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Abstract

This paper explores an on-line experimental method to highlight the process of internal damage development in composites by

taking advantage of ultrasonic inspection. A loading device, which can work together with an ultrasonic inspection system, was
designed, and the interlaminar shear damage of a double-sided grooved specimen of composite was examined on-line with the
system. A full view of the progressive internal interlaminar damage, seen only with di�culty by common inspection methods, was

successfully achieved. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Experimental techniques are paramount in composite
mesomechanics. They aid us in better formulating the
basic laws of mechanics. Theoretical analysis and
numerical simulation are soundly reliable only when
they are set up on an experimental basis. Experimental
observations highlight not only novel phenomena, but
also their underlying mechanisms. The experimental
techniques of mesomechanics are now progressing
rapidly and have been turning into a typical inter-
discipline, with the help of new accomplishments and
progress of various disciplines [1,2].

In situ tests and on-line experiments are two important
factors mostly expected in the mesomechanics research.
The conventional methods used to observe the deforma-
tion process are the multi-specimen method or the single-
specimen method. In the former the specimens are loaded
to di�erent deformation stages, while in the latter one
specimen is loaded and unloaded repeatedly many times
in order to record the deformation of the specimen at
di�erent stages. However, neither of these can provide
us with a realistic and accurate recording of the defor-
mation development of a sample under load. In situ and
on-line tests have enjoyed growing favor among
researchers. For example, the deformation evolution on
the specimen surface has been monitored by using SEM
with a loading stage or a Questar remote measurement
system equipped with an MTS material testing system in

our laboratory. Moreover, the deformation of solid
materials can bemeasured by holography, speckle-pattern
interferometry [3,4] or other techniques. However, with all
of these methods it is impossible to detect the defects and
damage growth processes inside solid materials. As is well
known, it is extremely important to understand how
defects generate and grow inside a material under load.
Techniques such as x-radiography and ultrasonic wave
methods which can detect the inside of materials are
therefore usually chosen to ful®ll the task. The distin-
guishing feature of ultrasonic inspection is that ultra-
sonic pulses can easily penetrate solid objects and detect
internal ¯aws in materials [5±7]. In addition, this
method is harmless to users. Researchers are therefore
increasingly turning to ultrasonic inspection for reveal-
ing the deformation mechanisms of materials [8,9]. In
this paper, an ultrasonic inspection system is adopted to
explore an on-line experimental method in order to
highlight the process of internal damage development in
composites by taking advantage of ultrasonic inspec-
tion. Actually, we expect to reveal the internal damage
evolution in a woven glass-fabric composite by using the
immersion ultrasonic C-scanning technique.

2. Experiment

2.1. Test specimen

The interlaminar shear damage which occurs in a
double-sided grooved specimen is the delamination
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between laminae in the middle of the specimen. Usually,
observation of delaminations in composites is made
either by microscope or by ultrasonic C-scanning system
after testing. In order to examine the details of the
extension of interlaminar damage, the specimen must be
cut in two. But, in this way, we may only observe one
stage of the damage growth process. However, the
damage extension which develops with increasing load
or deformation is more worth investigating. The ultra-
sonic inspection is therefore, adopted to examine the
damage growth process of a composite in an inter-
laminar shear test. C-scanning seems perfect for the
study of interlaminar damage in the double-sided
grooved composite specimen for the following reasons:

(1) The surface of specimen is even. This guarantees
that almost no de¯ection of ultrasonic pulses can occur
on the specimen;

(2) The cracks do not overlap each other. The cracks
in deeper positions cannot be found if they overlap each
other along the transmission direction;

(3) The crack propagates evenly and straight, which
guarantees that the echo can return to the probe along
the original transmission direction. The interlaminar
shear test of double-sided grooved specimen was there-
fore, performed with the on-line experimental technique
by using the USIP 20 ultrasonic C-scanning test system.

The test material is a woven glass-fabric-reinforced
epoxy composite. The plain-weave glass fabrics con-
tained 44 (warp)� 34 (weft) strands per 2.5 cm� 2.5 cm
square area. Each strand consists of 400 ®laments, 9 mm
in diameter. The con®guration and dimension of the
specimen is given in Fig. 1.

2.2. Loading device

A loading device equipped with C-scanning water
tank was designed and constructed in order to highlight
the damage development processes at di�erent loading

stages. The loading device can work together with the
USIP 20 ultrasonic C-scanning test system. The design
of the loading device in this paper is mainly aimed at the
interlaminar shear testing of composites.

There are many factors to be taken into account in
the design of the loading device. Firstly, both maximum
load and maximum displacement were determined by
the tests performed on an Instron materials testing
machine. The next stage was to work out how to load
the sample in the water tank of the C-scanning system.
A schematic illustration of the loading device is shown
in Fig. 2. The left part is a decelerator with a handle.
When the test was performed, the handle was turned
round and round. The load was transferred from the
handle to the decelerator, which was used to reduce the
loading velocity and change the loading direction. Then,
the working stage of the ¯at nosed pliers was slid along
the sliding track with the decelerator. The load was
transferred from the decelerator to the ¯at-nosed pliers,
then to the load arm and ®nally to the specimen [10,11].
After that, the grips were designed to satisfy the fol-
lowing three requirements: (1) the load should be acted
along the longitudinal axis of specimen; (2) the assembly
and disassembly should be very easy; (3) the specimen
should not slip from the grips during the loading
process.

In addition, the device was limited by the size of the
water tank and the scanning system, see Fig. 2.

2.3. On-line experiments

The interlaminar shear tests were performed with the
loading device. The test was displacement controlled
manually. A digital dial indicator ®xed up with the
pliers indicated the total displacement of specimen. The
ultrasonic C-scanning tests were performed under an
immersion type pulse-echo mode utilizing a 5 MHz
focused transducer. Re¯ections from the front surfaces
of the specimen (RFSS) and a glass plate (RGP) under
the specimen were all captured by the ultrasonic equip-
ment monitor and then gated. The method is usually
used to detect thin plates. The deformed specimens were
scanned at di�erent loading stages.

Fig. 1. The double-sided grooved specimen. Fig. 2. A schematic illustration of the loading device.
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3. Results and discussion

Fig. 3(a) shows the C-scanning image obtained before
loading. From the ®gure, one can easily see the outline
of specimen and the two grooves. Fig. 3(b)±(d) show the
C-scanning images obtained during the loading process
and they correspond to di�erent deformations respec-
tively. The last three images in Fig. 3 are zoomed for
clarity. During the scanning process, the interface echo
near the left groove is not disturbed by the distortion of
the groove edge because the left groove locates on the
back of specimen. So we focus our attention to the
image of the interlaminar crack and damage near the
left groove.

The above images consist of 18 colors. Di�erent color
demonstrates di�erent amplitude of pulse echo. The
RGP amplitude ranges from 0.0% to 6.4% full screen
de¯ection (FSD) with the transit of black to white. The
increment of amplitude is 0.4% FSD. The color scale is
shown at the right-upper corner of the image. During
the on-line test, it is ensured that the colors were iden-
tically de®ned for all images, provided both minimum

and maximum of RGP amplitude are unchanged in all
images.

The edge of the specimen is determined by the half-
wave method [12]. The basis of the method is derived
from the quantitative determination of shape and size of
¯aws in ultrasonic inspection area. At ®rst, the max-
imum RGP amplitude of the intact region is measured.
A border region whose amplitude equals half the max-
imum is then de®ned as the edge of the specimen. In
Fig. 3, the maximum amplitude is 6.4% FSD. A half of
the amplitude is 3.2% FSD. From Fig. 3(a), the half of
the maximum RGP almost locates at the middle of the
transitional region of colours. Clearly, this does indicate
the boundary of the specimen. When the RGP ampli-
tude of a region is lower than a half of the maximum
RGP, the region is then considered as cracked. Con-
cretely, the boundary between 2.8% FSD and 3.2%
FSD (around the middle of the green region) is taken as
the front of the interlaminar crack. The zoom of the
crack front is shown at the right-botton corner in
Fig. 3(d). The crack front can be easily distinguished
in the zoom with the enhanced edge. We can now

Fig. 3. The crack growth of a woven glass-fabric composite in an interlaminar shear test. (a) elongation 0 mm, (b) elongation 2.167 mm, (c) elon-

gation 2.192 mm, (d) elongation 2.195 mm.
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demonstrate the crack-growth process clearly by com-
paring the co-ordinates of crack front (Fig. 4). The co-
ordinate of the point at which the crack front intersects
the longitudinal axis of the specimen changes with
increasing total deformation (Fig. 5). The original crack
front is nearly straight. But, with increasing total
deformation the shape of the crack front becomes irre-
gular. It seems that cracking is inhomogeneous. The
crack propagates slowly when the elongation ranges
from zero to 2.167 mm. After that, a tiny increment of
total deformation induces a quick propagation of the
crack to failure. The specimen fractures completely
when the total displacement reaches 2.200 mm.

The above data and information are all obtained by
the half-wave method. Furthermore, we found a distinct
expanding region between the crack front (2.8±3.2%
FSD) and the intact material (6.4% FSD). The reduc-
tion of the pulse-echo re¯ection occurring inside the
uncracked specimen can only be attributed to a certain
damage growth ahead of the crack front. We assumed
that the initial edge damage area should be less than 5%
of the whole uncracked specimen. From Fig. 3(a), this
corresponds to an RGP amplitude less than 4.4% FSD.
Hence, we de®ne a region whose RGP amplitude is
from 3.2% FSD to 4.0% FSD as an obvious damage
region, and the boundary between 4.0% FSD and 4.4%
FSD (light blue) is de®ned as the damage front. Much
more importantly, we found that the obvious damage
region propagates at a higher speed than the crack
front. Fig. 6 shows the damage development process in
a way similar to Fig. 4. In fact, the RGP amplitude of
this region is higher than a half wave, but is much
lower than the maximum amplitude. The above infor-
mation thus really shows that the material in the region
is damaged but not completely fractured. It seems that
the woven glass-fabrics begin to separate from the
matrix, but do not completely delaminate. Therefore,
the boundary between 4.0% FSD and 4.4% FSD
demonstrates a damage-growth process. This has not
been revealed by other methods in interlaminar shear
tests.

Comparing Fig. 4 with Fig. 6, it is very clear that
both crack and damage fronts propagate with increas-
ing deformation. But the damage area expands more
quickly. We can deduce that the propagation of the crack
and the rapid propagation of the damage front accom-
pany each other. It may be, then, that the interlaminar

Fig. 4. The damage-growth process obtained by the half-wave method

(referring to Fig. 3(a)±(d)).

Fig. 5. The curve of crack front and specimen displacement.

Fig. 6. The damage-growth process obtained according to the region

from 3.2% FSD to 4.0% FSD (referring to Fig. 3(a)±(d)).
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fracture should be attributed to both crack propagation
and more rapid damage extension.

4. Conclusions

(1) In order to highlight the damage-growth process
under loading, a loading device equipped with an ultra-
sonic C-scanning test system has been designed. The
whole system works very well.

(2) With the loading device, the ultrasonic inspection
system successfully records the crack and damage-
development process in double-sided grooved composite
specimens. The quantitative results show that a small
increment of total deformation can induce the rapid
propagation of an interlaminar crack in the ®nal stages of
damage. This may be due to the more rapidly propagating
damage which spreads widely ahead of the crack.
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