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Sub-Surface Flaw Detection of GFRP
Components Using Non-Destructive Methods

Saiprasanna Kumar JV, Rahul B, Dharani J

Abstract: Non-destructive testing enables a way to identify and
evaluate the surface as well as sub-surface defects of materials,
without altering the structural integrity. This paper concentrates
the experimental demonstration on few of the non-destructive
techniques. Based on the test results the nature & properties of
the defects are discussed in comparison with base material. The
glass/epoxy laminates are prepared in the form of pipes &
laminates in which artificial defects are introduced by inserts &
milled holes. By testing these defective specimens through
various methods like ultrasonic testing, radiography testing,
thermography testing the defects are identified and hence the
properties of the defects are discussed.

Index Terms: Non-destructive testing, Glass-Epoxy
laminates, Thermography, Radiography, Ultrasonic testing.

I. INTRODUCTION

Non-destructive testing is an effective methodology to
establish the characteristics of the material like internal flaws,
surface discontinuities, porosity, de-bond and wall thinning,
without affecting the quality and serviceability of the
material [1]. It can also be described as a qualification or
inspection process to determine the suitability of the material
for the intended functioning with reference to some standards.
Composite materials are the combination of two or base
materials in macroscopic level in order to combine the
advantages of the base materials. It has numerous advantages
like high strength to weight ratio, increased stiffness, high
fatigue strength to bring them as an essential material for
various industries especially in aerospace [2].

Numbers of non-destructive techniques are used for the
inspection of various materials. The widely used techniques
are visual inspection, dye penetrant testing, thermography,
ultrasonic testing, and radiography. The defects in the
composite material play a significant role in the failure
mechanism such as matrix cracking, fiber-breakage, fiber
pull-out, delamination and de-bonding depend upon the
position, shape, type and size of the damage. So it is essential
to select a suitable testing method to localize the damage for
the safe and effective service of the material in terms of safety
and cost of the test method [3]. Researchers have extended
and proved the application of NDT to composite materials
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effectively [4]. Koyama utilized the eddy current technique
to inspect and assess the impact damage of carbon fiber
reinforced pressure vessels [5]. Karabutov proved the
utilization of the laser spectroscopy for the determination of
defects in the CFRP laminates [6]. Tan has used the
radiography and computer tomography techniques for the
damage assessment of impact loaded stitched composites [7].
Arumugam has described the failure modes of composite
structures from the emitted acoustic signal during failure [8].
In this paper the thermographic, radiographic and ultrasonic
NDT tests are carried out on the GFRP composites with
known defects and the effectiveness of the test methods are
evaluated..

Il. MATERIALS & FABRICATION METHODS

The laminated plate specimens are prepared with Glass
fiber bi-directional fabric (Obtained fron St. Gobain pvt Itd.,)
as reinforcement and LY556 (Bought from Sakthi fibers pvt
Itd.,) as matrix along with HY 951 as the catalyst. The
laminated plates are fabricated through hand lay-up
technique and cured in hot air oven with temperature
prescribed by the manufacturer. The plates are fabricated in
two different dimensions say 150mm*150mm*2.6mm with
12 layers (Plate 1) of fabric and 200mm*200mm*3.8mm
(Plate 2) with 18 layers of fabric. Artificial defects are
introduced in Plate 1 through two 1mm thick aluminium leaf
inserts placed at 2" and 4™ layer of the specimen respectively
as shown in Fig. 1(a). In Plate 2 the defects are introduced in
the form of Teflon inserts and milled holes where the defects
are made in different dimensions. Totally nine Teflon inserts
are placed in Plate 2, each one at successive even layers of the
specimen say 2", 4™ 6" 8™ 10" 12" 14™ and 16" layers as
shown in Fig. 1(b). For different specimens three different
Teflon sheets are selected with geometries as
10mm*10mm*1mm, 15mm*15mm*1mm and
20mm*20mm*1mm. On the other hand, the plate is milled
with eight circular holes having depths as 0.2mm, 0.4mm,
0.6mm, 0.8mm, 1mm, 1.2mm, 1.4mm and 1.6mm at
different locations on the surface of the plate as shown in Fig.
1(c).
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Fig. 1 (a) 150m*150*2.6mm® GFRP plate with Imm thick aluminium leaf
insert (b) 200*200*3.8mm?® GFRP plate with 10*10*1mm?® teflon insert
(c) 200*200*3.8mm* GFRP plate with 11mm milled hole
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Fig. 2 10mm thick hollow GFRP pipe with (a) 10*10*1mm? teflon inserts
(b) 12mm milled hole

For different specimens, the diameter of the milled holes is
varied as 9mm, 11mm and 13mm.

The hollow pipe specimens are made with Glass fiber
strands through filament winding technique having 75mm
internal diameter and 85mm external diameter. As like the
plate specimens, the pipe specimens also made with Teflon
sheet inserts and milled holes. Three Teflon inserts are
placed in the hollow pipes with equal distances from the top
to bottom in the longitudinal axis of the pipe as shown in Fig.
2(a). For the different specimens the size of the Teflon inserts
are set to vary in three configurations as like the plate. The
holes are milled in the hollow pipes as shown in Fig. 2(b) by
following the same pattern as the Teflon inserts in the hollow
pipes. Hence for different specimens the diameter of the
milled holes are made to vary as 9mm, 11mm and 13mm like
the milled holes in the Plate2.

I1l. EXPERIMENTAL METHODS &
INSTRUMENTATION

A. Radiography testing

In the radiography testing, the X-rays or Gamma rays are
allowed to fall on the material and captured by a receiver
which is placed behind the material. By analyzing the density
of incident wave in the receiver, the geometry of the defect
could be determined. The defects which are perpendicular to
the excitation axis will hard to detect [9].

In the Digital radiography testing shown in Fig. 3, the
specimen is fitted in rotary module and aligned as required by
the controller. The amount of x-rays emitted is controlled by
the application of electrical voltage. Amorphous Silicon
panel with Cesium-lodide is used as the detector which
converts the falling x-ray density to corresponding voltage
which could be analyzed through the software.

The specimens with known artificial defects are tested
under controlled x-ray exposure with the application of
electrical input to x-ray emitter. The range of the inputs is
85-95kV & 0.8-1.2mA for the duration of 1-3seconds.
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B. Thermography testing

In this testing the material is exposed to the thermal
excitation and captured by a suitable receiver. By picking the
thermal energy fluctuation across the defect will give the

T, [

Fig.5 Thefr:nE)aphy test setup
positional and geometrical information of the internal as well
as the surface defects. Unlike the other testing methods, this
could be used for larger areas. The defects having lesser area
than the depth could not be detected by this method due to the
minimum difference in fluctuation of thermal energy [10].

A 150W IR lamp and 1000W halogen lamp are used as the
heat sources and un-cooled FLIR is used as the detector for
obtaining the heat fluctuations. The change in resistance
across the heat fluctuation is measured and processed for the
creation of thermal images.

The thermography test shown in Fig. 4, has been done by
taking 150W IR lamp for the milled test specimens and
1000W halogen lamp for the specimens with the aluminium,
Teflon inserts as the thermal energy source.

C. Ultrasonic testing

Ultrasonic testing analyzes the predictable reflection of
high frequency sound waves from the defects through
suitable analyzer which are generated at the surface of the
specimen. This pulse echo method gives us the qualitative
and quantitative information of the both surface and internal
flaws [11]. The wave propagation velocity and amplitude are
taken as the variables for the detection of defects which are
altered by the geometry, absorption and scattering.
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In the ultrasonic testing shown in Fig 5, the specimen is
fitted inside the mechanical module contains the coupler
typically water to avoid the mismatch of air and specimen.
The transducer holder is connected to controller to move it in
x and y directions. The transducer is a computer controlled
pulse transmitter/receiver. The transceiver analyzes the
reception of ultrasonic signals in compare with transmitted
and generates the information as A, B & C scan images.

The scanning of ultrasonic testing has done by taking
2-2.25MHz as the frequency, 0.15-0.23mm as the resolution
and for the time period of 90-420minutes for various
specimens.

IV. RESULTS AND DISCUSSIONS

A. Radiography testing

The adoptive histogram shown in Fig. 6(c), Fig. 7(c), Fig.
8(c), Fig. 9(c) and Fig. 10(c) is more visible for the defects
when compared to the ordinary x-ray image shown in Fig.
6(b), Fig. 7(b), Fig. 8(b), Fig. 9(b) & Fig. 10(b) and the
sub-surface defects could be identified qualitatively through
this technique and the relative position of the defect is also
not detectable.

Teflon inserts shown in Fig. 7(a) and Fig. 9(a) are visible
clearly even the fabric details also in the adaptive histogram
than the ordinary x-ray image and the relative position of the
defect is not identified while looking all the inserts are
appears to be in the same surface.

The histogram images give us the relative depth of the
flaws clearly through the color variation unlike other type
defects than the x-ray image. The defects shown in Fig. 9(a)
are not visible clearly since inserts were very thin and small
for the X-rays to be absorbed and form a contrasting image.
For comparison the adoptive histogram is better than the
ordi'nary ),f',@f:

1

@) (b) (©
Fig. 6 Radiographic images of laminate with aluminium inserts (a)
Visual (b) Ordinary X-ray (c) aptive Histogram

@ (b) (©
Fig. 7 Radiographic images of laminate with 10*10*1 mm? teflon
inserts (a) Visual (b) Ordinary X-ray (c) Adaptive Histogram

@ (b) (©
Fig. 8 Radiographic images of laminate with 9mm milled holes (a)
Visual (b) Ordinary X-ray (c) Adaptive Histogram
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Fig. 9 Radiographic images of pipe with 1010*1 mm® teflon inserts
(@) Visual (b) Ordinary X-ray (c) Adaptive Histogram

== =
@ (b) ©
Fig. 10 Radiographic images of pipe with 9mm milled holes (a) Visual
(b) Ordinary X-ray (c) Adaptive Histogram
In Fig. 8 and Fig. 10 the surface flaws are detected and the
relative depth of the defect is more visible in the adaptive

histogram than the ordinary x-ray image.

B. Thermography testing

From the Fig. 11, it can be analyzed that the area of the
insert is brighter since the defect absorbs more heat and from
the graph shown in Fig. 12, the insert retain the heat for a
longer time ever after the removal of the heat source hence it
would be a metal. The upper curve in the Fig. 12 shows
higher temperature than the lower hence it shows the upper
curve denotes the insert which closer to the heat source.

The Teflon at the upper layers appears more clearly in the
thermal image shown in Fig. 13 than the teflons at the lower
layer due to the distance from the heat source. Even also there
is some notable difference for the teflons at the lower layer
than the surface due the variation of thermal properties
between that. The decrement in the all these curves shown in
Fig. 14 after peak says the defect is either a gap or some other
material with moreover similar properties like the surface
and it is evident from the curves of surface temperature &
innermost Teflon temperature.

In the Fig. 15, the deepest hole appears more clearly than
the others and surface hence it gives the relative depth of the
defect. From the deepest hole has the higher temperature
than the others and the lightest hole has the temperature
merely similar to the surface.

The hotspot present in the thermographic image shows that
there is some defect because of the thermal energy
absorption. Also it could be absorbed from the temperature
variation curves also.

The thermographic images shows that the depth of the flow
is very less when compared to the specimen thickness
through minute temperature variation. Even the flaw also
could be detected from the temperature variation curves from
the temperature difference between the flaw and surface.
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@ (b)
Fig. 11 Thermographic images of laminate with aluminium inserts (a)
Visual (b) Thermography
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Fig. 12 Temperature variation at interest point of laminate with
aluminium inserts
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Fig. 13 Thermographic images of laminate with 10¥10*1mm®
teflon inserts (a) Visual (b) Thermography

Temperature variation for 20mmteflon plate
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Fig. 14 Temperature variation at interest point of laminate with
10*10*1mm?® teflon inserts
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Fig. 15 Thermographic images of pipe with 9mm milled holes (a)
Visual (b) Thermography

Temperature variation for 9mm milled plate
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Fig. 16 Temperature variation at interest point of pipe with 9mm
milled holes
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Fig. 17 Thermographic images of pipe with 10*10*1mm? teflon
inserts (a) Visual (b) Thermography
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Fig. 18 Temperature variation at interest point of pipe with
10*10*1mm® teflon inserts
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Fig. 19 Thermographic images of pipe with 9mm milled holes (a)
Visual (b) Thermography
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Fig. 20 Temperature variation at interest point of pipe with 9mm
milled holes

C. Ultrasonic testing

From the observation of Fig. 21(d) and Fig. 22(d), A-scan
at different places of the specimen shows that the front wall
remains same and back wall differs with respect to the point
of detection where there is defect or not. From the value of
amplitude and its occurring point with respect to the time one
could identify the defect also its properties.

B-scan shown in Fig. 21(c) and Fig. 22(c) gives an idea
about the placement of the inserts. The fabric on the top
surface is represented by the green colored band and the
white color band represents the resin layer. The image shows
that the resin layer is very thick. The dark blue color
represents the fiber layers preceding the top layers. The green
colored band in between represents the inserts. The inserts
are shown in the same color as that of the front wall because;
its density was comparably higher than that of the fabric.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation



International Journal of Innovative Technology and Exploring Engineering (1JITEE)

From the Fig. 21(b) and Fig. 22(b) of C-scan images shows
from the intense contrast, first insert (on the right) has
represents that the insert is nearer to the surface. The second
insert (on the left) doesn’t have a bright contrast compared to
the first & thus indicates that it is positioned deeper in the

laminate.
rFev

Fig. 21 Ultrasonic images of laminate with aluminium inserts in the
region without any insert (a) Visual (b) C-Scan (c) B-Scan (d) A-Scan
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Fig. 22 Ultrasonic images of laminates with aluminium inserts in the
region of upper insert (a) Visual (b) C-Scan (c) B-Scan (d) A-Scan

Flaw AT E-6 D

number (sec) (mm)

\ / 1 1.05 137
2 2 26

Laminate 24 3.12

in laminates with aluminium inserts

Fig. 23 Flaw depth

Wates Cokav e 1t

Fig. 24 Ultrasonic images of laminate with 10*10*1mm?® teflon
inserts in the region without any insert (a) Visual (b) C-Scan (c) BScan
(d) A-Scan
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Fig. 25 Ultrasonic images of laminate with 10*10*1mm? teflon
inserts in the region of upper most insert (a) Visual (b) C-Scan (c) B-Scan
(d) A-Scan

So this image cannot clearly represent flaws or inserts at a
larger depth in a thick specimen but by adjusting the
resolution, thicker sections can be better imaged. It also
shows that the specimen has many other defects which were
caused during its fabrication.

In the A-scan of laminates with Teflon inserts shown in
Fig. 24(d) and Fig. 25(d), the spacing between front wall and
back wall signals reduce as we move up from the lowermost
Teflon to uppermost Teflon indicating that the inserts are
placed at various depths inside the laminate, so an idea about
their relative depth is obtained. The position of front wall is
somewhat constant at various locations on the laminate,
indicating that the thickness of the laminate is same
throughout.

In the B-scan image shown in Fig. 24(c) and Fig. 25(c), the
red colored band represents the upper fabric layers. The
region of Teflon is shown as a blackened region along a
continuous grey colored band, since Teflon’s thickness low
compared to that of fabric. Else it would’ve shown up in a
different color. The white color in certain places may be due
to excess resin concentrated at that region or it may be due to
excess wetting of the fabric layer. Since the red colored band
is continuous, it shows that flaws are not on the surface.

Flaw number AT E-6 (sec) D (mm)
1 0.36 0.468
2 0.74 0.962
3 1.09 1.417
4 146 1.99
5 1.83 2379
6 218 2.834
7 255 3.315
8 288 3.744
9 3.10 4.03
Laminate 34 442

Fig. 26 Flaw depth in laminate with with 10*10*1mm?® teflon
Inserts
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Fig. 28 Ultrasonic images of laminates with 9mm milled holes in the
1.2mm depth hole region (a) Visual (b) C-Scan (c) B-Scan (d) A-Scan

Wates Cokav e 1t

Fig. 30 Ultrasonic images of pipes with 10*10*1mm? teflon
inserts in the region of without insert (a) Visual (b) C-Scan (c) B-Scan
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Fig. 27 Ultrasonic images of laminate with 9mm milled holes in the
region without defect (a) Visual (b) C-Scan ((n:’)MEE'-Scan (d) A-Scan

(d)

(d) A-Scan
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Flaw number | AT e-6(sec) D (mm)
[5.33-D]

1 372 049

2 333 0.99

3 295 L5

4 256 198

5 218 249

6 1.79 3.003

7 141 3.497

8 1.02 3.99

Laminate 4.1 533

204

wazer Cobvn [vn) (ot - e
(d)
Fig. 31 Ultrasonic images of pipes with 10*10*1mm?® teflon
inserts in the region of middle insert (a) Visual (b) C-Scan (c) B-Scan
__(d) A-Scan

Fig. 32 Ultrasonic images of pipes with 9mm milled holes in the region
Without any defect (a) \{iﬁyg!__(b) C-Scan (C),. E—_Scan (d) A-Scan

Tamies T oxes
Water Cobam (o) (it 3 -

d

Fig. 33 Ultrasonic images of pipes(w)ith 9mm milled holes in the region

of deepest defect (a) Visual (b) C-Scan (c) B-Scan (d) A-Scan

In the C-scan shown in Fig. 24(b) and Fig. 25(b), various
inserts at a minor depth difference can be easily visualized
although it cannot be said as to which one is at top layer and
which one is at bottom. But this image eases the
determination of insert depth and location by moving the
cursor to various insert positions and analyzing its
corresponding A & B scans. The image shows that the
specimen has many other defects which were caused during
its fabrication.

The front wall also varies in this case unlike others due to
the milled defects and this could be analyzed through the
amplitude variation of A-scan image shown in Fig. 27(d) and
Fig. 28(d).
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The respective color bands represents there is no material
up to the fabric layer in the milled space is indicated by the
darker region and followed by blue and white represents the
fabric as well as the matrix. The black colored band in
between is not because of a void, but it is a separation shown
after every 2mm of scanning.

The C-scan image given in Fig. 27(b) and 28(b) shows, the
position of defects and also indicates the test points where the
further processing to be done for the estimation of properties
of the defects.

V. CONCLUSION

The fabricated GFRP specimens are tested with various
NDT methods to characterize the induced defects.
Radiographic method can detect surface & sub-surface flaws
in quick time and its dimensions are not known. For deep
surface flaws it’s not known whether the flaw runs through
the thickness of the specimen or not. It’s very difficult to
analyze thin specimens sidewise and multiple flaws one
below the other are difficult to analyze in single image.
Thermography was successful in detecting local variations in
thermal diffusivity arising from in-homogeneities in the
composite material. In addition to induced flaws, flaws due to
improper fabrication were also revealed and this method is
not suitable for thicker sections. Thin sections with very thin
and small induced flaws were not properly detected and
possible to verify the relative depth of flaws inside the
laminate. In the A-scan amplitude of the signals doesn’t say
anything like density, dimension and thickness of the defects.
It can also be said whether the scanned specimen has a
uniform thickness throughout or not and requires very close
monitoring to identify the presence of flaws. B-scan shows
the relative depth of flaws and also thickness/density of the
flaw. It is also possible to detect the flaws induced due to
improper fabrication of laminate and not possible to identify
the flaw geometry. The C-scan allows identifying the surface
and sub-surface flaws to a decent depth in a single plane but
they cannot be differentiated. A rough idea about flaw
geometry is obtained and the presence of surface
irregularities can be seen.
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