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A number of industrial sectors, including automo-
tive, building and leisure, have recently shown inter-
est on natural fibers, as reinforcement for low-weight,
environmental-friendly materials. The introduction of nat-
ural fiber composites in components for large volume
applications requires studies aimed at predicting their in-
service behavior, in particular fatigue and impact test-
ing. Some recent investigations have raised concerns on
the performance of these materials, especially when sub-
jected to a high number of cycles, as an effect of a long-
service life, in harsh environmental conditions [1-3]. The
use of nondestructive testing techniques, such as acoustic
emission, as monitoring methods during mechanical tests,
proved useful in previous studies on mechanical charac-
terization of natural fiber composites [4, 5].

Two approaches are used to predict impact damage on
laminated composites reinforced with artificial fibers [6].
The first one is based on estimating the overall size of
impact-damaged area and considering stress distribution
in the region surrounding the impact point, whilst the
second one is aimed at detecting the appearance of the
first matrix crack, then the study of the initiation and
propagation of delamination.

When dealing with plant-fiber composites, both ap-
proaches are viable, at least in principle: however, a num-
ber of difficulties can be perceived. First, the measurement
of impact-damaged area has been revealed to be particu-
larly difficult, as an effect of the fibers becoming loose and
suffering early debonding around the impact point, even
at low stress [7]. Second, the study of impact damage ini-
tiation is based on the assumption that the laminate shows
limited presence of defects prior to impact and that the
direction of impact, whether mono- or bi-dimensional,
determines the damage propagation mode. However, in
biological materials, such as plant fibers, the combined
presence of stronger and weaker parts is a natural layout,
aimed at obtaining the maximum possible impact resis-
tance. In other words, natural materials work effectively
through the limited and controlled occurrence of defects
[8]. In plant fiber reinforced composites, because of the
larger dimensional variability of fibers and fiber bundles,
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defects can more easily lead to disruptions in the lami-
nate geometry than in glass fiber reinforced composites
[9]. In addition, the capability of detecting defects and
especially measuring their level of criticality is crucial
to arrive to the possible production of components with
plant fibers reinforcement. In this context, the acoustic
emission (AE) technique can present some interest, for
its capability of providing data from real-time monitoring
during post-impact testing [10].

In the present work, plain woven jute fabric/polyester
plates (100 mmx 100 mm), manufactured using a resin
transfer moulding (RTM) process with a 60% wt. rein-
forcement content, have been impacted and then subjected
to cyclic post-impact three-point bending tests. The im-
pactenergy was changed, by varying the mass of the hemi-
spherical drop-weight steel impactor, whilst maintaining
the impact velocity constant at 2 m/s (£5%). Impact tests
were conducted on a CEAST Fractovis impact tower fitted
with an anti-rebound device. The plates were divided into
eight categories with five specimens in each category. One
group of specimen was not impacted, while the remainder
were impacted at energies of 5, 7.5, 10, 12.5, 15 and 20 J,
and the last one was impacted to penetration according to
ASTM D3763, always using a hemispherical impactor tip
diameter 12.7 mm. Depending on the impact energy, the
total mass of the impactor varied: 2.53 kg (5 J), 3.89 kg
(7.5 1), 4.99 kg (10 J), 6.26 kg (12.5 J), 7.54 kg (15 J),
and 9.97 kg (20 J). The penetration energy measured on
these laminates was equal to 25 (£2.2) J.
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Figure I Set-up for the cyclic three point-bending test.
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On the impacted specimens, a 25.4 mm diame-
ter indentor was used to undertake cyclic three-point
bend tests, using an Instron 9400 universal testing ma-
chine, and following the scheme in Fig. 1. A loading
rate of 4 mm/min was used. This condition was the
highest loading rate that allowed one to monitor the whole
test using acoustic emission technique without any loss of
information due to system saturation. The acoustic emis-
sion apparatus employed was AMSY4, manufactured by
Vallen Systeme GmBH, Icking, Germany. During acous-
tic emission monitoring, a threshold of 38 dB and an over-
all amplification of 36 dB with no internal amplification
were employed. Four sensors were placed on the samples
to form a 70 mm square grid to allow damage localization
with a linear time of arrival technique. The sound veloc-
ity in the plates was measured via the acoustic emission
sensors and was equal to approximately 2600 m/s.

The loading programme for cyclic three-point bend
tests was defined by using the average ultimate flexu-
ral stress values for laminates impacted at different en-
ergies are reported in Fig. 2 and were used to define a
loading programme for fatigue testing. After 50 bending

200

TABLE I Percent of ultimate bending strength at which failure during
cyclic tests occurred

Bending strength for failure of

Impact energy (J) impacted samples (%)

5 90
7.5 90
10 90
12.5 90
15 90
20 80

cycles at 10% of their average ultimate flexural stress
for each impact energy, 50 bending cycles at 20% were
performed and so on, until the specimen failed. The typ-
ical stress at which failure occurred for most specimens,
normalized by the ultimate flexural stress, is shown in
Table I. On some specimens, real-time characterization of
the progression of impact damage at definite intervals dur-
ing cyclic three-point bend tests was also carried out, using
a thermoelastic stress analysis (TSA) system Deltatherm
by Stress Photonics, based on the thermoelastic principle,
first expressed by Lord Kelvin [11, 12].
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Figure 2 Bending strength of jute/polyester laminates impacted with different energies.
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Figure 3 Thermoelastic stress measurement on a jute/polyester laminate impacted at 10 J during fatigue loading at 20% of their bending strength.
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Figure 4 AE events localization plots during bend tests at different stress levels (% of bending strength) on an impacted jute/polyester laminate.
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Figure 5 AE counts vs. duration plots at different impact energy and flexural stress levels.
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The real time characterization of impact damage pro-
gression during three-point bend tests via thermoelastic
stress analysis showed that damage in natural fiber rein-
forced laminates progresses as far as the defects present
in the laminate reach a critical energy that allow them
to develop. It is also likely, as previously observed [13],
that these defects are going to coalesce, triggering the
final failure of the laminate. In this process, increasing
the impact energy causes more damage, mainly by al-
lowing defects to propagate easily via the higher stress
concentration induced by the impact energy. As a re-
sult, impact damage typically appears to be concen-
trated in a few regions aligned along the centre of im-
pact, depending on defects already present in the material
(Fig. 3).

Fig. 4 shows the acoustic emission localization plots
during flexural tests at different stress levels on a
jute/polyester specimen (impact energy=15 J). At low
stress level (not exceeding 40% of the bending strength),
damage appears prevalent on the impact line, whilst it

tends to be more dispersed over the specimen, also for the
higher deflection reached, for higher stresses. At stresses
approaching failure, as it can be observed for the graph at
80% of the bending strength, the events tend to be redis-
tributed, concentrating in the region where the failure is
going to occur.

Previous studies on the residual properties of dam-
aged composite materials have shown that the dimen-
sion of the discontinuities D present in the laminate and
the residual material strength o, are linked to define
the critical stress intensity factor Ki.: K. = o.(wr D)™,
where m is a constant [14]. The stress intensity fac-
tor K; of the laminate and the critical stress inten-
sity factor of the laminate containing discontinuities are
in turn function of the cumulative counts N; of the
acoustic emission activity as follows: Ny = f(Ki/K|.)
[15].

In Fig. 5, an alternative representation of the above rela-
tion is represented, as the event counts are plotted against
the event duration. Here, the characteristics of the curves,
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Figure 6 AE amplitude distributions at different impact energy and flexural stress levels.
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especially the presence of large duration events, appear to
be dependant on the applied bending stress (10, 40, and
70% of the laminate bending strength) rather than on the
impact energy applied on the laminate. An explanation of
this can be that the flexural damage affects the value of
Ki. and then of o, much more than the previous impact
damage. This would justify the inconsistent reduction in
bending strength reported in Fig. 2 when increasing im-
pact energy from 5 to 20 J, whilst a substantial decrease is
observed passing from intact specimens to those impacted
with the lowest energy, 5 J.

This is substantially confirmed from amplitude dis-
tribution histograms (Fig. 6), which suggest once again
that the influence of flexural damage is particularly
significant. Acoustic emission activity, comparing lam-
inates tested at the same flexural stress, but previ-
ously impacted with different impact energies, appear
to vary randomly, depending on the presence of de-
fects in the single laminate. This suggests that damage is
substantial even for impact at the lowest energy, 5 J: in-
creasing the energy does not markedly increase the level
of damage obtained for a 5 J impact, until a value sufficient
for the penetration of the laminate is reached.

The results obtained suggest that impact damage and
residual properties of jute fiber reinforced composites are
mainly defects-driven characteristics. This means, as con-
firmed by the acoustic emission analysis, that there is no
real dependence of the damage produced on the energy
applied. However, it indicates also that no impact, even
at very low energy, can be deemed to result in negligi-
ble damage, in that it may allow pre-existing defects to
deteriorate.

More in general, this study confirms that there is scope
for the investigation of residual properties in natural fibers

reinforced composites using monitoring techniques, such
as acoustic emission and thermographic techniques. These
can be useful not only to detect defective areas, but also to
predict the occurrence of failure and characterize it. Future
work would require extending the assessment of residual
properties using monitoring techniques to hybrid glass
fiber-plant fiber reinforced laminates, whose application
appear more viable in structural components.

References

1. J. GASSAN, Compos. Part A-Appl. S 33 (2002) 369.

2. P. WAMBUA,J.IVENS andI. VERPOEST, Compos. Sci. Technol.
63 (2003) 1259.

3. B. K. SARKAR
2213.

4. C. SANTULLI, NDT&E Int. 33 (2001) 531.

5. T. CZIGANY,J. Compos. Mater. 38 (2004) 769.

6. B. SCHRAUWEN and T. PEJIS, Appl. Compos. Mater. 9 (2002)
331.

7. C. SANTULLI, Sci. Eng. Compos. Mater. 9 (2000) 177.

8. X. D. LI etal., Nano Lett. 4 (2004) 613.

9. 0. 1. BENEVOLENSKI et al., J. Thermoplast. Compos. 13 (2000)
481.

10. T. KAWAGUCHI et al., Compos. Sci. Technol. 64 (2004)
1057.

11. W. THOMSON, Trans. Royal Soc. Edinburgh 20 (1853) 261.

12. J.M. DULIEU-BARTON, Strain 35 (1999) 35.

13. C. SANTULLI, M. JANSSEN and G. JERONIMIDIS, J. Mater.
Sci., in press.

14. G. CAPRINO and R. TETI, Compos. Sci. Technol. 35 (1995)
53.

15. G. CAPRINO, R. TETI and I. DE IORIO, Compos. Part B 36
(2005) 365.

and D. RAY, ibid 64 (2004)

Received 15 June
and accepted 20 July 2005

1259



