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Investigation of debonding processes in particle-
filled polymer materials by acoustic emission
Part II Acoustic emission amplitude and energy release by
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A theoretical description of the debonding process is presented by using Griffith’s criterion

of rupture, that is applied to the balance of free energy during the debonding of a spherical

filler particle from the polymer matrix. Debonding processes in model composites prepared

from epoxy and polyethylene matrix filled with glass beads of various sizes have been

investigated by acoustic emission analysis. The amplitude distribution for all AE events at

the debonding stress was calculated and fitted by a Weibull distribution function. By

comparing the results of debonding stress with the measured amplitudes, the influence of

the different filler coatings on the energy balance of debonding can be discussed on the

basis of the Griffith theory.
1. Introduction
Debonding processes in particle-filled polymer com-
posites can be described by using a model based on the
Griffith theory of rupture. The change of free energy is
used as a criterion for the debonding of spherical
particles in a polymer matrix. Different polymer ma-
terials (epoxy, polyethylene) filled with glass beads of
various sizes and surface treatment, have been investi-
gated under tensile loading by acoustic emission anal-
ysis. The debonding stress was derived from the num-
ber of acoustic emission events per strain or stress
interval. In addition, the acoustic emission technique
offers the capability of measuring the amplitude of the
ultrasonic stress waves, which is related to the energy
release of the underlying failure mechanism [1]. The
measured acoustic emission amplitude is compared to
the energy of debonding, and can be derived from
model calculations using the debonding stress.

2. Griffith theory of debonding
A theoretical treatment of debonding processes can be
given using Griffith’s [2] criterion of rupture applied
to the change of free energy, *F
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According to calculations by Gent and co-workers
[3, 4] and Zhuk et al. [5], the change of free energy by
debonding of a spherical particle from an elastic

matrix is given by the difference between the surface
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energy, F
4
, needed for the detachment of the matrix

from the filler (Fig. 1).
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(where / is the debonding angle, R the particle radius,
c the surface energy (density)), and the released elastic
energy, F
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where r is the applied stress, E the modulus of the
matrix, ¼ (/) the normalized mechanical energy for
R"1m, r"1 Pa, E"1 Pa, k is a constant ("2.29),
representing the volume of stress release, and q

0
is the

stress concentration factor (+2)
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using

c6 "

Ec
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(7)

where c6 is the reduced surface energy.
Debonding is only possible for *F(0. The energy
released by the debonding process, *¼, is given by
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Figure 1 Model for debonding of a spherical particle from an elastic
matrix under uniaxial stress, after Gent [3, 4].

the change of free energy. The initial defects (see
Part I [6]) are usually small (/

0
"d/R(0.1) and

can be neglected
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where r
$

is the macroscopic debonding stress.
The released energy, *¼, is primarily determined

by the mechanical energy, which is reduced by the
surface energy, c, needed for the detachment of the
matrix from the filler surface, especially for the case of
small filler particles and large c values. The deviation
of *¼ from

*¼ J

r2
$

E
R3 (10)

can be shown by plotting *¼(R, c) in double logarith-
mic scale (Fig. 2).

3. Experimental procedure
3.1. Materials and specimens
Two different types of model composite (epoxy resin,

polyethylene) were prepared to investigate the influ-
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Figure 2 Normalized debonding energy depending on filler size and
surface energy, c"0, 0.2, 0.4, 0.6, 0.8, 0.95 (/"65°, E"1 Pa,
r"1 Pa).

ence of filler and matrix properties on the failure
process. Experiments with composites from epoxy
resin matrix filled with glass beads of various sizes
(50—63, 80—90, 100—125, 160—200, 315—400 lm) and
surface coatings (peroxide copolymer only, grafted
layers of polystyrene or polybutylacrylate) were per-
formed to study the effect of filler size and coating on
the energy released by debonding. Another series of
tests using different types of linear polyethylene matrix
(medium density, trade-mark TIPELIN) with different
degree of branching (Table I), filled with uncoated
glass beads of various sizes, was carried out to investi-
gate the influence of the matrix properties. A detailed
description of the preparation procedures is given in
Part I [6] of this paper.

3.2. Test methods
Tests were performed at constant speed. Acoustic
emission was monitored on an AET Model 5500 sys-
tem using a transducer with a resonant frequency of
175 kHz as described in Part I [6] of this paper. The
acoustic emission amplitude, A, is calculated from the
transducer signal voltage, º, as

A " 20 log
º

º
3%&

(11)

with º
3%&
"0.1 or 1 mV (40/60 dB preamplifier gain).

The type of preamplifier and the event duration
clock settings were adjusted to match the dynamic
range of the acoustic emission system to the individual
conditions in terms of signal amplitude and event
duration. For a resonant transducer, the event dura-
tion is related (approximately proportional) to the
signal amplitude [1]. Therefore, low peak amplitude
signals require high preamplifier gain and short clock
counter intervals for maximum signal resolution,
while high peak amplitude signals need low preampli-
fier gain and longer clock counter intervals to avoid
amplifier overload and duration counter overflow.

The data were processed and analysed off-line by
custom-made software in order to avoid a reduction of
system performance by real-time analysis. In a first

step, a device-independent file containing the values of



TABLE I Physical data of Tipelin-polyethylenes. MM
8
"molecular weight, weight average; MM

/
"molecular weight, number average;

e"degree of branching"CH
3
-end groups/1000 CH

2
-units; q"density; X

#
"degree of crystallinity from WAXS or DSC; ¹

.
"melting

temperature

Tipelin type MM
8

MM
/

e q (g cm~3) X
#

¹
.

(°C)

BS-501-17 198000 12000 0.6 0.950 0.75 122
FA-470-02 187000 20000 2.0 0.947 0.73 119
FB-472-20 2.0 0.950 0.73 119
the variables strain, k, stress, r, and peak amplitude,
A, was calculated from the raw AET 5500 data. These
files were used to calculate frequency diagrams with
respect to peak amplitude, A, and for further analysis
on deformation energy using MA¹¸AB for ¼indows.
The main focus of this analysis is on the peak ampli-
tude of the acoustic emission events near the debon-
ding stress. Therefore, only acoustic emission events
that occurred in a narrow stress interval at the debon-
ding stress, were selected for the amplitude distribu-
tions.

For a quantitative analysis, we tried to describe the
obtained amplitude distribution (histogram) by a suit-
able distribution function. Pollock [7] suggested sev-
eral empirical distribution (e.g. Log normal) functions
for amplitude distributions. Lorenzo and Hahn [8]
generated amplitude distributions by computer simu-
lation of fibre breakage in unidirectional composites,
that could be fitted by a Weibull distribution function.
This approach is empirical too, but has the advantage
that the minimum amplitude, A

0
, being determined by

the sensitivity of the measurement system, can be
taken into account as a fixed parameter of the distri-
bution function [9]
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where N
0

is the normalization parameter, A
0

the sen-
sitivity, A

1
the amplitude parameter, and m the

Weibull modulus. A formally similar and also empiri-
cal distribution function is the extreme values function
used by Wu et al. [10]. An experimental comparison
of our data with the different empirical distribution
functions in question led to the result that the ampli-
tude distributions from the deformation of the model
composites are best fitted by the Weibull function.
Therefore, this distribution function was fitted to the
experimental amplitude distribution data by the
method of a least squares fit using a Levenberg—Mar-
quardt—Algorithm (MicroCal ORIGIN) to quantify
the maximum of the amplitude distribution, A

.!9
, near

the debonding stress

A
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4. Results
The amplitude of an acoustic emission event corre-

lates directly to the energy released by the underlying
failure process [1]. According to the calculations in
Section 2, the energy released by particle debonding,
*¼, is determined by the debonding stress and the
filler size. For the following analysis we make the
assumption that the debonding stress is proportional
to its experimental modal value, r

$
, which was deter-

mined from the maximum of the number of acoustic
emission events per stress or strain interval as de-
scribed in Part I [6]. The radius, R, of the filler
particles is given by the mean value of the size distri-
bution.

4.1. Epoxy composites
Specimens of epoxy composites filled with glass
beads with different polymer coatings and of various
size, have been investigated by tensile loading until
rupture at room temperature (¹"22 °C). The influ-
ence of the polymer coatings on the measured acoustic
emission amplitude is comparatively small, but it
depends strongly on the filler size [11] as it is
shown in Table II. For most filler sizes, the peak
amplitude is maximum for samples only with a coat-
ing of peroxide copolymer, but there is no clear
ranking between the different coatings. An example
for an experimental amplitude distribution with fitted
Weibull distribution function is presented in Fig. 3.
The errors given for the fitted parameters and modal
values of peak amplitude were derived from the stan-
dard deviations (square root of Weibull variances).
The parameter A

0
(lower bound for amplitude) is not

fitted, but determined by the settings of the acoustic
emission detector.

TABLE II Peak amplitude: epoxy composites

Coating Filler size Amplitude,
2R (lm) A

.!9
(dB)

Peroxide 50—63 45$1
copolymer 100—125 62$1

160—200 77$1
315—400 82$5

Polybutylacrylate 50—63 37$1
(additional) 80—90 51$1

100—125 66$2
160—200 70$3

Polystyrene 50—63 36$1
(additional) 100—125 59$1

160—200 75$2
315—400 94$2
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Figure 3 Amplitude distribution for epoxy composite with
160—250 lm glass beads coated with peroxide copolymer only, with
a fitted Weibull distribution function. N

0
"902$40, A

0
"35.0,

A
1
"77.7$0.27, m"8.63$0.45.

TABLE III Peak amplitude: polyethylene composites

Matrix type Filler size Amplitude,
2R (lm) A

.!9
(dB)

BS-501-17 80—110 40$1
160—250 60$1.5
290—420 76$1.5

FA-470-02 80—110 30$1.5
160—250 46$1
290—420 70$2

FB-472-20 80—110 29$1.5
160—250 48.5$1
290—420 71$1

Figure 4 Amplitude distribution for polyethylene composite BS-
501-17 with 80—110 lm glass beads with a fitted Weibull distribu-
tion function. N

0
"3.45]103$44, A

0
"2.50, A

1
"42.8$0.11,

m"2.76$0.041.

4.2. Polyethylene composites
Specimens of polyethylene composites filled with glass
beads of various sizes have been investigated by tensile
loading at room temperature (¹"22 °C). Three
groups of composites with matrices of ethylene—
hexene—copolymers with different degree of branching
and density were tested. The influence of the different
polymer matrices on the measured acoustic emission
amplitude is comparatively small, but it depends

strongly on the filler size, as shown in Table III.
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Overall there is a marked difference mainly between
the samples made from BS-501-17 (low degree of
branching) on one side and the samples made from
FA-470-02 and FB-472-20 (higher degree of branch-
ing) on the other side. The samples with BS-501-17
matrix show higher amplitude values at the debonding
stress than the other samples for all filler sizes.

Fig. 4 shows, as an example, the experimental am-
plitude distribution with fitted Weibull distribution
function for BS-501-17 matrix filled with glass beads
of 80—110 lm diameter. The errors given in the table
and in the diagram were derived from Weibull vari-
ances as described above.

5. Discussion
According to the calculations in Section 2, the energy
released by particle debonding, *¼, is given by

*¼ "

r2
$

E
R3 [¼(/)!c6 S (/)] (14)

If we neglect the influence of the reduced surface
energy, c6 , and the debonding angle, /, the released
energy, *¼, should be proportional to the macro-
scopic deformation energy, ¼

$
, at the debonding

stress, r
$
. As the deformation of the composites is not

strictly elastic, ¼
$

is calculated by numerical integra-
tion of r (k)

*¼ J

r2
$

E
R3

J ¼
$

(15)

¼
$
" P

k
$

k"1

r (k) dkR3 (16)

Wolters [1] showed that, in the case of fibre breakage,
the acoustic emission signal voltage, º, is propor-
tional to the released energy. The signal voltage, º, is
directly measured by the transducer and related to the
peak amplitude by

A " 20 logA
º

º
3%&
B (17)

where A
0

is the apparatus constant. Now, we assume
that this is also true for debonding in a particulate
composite. Thus, the acoustic emission signal voltage,
º, should also be proportional to the deformation
energy, ¼

$

º
.!9

J ¼
$

(18)

PA " A
0
#20 logA

¼
$

¼
0
B (19)

where ¼
0

is the normalization constant. Differences
in debonding energy because of different values of
surface energy and debonding angle should be notice-
able as deviations from the linear plot A(log¼

$
).

5.1. Epoxy composites
The results of the experiments with epoxy composites

agree very well with these predictions. Plotted against



Figure 5 Correlation between acoustic emission amplitude and
calculated debonding energy for epoxy composites filled with glass
beads with different coatings and various sizes. (s) Peroxide
copolymer only, (e) polybutylacrylate, (h) polystyrene.

log(¼
$
), the amplitude values for all samples with the

same filler coating show a linear behaviour with only
a few exceptions. As shown by the diagram in Fig. 5 it
is remarkable that, for samples coated with polysty-
rene, all amplitude values are higher than the corres-
ponding data points for the other samples.

According to our theory, these differences should be
determined by the expression [¼(/)!c6 S (/)], i.e. by
the surface energy and the debonding angle, which are
also related to the debonding stress. The analysis of
the debonding stress is described in Part I [6]. The
results for r

$
indicate that, for samples with polysty-

rene coating, c6 is reduced and therefore the energy
released by acoustic emission is higher, compared to
the deformation energy, ¼

$
. This correlation between

comparatively high AE amplitude and low debonding
stress is characteristic for all epoxy samples. Obvious-
ly, the low debonding stress, which indicates poor
adhesion between filler and matrix, is the reason for
comparatively high acoustic emission amplitudes.
From the perspective of the Griffith theory, this means
that a smaller fraction of the mechanical energy, which
is released by the debonding process, is dissipated by
the formation of new surfaces, and therefore a greater
fraction can be detected as acoustic emission.

Compared to those specimens, where the filler par-
ticles are coated only with peroxide copolymer, the
samples coated with polybutylacrylate show only
slightly smaller AE amplitudes, but a strong decrease in
debonding stress. In our model the energy released by
debonding is mainly determined by the adhesion (cor-
responding to debonding stress) and the stress concen-
tration by the filler particle. Therefore, the results for
polybutylacrylate, indicate that the soft layer of poly-
butylacrylate reduces the adhesion and stress concen-
tration as well. An overview of the results is given in
Fig. 5. The error bars represent the estimated error for
¼

$
, including the errors of r

$
and k

$
(x-axis) and the

error derived from Weibull variances for A
.!9

(y-axis).

5.2. Polyethylene composites
The experimental data for the polyethylene com-

posites were evaluated in the same way. In this case,
Figure 6 Correlation between acoustic emission amplitude and
calculated debonding energy for polyethylene composites filled with
glass beads of various sizes. (s) BS-501-17, (h) FA-470-02, (n)
FB-472-20.

too, a linear correlation between the acoustic emission
amplitude and the logarithm of the deformation en-
ergy at the stress of debonding is noticeable. The
debonding stress data are given in Part I [6]. The
samples with the highest debonding stress (matrix
BS-501-17, low degree of branching) exhibit (com-
pared to the deformation energy) the lowest AE ampli-
tude. The other composites (matrix FA-470-02 and
FB-472-20) show only slight differences in debonding
stress and also in peak amplitude. In all, the ranking of
the curves A

.!9
(log¼

$
) follows the order of the mo-

dal values for debonding stress, as shown in Fig. 6.
The error bars were determined as described above.

6. Conclusion
A theoretical description of the debonding process is
presented using Griffith’s criterion of rupture, that is
applied to the balance of free energy during the debon-
ding of a spherical filler particle from the polymer
matrix.

Debonding processes in model composites prepared
from epoxy and polyethylene matrices filled with glass
beads of various sizes, have been investigated by
acoustic emission analysis. Each debonding event is
detected as one distinct acoustic emission event,
whose amplitude is measured. The amplitude distribu-
tion (histogram) for all AE events at the stress of
debonding was calculated. Then a Weibull distribu-
tion function was fitted to the experimental data to
determine the maximum of the amplitude distribution.

Comparing the results for debonding stress with the
measured AE amplitudes, it is possible to estimate the
influence of the different filler coatings on the energy
balance of debonding. The elastic energy which is
released by debonding and induces acoustic emission,
is determined by the deformation energy at the debon-
ding stress. Depending on the surface energy which is
dissipated by the detachment of the matrix from the
filler surface, the amount of energy released as acous-
tic emission is (compared to the deformation energy)
lower for filler particles with high debonding stress, i.e.

surface energy.
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