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ABSTRACT

An optical-acoustic system layout for nondestructive testing of subsurface defects in laminated composites has been developed.
Detection and localization of subsurface defects in composite laminated structures with the help of the optical-acoustic system
layout are performed by forming a series of dynamic speckle patterns of the composite surface, which is excited by a flexural
elastic wave, their subsequent recording and accumulation in order to generate differential digital speckle patterns and extract
optical spatial responses from defects. To assess the efficiency of detecting such defects, fiberglass laminated structures were
manufactured containing three layers of glass textolite plates and circular flat defects of various sizes in the middle layer. Based
on the conducted studies, an experimental dependence of the fundamental resonance frequency of circular subsurface defects
on their sizes was obtained, which is close to the theoretically plotted one. It is shown that using the created optical-acoustic
system layout, it is possible to detect such defects in a wide range of changes in their sizes.
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INTRODUCTION

Constant improvement of materials and structural el-
ements, used in mechanical engineering, aerospace,
construction industry, etc. requires continuous devel-
opment of methods and means of their nondestructive
testing (NDT) and technical diagnostics. In order to
develop new and improve the available methods of
NDT of materials and structures, processes of different
physical nature, are used. A lot depends on the condi-
tions, under which the control process is expected to
be carried out, properties of materials, from which the
object of study is made, types of defects to be revealed,
etc. Over the recent years, high-speed NDT equipment
has been intensively developed. It is based on the prin-
ciples of thermography, digital speckle-interferometry
and shearography [1-4] and enables parallel selection
of 2D and 3D data arrays from a large area of the object
of study and their further digital processing.

The advantage of thermographic methods is the
large area of the object and contactless procedure of
material heating. Their possibilities, however, are lim-
ited by the small thickness of the material of the ob-
ject of study, considerable energy costs for its heating
and high cost of equipment, in particular an infrared
camera. Moreover, the need for preheating the object
of study is harmful to the environment and worsens
the ecological condition of the surrounding area.

Shearography methods are effectively used for NDT
of surfaces of a large area [3—6]. Shearography systems
allow testing a large area of the object of study with a
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high speed without any need for additional heating. They
are applied to detect, measure and localize anomalies by
reproduction and visualization of microscopic changes
on the studied surface during the respective loading. The
digital shearography camera checks the entire field of
vision practically simultaneously, in contrast to vibro-
metric and ultrasonic (US) scanning means of [3]. There
exist a range of methods of loading application in such
systems, in particular diverse mechanical and vibrational
loads, loading under the impact of sonic or US signals,
pressure, etc., which lead to minor local deformations
of the surface caused by both surface and subsurface
defects. These can be impact damage, disbanding de-
lamination, porosity, thermal damage, cracks, etc. Such
deformations are readily identified by NDT shearogra-
phy systems [1, 2, 5, 6]. In such systems, however, it
is necessary to use a complex imaging module, which
complicates their overall design.

Unlike the interferometry NDT methods, in the opti-
cal-acoustic method (OAM) only the speckle patterns of
the surface are used to detect subsurface defects in com-
posite structures. The surface is excited by elastic waves
from an acoustic radiation source. Coherent speckle
patterns are formed without application of a reference
laser beam, resulting in considerable simplification of
optical-digital NDT systems, implementing OAM. The
method consists in exciting a composite structure with
a flexural elastic wave, illuminating an area of the com-
posite surface with an expanded laser beam, and forming
a series of dynamic speckle patterns of the composite
surface area generated with opposite polarities of the
elastic wave, the frequency of which changes monotoni-
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cally. A digital camera accumulates two series of dynam-
ic speckle patterns and, as a result of this accumulation,
records a pair of digital speckle patterns (DSPs). After
high-speed processing of the DSP pairs, defect maps are
obtained containing optical spatial responses from re-
gions of interest located directly above the defects. Fur-
ther, the obtained defect maps are used to determine the
location, dimensions and depth of occurrence of subsur-
face defects. OAM is described in detail in works [7-11].

OPTICAL-ACOUSTIC SYSTEM
FOR NONDESTRUCTIVE TESTING
OF SUBSURFACE DEFECTS

A layout of optical-acoustic system (OAS) for sub-
surface defects NDT was created for OAM techni-
cal realization [7—11]. Its block-diagram is shown in
Figure 1. One of the key points of difference of OAS
consists in that compared to the known interferometry
systems for internal defects detection it does not con-
tain an interferometer or a shearography unit. Due to
that it has a much simpler design and low sensitivity
to vibrations and other external impacts.

Optical spatial response from a subsurface defect
to OAS is generated by comparing the recorded DSP
I (i, j) obtained at maximum values of elastic wave
amplitude, with DSP 7 | (i, j) obtained at their mini-
mum values. The procedure of DSP cross-correlation
is described in detail in [9-11] and it is performed by
deriving the difference DSP:

In(i’j)=|Inl(iﬂj)_lr12(i’j)|' (1)

After deriving the difference DSP which can be
interpreted as a defect map, a natural question arises,
how the defect parameters can be determined based
on the generated map. For this purpose, we need to
establish a connection between the subsurface defect
shape and its size and depth of occurrence. One of the
possible approaches to solving this problem consists
in application of mathematical physics methods for
construction of a mathematical model of the respec-
tive defect. To derive the expressions, connecting the
physical parameters of the material, from which the
diagnosed object is made, with the defect parameters
and its resonance frequencies, the approaches devel-
oped for the theory of plates and shells are applied
[12, 13]. The works, analyzed and generalized in [13],
present the research results for flat isotropic and aniso-
tropic plates of different shape, in particular for rect-
angular [14, 15], round and elliptical [16-19] ones,
including those with different boundary conditions.
The theory of vibrations of plates and shells [12, 13]
in different recording variants is widely used in the
field of nondestructive testing and technical diagnos-
tics [20-24]. In [9—11], in particular, the formulas for
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Figure 1. Simplified optical schematic of OAS layout: / — semi-
conductor laser with amplitude modulation; 2 — laser beam ex-
pander; 3 — fiberglass laminated structure, containing layers of
STEF-1 glass textolite and subsurface defects in the middle layer;
4 — digital camera with a lens; 5 — broadband signal generator
for piezoelectric converter; 6 — piezoelectric converter; 7 — con-
trol unit; § — computer

the model of a square subsurface defect are used. Ac-
cording to this model, the region of interest above the
planar defect can be regarded as a thin square mem-
brane, clamped at the edges. If such a defect is excited
in one of its resonance frequencies, i.e. in one of the
resonance frequencies of the region of interest above
the defect, then an optical spatial response from the
defect will form at OAS output. For a circular planar
subsurface defect, a model of a circular plate from an
isotropic material clamped at the edges, can also be
used, which can be regarded as the region of interest
above the subsurface defect, the dimensions of which
correspond to the defect dimensions. According to
[13, 20], the formula for determination of fundamen-
tal frequency f,, of resonance vibration of such a plate
has the following form:

for :0.47i2 E —, @
p(l=v7)
where a is the membrane radius, mm; 4 is the depth
of defect occurrence, mm; £ is the Young’s modulus,
GPa; p is the material density, kg/m?®; v is the Pois-
son’s ratio.

EXPERIMENTAL STUDIES

Experimental studies on detection and identification
of subsurface circular planar defects were conduct-
ed on samples of fiberglass laminated structures of
400%250 mm size, each of which was produced from
three plates of STEF-1 glass textolite and epoxy phe-
nolic polymer resin as a binder [10]. The lower layer,
a 5 mm plate from STEF-1 glass textolite provided
the structure rigidity. A series of circular and square
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Figure 2. Schematic of arrangement of circular subsurface de-
fects in the detected section of sample No. 1 of the fiberglass lami-
nated structure and their diameters, mm: 1 —45;2 — 35;3 —25;
4 — 20; 5 — a group of five defects with diameters of 14, 12, 10,
8, 6 mm

holes were cut out in the middle layer, in 1.5 mm
glass textolite plate. Made from the same material
upper layers in the samples have different thickness.
In sample No. 1 from fiberglass laminated structure,
which was studied, the upper layer is 0.41 mm thick,
i.e. the depth of defect occurrence in this sample is
h =0.41 mm. Figure 2 shows the scheme of arrange-
ment of circular subsurface defects in the highlighted
section of sample No. 1 with the thickness of upper
glass textolite plate # = 0.41 mm, numbered from 1 to
5 in the order of decreasing defect diameters.

The developed OAS layout implements a method of
quick real-time testing of the studied surface. For this
purpose, after setting all the required parameters of the
system, we analyze the difference DSP in a wide range
of variation of the frequency of the sample excitation
by an elastic wave. Each difference DSP is analyzed
pixel by pixel for exceeding a certain preset noise level
(NL) and under the condition of its exceeding in a cer-
tain image pixel, we record this event with a counter.
After such verification we obtain M pixels with excess
noise level for each difference DSP and for each pre-
set excitation frequency. Further on we will divide this
number by the total number of pixels in the image, and
as a result we obtain the percentage of the area of opti-
cal spatial response from the region of interest, which
exceeds the noise level, and, thus, can contain the sub-
surface defect. During this procedure, the difference
DSP is saved for each excitation frequency, in case of
exceeding the NL. Derived difference DSP is further on
analyzed and processed using the simplest algorithms
for digital image processing (DIP).

During NDT of sample No. 1 the difference DSP
of the sample surface were obtained using OAS lay-
out and optical spatial responses from defects No. 1-4
were analyzed in the range of variation of piezoelec-

tric converter frequency of 1-50 kHz. Figure 3 shows
the difference DSPs after application of DIP proce-
dure, where optical responses from circular defects of
different diameters are clearly visible.

Analysis of the images in Figure 3 allows follow-
ing the correlation of the optical response areas and the
respective defect areas, the area of responses from de-
fects becoming smaller with reduction of their sizes.
So, for instance, Figure 3, a gives an optical response
from subsurface defect No. 1, 45 mm in diameter at
resonance frequency f; = 1.8 kHz. Figure 3, b shows
the optical response from defect No. 2, 35 mm in di-
ameter at resonance frequency f;, = 2.8 kHz. Howev-
er, response from circular defect No. 3 (Figure 3, ¢)
at resonance frequency f;, = 4.6 kHz is much smaller
than its diameter, which is attributable to a too weak
response from the sample surface, caused by a consid-
erable distance between the excitation source and this
defect. Therefore, to obtain defect map from the rest of
test defects, the excitation source was moved closer to
their location. Figure 3, d shows the optical response
from a defect 20 mm in diameter at resonance frequen-
cy f,, = 7.6 kHz, the size of which is also smaller than
the defect size. Despite the absence of the possibility
of accurate determination of the radius of circular sub-
surface defect, evaluation of its size is satisfactory and
sufficient for NDT objectives. Figure 4 gives improved
defect maps for defect group No. 5. Figure 4, a, b, ¢
shows the sample surface area where four of five de-
fects of group No. 5 are concentrated, including the
largest defect 14 mm in diameter (Figure 4, a) obtained
atresonance frequency f; = 13.8 kHz. The smallest de-
fect 6 mm in diameter from defect group No. 5 could
not be seen in the studied frequency range. In Figure
4, b we can simultaneously see defects 12, 10 and 8§
mm in diameter at resonance frequency f, = 21.6 kHz.
At this frequency the largest response is formed by a
defect 12 mm in diameter. Figure 4, ¢ shows the optical
response from a defect 8 mm in diameter at frequency
fo, =35.8 kHz.

Figure 5 presents the theoretical (curve /) and
experimental (curve 2) curves of the dependence of
resonance frequency f,, on the sizes of subsurface
defects in sample No. 1. The numbers mark the ex-
perimental data obtained for circular defects num-
bered in Figure 2. To derive a theoretical dependence
(curve /) formula (2) was used, where the parameter

|b

Figure 3. Optical spatial responses from subsurface defects No. 1 — 45 mm in diameter (@), No. 2 — 35 (), No. 3 — 25 (¢), No. 4 —

20 (d), which became visible in defect maps
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Figure 4. Defect maps of subsurface defect group No. 5 (Figure 2), recorded at the highest intensity of optical responses from defects

with diameters of 14 (a), 12 (b), 8 mm (¢)

for, kHz

5 10 15 20 25

a, min

Figure 5. Theoretical (/) and experimental (2) dependencies of
resonance frequency f; on circular defect radius a

values were taken from [10] based on experimental
data for STEF-1 glass textolite plate. Here the depth
of defect occurrence 4 = 0.41 mm, modulus of elas-
ticity £ =23.3+1.3 GPa, Poisson’s ratio v =0.14+0.02
and material density p = (1.7+0.05)-10° kg/m’.

As shown by the derived dependencies, the best
convergence between them is observed for circular
defect radius in the range of 6—18 mm, which corre-
sponds to subsurface defects Nos 2-5.

Despite that, research results are indicative of the
applicability of formula (2) to determine the depth of
defect occurrence with sufficient accuracy in the en-
tire studied range. Deviation of experimental results
from the theoretical ones shown in Figure 5, are at-
tributable, in particular, to imperfection of formula (2)
for determination of the main resonance frequency f, ,
deviations in the dimensions of the introduced de-
fects, material orthotropy, etc. One of the methods to
improve the accuracy of establishing the parameters
of a subsurface defect of unknown dimensions and
depth of occurrence is determination of not just the
fundamental resonance frequency f, but also higher
order frequencies. Having experimentally determined
these frequencies and using formula (2), as well as
the respective coefficients for finding multiple reso-
nance frequencies for an isotropic material, we can
experimentally determine these resonance frequen-
cies by the spatial structure of optical responses, and,

thus, determine the depth of the defect occurrence at
unchanged parameters of the composite plate surface
layer. Note that for a circular subsurface defect, the
spatial structure of optical responses at the fundamen-
tal and multiple resonance frequencies corresponds to
the structure of the nodes and antinodes of a circular
membrane of the same diameter, and that of the de-
fect, at the same resonance frequencies.

Thus, the results of studying the circular subsurface
defects using OAS layout and derived experimental de-
pendence of resonance frequency £ on defect radius a
at depth of occurrence / = 0.41 mm testify to the funda-
mental possibility of evaluation of the subsurface defect
area and its geometrical dimensions.

CONCLUSIONS

Based on the developed OAM, OAS layout was cre-
ated, which enables detection of subsurface defects in
composite laminated structures using a series of dy-
namic speckle patterns of the composite layer surface
above the defect, excited by a flexural elastic wave.
After their recording, difference DSP are formed and
optical spatial responses from the defects are detected
in case of their presence in the digital camera field of
view. Formation of dynamic speckle patterns does not
require application of an additional reference beam in
OAS, which enables designing on its base high-speed
optical-digital devices for NDT of subsurface defects,
with a low sensitivity to vibrations or other external
factors and which are capable of operation in site. It
is shown that difference DSP derived at fundamen-
tal resonance frequencies f;, for circular subsurface
defects, allow detecting these defects in fiberglass
laminated structures and determining their sizes with
diameters in the range of 845 mm.
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