of the rupture area, S = surface
created during rupture, [, = transfer length (i.e. the
length of stress redistribution) and R = interaction
after rupture. Neglecting the interaction after rupture

L 2r
Debonding Fibre pull-out

Figure 9 Model of fibre delamination processes.

R, the released energy is

1/ o2
(% 11
AW, 2<E>Sll (1)

In this case the model system was applied to fibre
delamination processes. We consider two different
processes representing the extreme cases that can
occur (Fig. 9).

(i) Fibres with orientation perpendicular to the
strain direction undergo debonding because of stress
normal to the fibre surface. The debonding process is
considered to be constrained to one side of the fibre.
With [, = r and S = nLr where L = mean fibre length,
the energy released by fibre debonding is

[8)

162\ -
AI/Vdebonding = *2*(?>T5Lr2 (12)

(ii) Fibres with their axis oriented parallel to the
strain direction are pulled out of the matrix because of
shear stress. The transfer length representing the range
of stress redistribution is estimated as I, = L/2, the
decohesion surface is the fibre surface S = 2nri, and
following von Mises [1] the maximum shear stress
was estimated as t,, = 0.580,,. Then

1/1% _
=3\ g nrL (13)

This simple calculation shows that in general fibre
pull-out releases more energy than fibre debonding.
Since the peak amplitude of an acoustic emission
event is proportional to the energy of the underlying
failure process, the expected difference in peak ampli-
tude between the two extreme processes is

A Wpullout

AW
AA =20lo vP—“L> 14
g <A Wdebonding ( )
= 201og(0.67v) (15)

with v = L/2r. In this case (v ~ 5) the expected differ-
ence in peak amplitude is A4 ~ 10.5 dB. Considering
that this simple model does not take into account the
effects of coupling agents and interactions between
adjacent fibres, the calculation agrees well with our
results.
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Figure 10 Change of yield stress with temperature: ETFE with
(®) 10% uncoated fibres, (A) 10% fibres with LZ44.

5.3. Influence of temperature and coupling
agent
Fig. 10 shows that, especially at low temperatures, the
coupling agent increases the yield stress of the com-
posite. With increasing testing temperature the acous-
tic emission decreases along with the mechanical yield
stress. The polymer matrix becomes more ductile and
fibre delamination processes are reduced because the
stress transfer to the fibres decreases. Also the com-
posites with fibres coated with coupling agent show
less acoustic emission due to better fibre-matrix ad-
hesion. The energy released by fibre delamination,
however, which is related to the peak amplitude of the
acoustic emission signal, does not depend significantly
on temperature or fibre coating. According to the
model calculations the decrease in matrix strength at
high temperature and the improved fibre-matrix ad-
hesion by the coupling agent should reduce the peak
amplitude of acoustic emission events; this was not
observed. It may be that the stress transfer length and
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the fracture surface rise with decreasing matrix
strength, and level off the influence on the character-
istic peak amplitude. Probably these effects are too
small to exceed the statistical variation of the fitted
parameters. Further SAXS and acoustic emission ex-
periments are planned for getting more information
about this point.
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