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Nondestructive evaluation of thermal stress-induced failure in the free edge region of thin
composite laminates (1 mm thick) has been carried out. The damage zone which arose
under a cryogenic cooling was examined using the ultrasonic C-scan and optical
microscopy. Characteristic behavior of thermo-acoustic emission (AE) detected from the
composite specimen during the heating and cooling cycle indicated the degree of damage
which had occurred differently for as-moulded and cryogenically-treated specimens with
various lay-up angles. Analysis of the vibration spectrum data obtained with short beam
specimens exhibited that the failure occurrence caused an obvious decrease in resonant
frequency and some considerable increase in flexural damping ratio. Total AE energy
showed a feature similar to the flexural damping ratio which increased with increasing
crack density. Consequently, it is thought that thermo-acoustic emission in association
with flexural damping might be employed as a tool for nondestructive evaluation of thin
composite laminates. C© 2001 Kluwer Academic Publishers

1. Introduction
Recently, fiber-reinforced composite materials have
been applied to a variety of components for light-weight
structures due to their advantages of superior strength-
to-weight and stiffness-to-weight in comparison to met-
als and alloys. However, damages and flaws may occur
during the manufacturing process as well as under in-
use conditions, which reduce the mechanical proper-
ties, the reliability and the safety of composite struc-
tures. Therefore many studies on the nondestructive
evaluation of the damage associated with the mechan-
ical property degradation have been reported.

For example, Tracy and Pardeon [1] studied the in-
fluence of delamination on the natural frequency of the
simply supported composite laminates as a function
of stacking sequences using the experimental modal
analysis and finite element method. A feasibility study
on the vibration spectrum analysis as a tool for non-
destructive evaluation of polymer composites was per-
formed by Shelbyet al. [2]. Shen and Grady [3] pro-
posed a variational method for analyzing the effect of
delamination on natural frequency and mode shape of
the laminated beam. Pennet al. [4] studied the natural
frequency of thick composites by the free vibration test
using the piezoelectric patches to compare with a finite
element analysis result.

Because material state and fracture mechanisms
might be estimated by analyzing acoustic emission
(AE) data [5–7], the AE measurement technique has
been also used for nondestructive evaluation in many

engineering fields. The technique has been applied by
Satoet al. [8] to the composites when they are sub-
jected to a thermal load cycle. Thermo-AE was hardly
observed for the composites without damage. However
numerous thermo-acoustic emissions were detected for
the composites containing damage induced by such
mechanical loads as fatigue and static/dynamic loads,
which was thus anticipated as a nondestructive evalua-
tion technique for damaged composites.

On the other hand, composite materials are often sub-
jected to external temperature variation when they are
applied to structures in the fields of aerospace industry,
atomic reactors and electronic parts. For thick compos-
ite laminates with thicknesses beyond 3.0 mm, the de-
lamination phenomena caused by thermal stresses were
studied by Griffin and Robert [9], Hong and Im [10].

In this paper, thermal stress-induced failures in the
free edge region of thin cross-ply [02/902]S and angle-
ply [+452/−452]S laminates (1 mm thick) are studied
using thermo-AE measurement and flexural vibration
test to find the feasibility of nondestructive evaluation.

2. Experimental
2.1. Composite laminate manufacturing

and cryogenic cooling
Composite laminates used for this study were made
using a unidirectional carbon fiber/epoxy prepreg
(Hankuk Fiber Co.) in autoclave with a curing cy-
cle as in Fig. 1. A temperature drop (1T1) was per-
formed from curing (170◦C) to room temperature. The
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Figure 1 Curing cycle for composite plate manufacturing and cryogenic cooling condition.

manufactured composite laminates 330 mm in length,
215 mm in width and 1 mm in thickness had lay-
up angles of [02/+902]S and [+452/−452]S. Square
type specimens (80 mm× 80 mm× 1 mm) for cryo-
genic cooling were made using a diamond wheel cutter.
The specimens were completely inserted in the cryo-
genic chamber (−191◦C) filled with liquid nitrogen for
30 minutes.

2.2. Ultrasonic C-scan
Ultrasonic A-scan was performed in advance of the ul-
trasonic C-scan. A-scan can detect damages by moni-
toring reflected waves from the internal defect plane in
the specimen. Since the amplitude of reflected waves
from the bottom surface (back echo amplitude) could
be low due to some amount of reflection at the inter-
nal defects, scanning of the back echo amplitude was
performed on the specimen by placing the ultrasonic
focal point at a constant depth near the upper surface.
The ultrasonic transducer was of a focusing type emit-
ting a longitudinal wave of 15 MHz. Its scanning dis-
tance and focusing area were 0.085 mm and 0.1 mm,
respectively.

2.3. Microscopic fractography
Specimens for microscopic observation were extracted
from the edge region of the square type specimens by a
diamond wheel cutter. Some damaged region induced
by cutting was eliminated by rough polishing. The spec-
imens were molded and a flat polishing was performed
with a diamond polishing compound. Microstructure

Figure 2 Specimens for (a) cryogenic cooling, (b)thermo-acoustic emission measurement and (c) flexural vibration.

and failures of the specimens were observed using a
reflection optical microscope.

2.4. Thermo-acoustic emission
measurement

Thermo-acoustic emission was measured by an appara-
tus consisting of an electric furnace, a wave guide and
an acoustic emission measuring system (Mistras-2001,
Physical Acoustic Corp.), similarly to what Satoet al.
[8] did. The specimen of which geometry is shown in
Fig. 2b was mounted on one end of a wave guide beam
in the furnace by using a vacuum silicone grease and AE
transducer(R15, Duengan Corp.: detectable frequency
range 100–450 kHz, resonant frequency 150 kHz) was
mounted on the other end of the guide beam.

A specimen in the furnace was heated from room
temperature to 150◦C at a rate of+4.3◦C/min and
then cooled to room temperature at a similar rate.
The AE measurement conditions were as follows: Pre-
amplification 40 dB, threshold level 35 dB. Acoustic
emission energy rate, event count rate and amplitude
distribution were obtained in this measurement.

2.5. Flexural vibration test
For flexural vibration testing in the specimen thick-
ness direction, two kinds of specimens (5 mm in width,
1 mm in thickness) with different lengths of 80 mm
and 50 mm (see Fig. 2c) were extracted from the edge
region of the C-scanned specimens using the diamond
wheel cutter. During the vibration sweep test, one side
of the specimen, 15 mm in length, corresponding to the
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zone where failure was scarcely observed on the ba-
sis of the ultrasonic C-scan results, was in a fixed state
with a clamping device. The fixed location was excited
with a forced sine wave load and the dynamic displace-
ment at the other side of specimen was monitored with
a laser micrometer and was then processed with a dy-
namic signal analyzer to measure frequency response
function (FRF).

From the measured FRF for each vibration mode,
damping ratiosζi are obtained from the equation [13]

ζi = fb− fa
2 fi

(1)

where fi is resonant frequency fori -th mode;fa and fb
are the frequencies corresponding to 1/

√
2 of the peak

amplitude.

3. Results and discussion
3.1. Fracture mechanisms in the free edge

region
3.1.1. Ultrasonic C-scan image
Fig. 3 shows a typical result of the C-scan obtained
from a [02/902]S laminate experienced by liquid nitro-
gen immersion. Thex-axis indicates the fiber direction
in the 0◦ skin layer. Fig. 3a and b are the scanning result
and its illustration, respectively. Area A, in comparison
with the corner area B and other areas, exhibited a dark
image representing a damage zone which was formed
in a regiony= 37–40 mm near the free edge of the lam-
inate. Thermal stress-induced failure in the [02/+902]S
laminate took place in the free edge region where the
fiber orientation in the core layer was perpendicular
to the free section. Although the back-echo amplitude
was more or less under the influence of the reflective
noise waves at the free edge and/or section, it is to be
noted that the image of damage near the free edge could
be observed using the focusing-type transducer with a
15 MHz longitudinal emission. On the other hand, such

Figure 3 Ultrasonic C-scan result of a [02/+902]S laminate treated by liquid nitrogen immersion.

image of damage was hardly observed for as-moulded
specimens by the C-scan.

Fig. 4a shows an ultrasonic C-scan result of a
[452/−452]S laminate subjected to liquid nitrogen im-
mersion. The corner region C of the laminate revealing
a dark image was damaged. Failure formation was dis-
tributed in a range about 13 mm from the corner point
of the laminate as illustrated in Fig. 4b.

3.1.2. Microscopic observation of cracks
Fig. 5 is an optical micrograph taken from the cross
section corresponding to the free edge of the specimen
in Fig. 3, showing an interlaminar region between the
core layer with 90◦ fibers and the skin layer with 0◦
fibers. Micro-cracks occurred in the core layer near the
plies interface and propagated through the matrix and
the fiber-matrix interface. Average length of the trans-
verse cracks was 540µm, indicating that a high magni-
tude of the tensile thermal stresses beyond the fracture
stress had occurred during the cryogenic cooling. The
direction of the cracks in the [02/902]S laminate was
in a range of 0◦–20◦ angles with reference to the fiber
direction in the 0◦ layer. It is thought that the crack an-
gle depended on the ratio of the interlaminar normal
stressσz to the in-plane normal stressσx [11]. Based
on the results of Figs 3 and 5, a schematic of the edge-
failure formation of the [02/+902]S laminate is shown
in Fig. 6. Micro-cracks took place in the 90◦ core layer
near the 0◦/90◦ plies interface in the free edge region
and propagated about 3 mm in depth. No cracks were
seen in the skin layer. Fig. 7 is an optical micrograph
taken from the section in the corner region C of the
specimen in Fig. 4. Cracks took place in the core layer
with −45◦ fibers near the+45◦/−45◦ plies interface.

Table I summarizes average crack length, crack den-
sity (total crack length per core layer sectional area),
damage zone sizelc and crack angle for each lami-
nate obtained from the above failure observation and
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Figure 4 Ultrasonic C-scan result of a [+452/−452]S laminate treated by liquid nitrogen immersion.

Figure 5 Optical micrograph taken from the cross-section near the free
edge of a [02/+902]S laminate.

Figure 6 Schematic of the edge-failure occurrence of [02/+902]S com-
posite laminate.

the ultrasonic C-scan. Crack length and crack density
of the [02/902]S laminate were larger than those of the
[+452/−452]S laminate, while the damage zone in the
[+452/−452]S laminate was deeper. Many cracks arose
in the core layer under the cryogenic cooling, while only
a few cracks were observed for the specimens subjected
to cooling to room temperature.

TABLE I Edge-failure data obtained from as-moulded(A: 23◦C) and
cryogenically cooled (B:−191◦C ) specimens

Crack Crack Damaged Crack
length density zonelC angle

Specimen (µm) (×10−4µm−1) (mm) (◦)

A
[02/+902]S 160 16.46 - -
[+452/−452]S 190 7.84 - -

B
[02/+902]S 540 21.2 3 0∼20
[+452/−452]S 420 16.5 13 15∼45

Figure 7 Optical micrograph taken from the cross-section near the free
edge of a [+452/−452]S laminate.

3.1.3. Thermal stress distribution
The three dimensional finite element program ANSYS
5.3 was used to predict thermal stress distribution in
[02/+902]S and [+452/−452]S carbon/epoxy lami-
nates under the cryogenic condition. The geometry and
material properties of the laminate model for the fi-
nite element analysis were adopted similar to those
of the specimen shown in Fig. 2a. The model was
cooled from the stress-free to the room temperature
(1T = −100◦C).
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Figure 8 In-planeσx and interlaminar stressesσz, τyz in the 90◦ layer
near the ply-interface of a [02/+902]S laminate.

Figure 9 Through-thickness distribution of edge stresses at the free edge
of a [02/+902]S laminate.

Fig. 8 shows distribution of in-plane (σx) and in-
terlaminar stresses (σz, τyz) along they-axis in the
90◦ core layer near the ply-interface (z= H/4) of a
[02/902]S laminate (lengthL =width W= 80 mm,
thicknessH = 1 mm) which may influence the genera-
tion of micro-cracks. The left end of the horizontal axis
in this figure corresponds to the free edge where the
micro-cracks were observed by the ultrasonic C-scan
and optical microscopy. As compared with the constant
value of stress (a dotted line in Fig. 8) predicted by the
classical laminated plate theory, the stresses near the
edge exhibited a large increase in a tensile mode. Fig. 9
presents through-thickness distribution of the stresses
at the free edge (x= 0, y= 40 mm) of the [02/902]S
laminate. 2z/H = 0 corresponds to the symmetric cen-
ter plane of the core layer and 2z/H = 1 corresponds to
the upper surface of the skin layer. A stress singularity
exists at the 0◦/90◦ ply interface (2z/H = 0.5) on ac-
count of the mismatch in material properties between
the plies. The values ofσz andτyz converged to zero
near the upper surface of the skin layer, whereasσx and
σz revealed large values of tensile stresses in the core
layer with 90◦ orientation.

The thermal stressσ has a linear relationship with
temperature difference1T , given by

σ = f (α, E)1T (2)

whereα andE are the thermal expansion coefficient and
the elastic modulus depending on the fiber direction.
Values of stresses arising at any temperature drop can be

Figure 10 In-planeσx and interlaminar stressesσz, τyz in the−45◦ layer
near the ply-interface of a [+452/−452]S laminate.

determined by multiplication of the stress values with
a normalized value of temperature difference1T/100.

Combinations of thermal in-plane stressσx and inter-
laminar stressσz caused the formation of cracks in the
free edge region shown in Figs 3 and 5 when the speci-
men suffered the cryogenic cooling (1T/100=−3.1).

Stress distribution near the corner (z= 0.88H/4,
x=−40 mm) for the [+452/−452]S laminate is shown
in Fig. 10. The closer to the left end (x=−40 mm,
y= 40 mm) of the horizontal axis, the bigger inσx and
σz. This corresponded to the occurrence of failure in the
corner region shown in Figs 4 and 6. The calculation
result that the ratio ofσz/σx at the left end was bigger
than that of Fig. 8 agreed with the experimental one
that the crack angle of the [+452/−452]S laminate was
larger than that of the [02/902]S laminate.

3.2. Thermo-acoustic emission behavior
For understanding thermo-acoustic emission (AE)
sources in the laminates, a thick [456/−456]S speci-
men having a similar lay-up structure and a thickness
of about 3 mm was adopted because thicker laminates
were expected to suffer more failure by the cryogenic
treatment [11] and thus generation of many thermo-
AE event-counts was expected from the damaged re-
gion. Fig. 11 shows behaviors of thermo-AE event-
count rates measured from the specimen with liquid
nitrogen treatment during the repetative thermal cycles.
During the first thermal cycle shown in Fig. 11a, large
values of the AE event-count rate were obtained. How-
ever, it drastically decreased in the second thermal cycle
(Fig. 11b). This may indicate that cracking did not pro-
ceed further when the specimen was subjected to the
thermal cycles. Sources of this thermo-AE may have
come from some friction between crack surfaces being
moved by thermal deformation mismatch between the
plies as well as by relaxation of residual stresses accu-
mulated around the crack under the thermal cycles.

Behaviors of AE energy rate from untreated and cryo-
genically treated [02/902]S thin specimens with a thick-
ness of 1 mm are shown in Fig. 12a and b, respectively.
Thermo-AE was intermittently generated from the un-
treated laminate, which indicates that a limited amount
of failure might have occurred in the free edge region of
the laminate due to the temperature drop from curing to
room temperature. Compared with the untreated case,
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Figure 11 Thermo-acoustic emission behavior of a [+456/−456]S specimen during (a) the 1st and (b) 2nd heating and cooling cycles.

Figure 12 Characteristic behaviors of thermo-AE energy rate measured form (a) untreated and (b) cryogenically treated [02/+902]S laminates.

Figure 13 AE event-counts versus peak amplitude distribution of (a) untreated and (b) cryogenically treated [02/+902]S laminates.

the average value of the AE energy rate measured from
cryogenically treated laminate was about 3 times larger
during the thermal cycle. Diagrams of AE event-counts
versus peak amplitude distribution, corresponding to
Fig. 12a and b, are shown in Fig. 13a and b, respec-
tively. Strong emissions with amplitudes up to 60 dB
were generated in the treated specimens, while emis-
sions from the untreated specimen had low amplitudes
below 40 dB. This agreed with the C-scan results (see
Figs 3, 4 and Table I) in that cracks arose with large den-
sity in the free edge region of the [02/902]S laminates

affected by cryogenic cooling. Similar AE amplitude
features were observed for untreated and cryogenically
treated [+452/−452]S specimens (see Fig. 14a and b),
except that somewhat weak amplitude emissions were
produced.

3.3. Flexural vibration characteristics
3.3.1. Resonant frequency change with

failure formation
Fig. 15 shows a typical frequency response func-
tion (FRF) curve of the first mode measured from a
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Figure 14 AE event-counts versus peak amplitude distribution of (a) untreated and (b) cryogenically treated [+452/−452]S laminates.

Figure 15 Frequency response curves measured from as-moulded and
cryogenically treated [02/+902]S specimens.

[02/902]S specimen with a geometry (effective speci-
men length 35 mm) of Fig. 2b containing the damage
zone in Fig. 3. For comparison, the other curve obtained
from a specimen in an as-moulded state is shown in the
same Figure. It is to be noted that the resonant frequency
of the specimen decreased as much as1 fi ·=. 80 Hz due
to the existence of micro-cracks smaller than 0.5 mm
and, in addition, the width (fb− fa) of the FRF curve
representing the damping ratioζi was considerably en-
larged. This indicates that the FRF characteristics may
be utilized for nondestructive evaluation of the present
thin composite laminates which is compared with the
studies [1–4] utilizing the thick composite laminates
containing delamination larger than 2 mm.

TABLE I I Resonant frequencyfi of flexural specimens(A: as-moulded, B: cryogenically cooled)

[02/+902]S [+452/−452]SEffective specimen
Mode length (mm) fA (Hz) fB (Hz) fB− fA fA (Hz) fB (Hz) fB − fA

1 35 827.9 +19.9
−19.9 747.8 +22.3

−22.3 −80.1 348.7 +9.5
−11.6 343.7 +6.1

−11.2 −5.0

65 212.5 +6
−6 200.3 +7.8

−7.8 −15.2 91.3 +0.8
−0.8 86.8 +2.0

−2.0 −4.5

2 35 5515.7 +122.5
−122.5 5112.5 +98.5

−98.5 −401.2 2378.7 +42.5
−32.5 2331.3 +51.2

−27.5 −47.4

65 1374.0 +29.8
−29.8 1267.2 +27.5

−27.5 −106.8 568.9 +2.6
−2.6 553.1 +7.7

−7.7 −15.8

Table II lists the resonant frequency data of the
first and second modes. Since flexural stiffness of
the [+452/−452]S specimens was lower than that of
the [02/902]S specimens, resonant frequencies for the
[+452/−452]S specimens at each mode decreased to
only 40% of that for the [02/902]S specimens. In case
of the damaged [02/902]S specimens, resonant frequen-
cies showed a definite decrease at both the modes and
were much more lessened for shorter specimens. This
drop in resonant frequencies arose due to the decrease
in flexural stiffness caused by crack occurrence. For
the damaged [+452/−452]S specimens, resonant fre-
quency scarcely changed at the first mode, and slightly
decreased at the second mode. The reasons for the de-
creased sensitivity of resonant frequency were thought
to be that the damage zone of the [+452/−452]S speci-
mens was formed only in a local region (length 13 mm)
around the corner and thus the number of micro-cracks
was much less than that for the [02/902]S specimens.

3.3.2. Damping ratio change with failure
formation

Table III presents values of the first and second mode
damping ratioζ i measured through Equation 1. In the
case of the effective specimen length 65 mm, damping
ratio was not so influenced by the cryogenic cooling.
In the case of 35 mm length, damping ratio consid-
erably increased at both the modes for the [02/902]S
specimens and at the first mode for the [+452/−452]S.
The increase in vibration damping might be caused by
the friction between crack surfaces. The large values of
damping ratio in the short beam specimens are under-
standable with a view point of the structural mechanics
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TABLE I I I Damping ratioζi of flexural specimens(A: as-moulded, B: cryogenically cooled)

[02/+902]S [+452/−452]SEffective specimen
Mode length (mm) ζA(×10−3) ζB(×10−3) ζB − ζA ζA(×10−3) ζB(×10−3) ζB − ζA

1 35 15.0 +5.7
−5.7 33.2 +6.2

−6.2 +18.2 7.0 +2.1
−1.9 12.9 +8.6

−4.5 +5.9

65 3.4 +0.1
−0.1 3.2 +1.2

−1.2 −0.2 2.5 +0.2
−0.1 2.7 +0.5

−0.3 +0.2

2 35 12.8 +3.2
−3.2 14.2 +2.5

−2.5 +1.4 41.0 +8.0
−8.0 32.0 +6.0

−6.0 −9.0

65 12.7 +4.3
−4.3 12.6 +5.2

−5.2 −0.1 5.0 +0.9
−0.4 5.3 +1.5

−1.3 +0.3

[12] in that large shearing stresses can be produced
in the interior of short beam during flexural deforma-
tion in vibration, inducing much frictional sliding be-
tween crack surfaces.

3.4. Acoustic emission energy and flexural
damping versus crack density

Fig. 16 shows values of total AE energy and flexural
damping ratio measured as a function of crack den-

Figure 16 Total AE energy and flexural damping ratio versus crack
density for [02/+902]S specimens.

Figure 17 Total AE energy and flexural damping ratio versus crack
density for [+452/−452]S specimens.

sity for [02/902]S specimens. Low and high values
of crack density were obtained from the as-moulded
and cryogenically cooled specimens, respectively. Both
AE energy and flexural damping increased with in-
creasing crack density. High crack density represents
large value in total area of cracks, which seemed to
cause AE energy and flexural damping to be large.
This is understandable on the assumption that thermo-
acoustic emission was generated from friction between
crack surfaces which was the dominant factor of the
flexural damping. Similar results were obtained for
[+452/−452]S specimens as shown in Fig. 17, except
that values of AE energy and flexural damping were
comparatively low. Thus, thermo-acoustic emission in
association with flexural damping might be expected as
a tool for nondestructive evaluation of thin composite
laminates.

4. Conclusions
Thermal stress-induced failure in the free edge region of
thin composite laminates with a thickness of 1 mm has
been evaluated employing the thermo-acoustic emis-
sion (AE) and flexural vibration methods. The damage
zone which was produced under a cryogenic cooling
was examined utilizing the ultrasonic C-scan and opti-
cal microscopy. Thermo-acoustic emission waves were
detected from the composite specimen during the heat-
ing and cooling cycle, which estimated the degree of
damage different for as-moulded and cryogenically-
treated laminates with various lay-up angles. Vibra-
tion spectrum data obtained with short beam specimens
showed that such failure occurrence led to a decrease
in resonant frequency and some considerable increase
in flexural damping ratio. The behavior of the flexu-
ral damping ratio agreed with the increasing feature of
total AE energy with increasing crack density. Thus,
it is thought that thermo-AE behaviors as well as the
amount of flexural damping depending on friction be-
tween crack surfaces might be employed for nonde-
structive evaluation of thin composite laminates.
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