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The ultrasonic C-Scan technique for damage
evaluation of GFRP composite materials
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Abstract— We show experimental results obtained by an
innovative non-destructive approach for the characterization of the
damage of composite materials. The analysis regard an aeronautical
rotor made of glass fiber—reinforced composite material, and is
developed by applying an ultrasonic immersion C-Scan technique.
The experimental data are employed in a damage model developed in
the context of the Continuum Damage Mechanics theory. In this
model, the evaluation of the damage level depends on a synthetic
scalar damage parameter, connected to the quantities directly
measured in an ultrasonic test, and related to the specific variation of
the acoustical impedance. In particular, from the measurement of the
ultrasonic velocity in the undamaged and damaged composite,
respectively, we evaluated the damage parameter for an artificially
damaged GFRP component.

Keywords— Ultrasonic immersion C-Scan test, Damage, Wave
propagation, Anisotropy, Fiber reinforced composite materials.

I. INTRODUCTION

Fiber reinforced composites are very advantageous

innovative materials, nowadays used for many engineering
applications [1-3]. In general, composite materials are
characterized by a synergic union between at least two
components, i.e., a strong and rigid fiber reinforcement (made
for example of carbon, glass, Kevlar) and a bulk component,
usually a resin. Thus, the mechanical response and the strength
of the composite strongly depend on the mechanical properties
and on the orientation of the fibers. Moreover, the material
shows a markedly anisotropic response which somewhat
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complicates the experimental tests for the mechanical
characterization, especially if conventional testing techniques
are employed. Many difficulties can be overcome by adopting
some non-destructive experimental approaches like, for
example, the ultrasonic immersion techniques. In particular,
this ultrasonic experimental approach allows for the
determination of all the elastic constants characterizing the
mechanical response of a composite material starting from the
measurement of the velocity of ultrasonic waves along suitable
directions of propagation [4-8]. These experimental techniques
share a common ground with other non-destructive dynamical
experimental approaches, used at the scale of the whole
structure, which are capable of accurately characterizing the
response of constructions made of highly anisotropic and
damageable materials [6-8]. Non-destructive techniques play
also an increasingly important role for the detection of defects
and damage in composite materials, which may affect the
integrity, and therefore the structural safety, of components
often having a critical role in aero-spatial, aeronautical,
mechanical and civil constructions.

Indeed, in the composite materials the fibers are generally
very fragile, and the fracture of the fibers and/or of the resin
matrix may involve a fragile and unexpected collapse of the
component. This requires a quick and reliable diagnosis of the
above phenomena, both during the manufacturing of the
component and during its service life.

Typical defects of a composite material, capable of
compromising the integrity and thus the safety of structural
components may occur [12-13]:

* in manufacturing stage: interlaminar voids, porosity,
foreign inclusions, fibers misorientation, resin rich areas, resin
starved areas;

« in service life stage: delaminations, fibers fracture, matrix
cracks.

The ultrasonic C-Scan technique is currently the main non-
destructive method for the diagnosis of defects in composite
materials. This technique is based on the analysis of the
amplitude of ultrasonic waves; generally, a qualitative
approach is adopted by simply identify the defects when a
variation of the amplitude is measured. Recent researches
attempt to gather quantitative information from ultrasonic C-
Scan analysis; for example, in [14] the damage level in
composites is related to the variation of the material density of
specimens which have experimented different applied loads.
Quantitative information on the damage of composite materials
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can also be obtained by the application of another non-
destructive technique like the thermographic test [15].
However, this promising applications are yet affected by some
experimental difficulties; moreover, the interpretation of the
experimental data for the analysis of the damage level and for
the identification of defects is complicated because composites
are anisotropic and inhomogeneous materials. Finally, a
crucial issue of the experimental procedures is to perform
suitable and complex processing operations of ultrasonic
signals in order to reduce measurement errors.

In this paper, we present an experimental study on the
characterization of the damage of glass fiber—reinforced
composite materials. We apply an innovative non-destructive
approach based on an ultrasonic immersion technique. A new
damage model developed in the context of the Continuum
Damage Mechanics theory directly connects the experimental
data to a synthetic scalar damage parameter, related to the
specific variation of the acoustical impedance.

In particular, in Section Il we first introduce the damage
model and show the relation between the damage parameters
and the quantities experimentally evaluated in an ultrasonic C-
scan immersion test. Then, in Section Il we present the
experimental setup, the mechanical characterization of the
material (glass fiber—reinforced composite) by means of an
ultrasonic goniometric immersion technique and finally the
ultrasonic C-scan results representative of the state of the
undamaged specimen. In Section IV we show the experimental
procedure for generating an artificial damage in the specimen,
which is an aeronautical rotor. This artificial damage is
representative of a possible damage induced by the service life
loads on the rotor. Finally, we employ the above cited damage
model for the damage characterization of the rotor; to this aim,
we employ ultrasonic C-scan velocity data obtained on the
damaged specimen.

II. A INNOVATIVE NON-DESTRUCTIVE EXPERIMENTAL
APPROACH FOR THE DAMAGE CHARACTERIZATION OF

COMPOSITE MATERIALS

A.The ultrasonic immersion C-Scan tests

In the ultrasonic immersion C-Scan technique a sample or a
component is immersed in a tank filled with water. The water
guarantees a uniform acoustic coupling for the ultrasonic
waves, propagating from the probe into the material of the
specimen. Whereas it is possible to use both the through-
transmission and the pulse-echo methods, generally the latter is
preferred. In the pulse-echo method, an ultrasonic immersion
longitudinal probe, acting as transmitter and receiver, is
attached to an automatic manipulator which allows for
independently moving the probe along three axes (henceforth
named X, Y, Z). In particular, for planar specimens, once fixed
the distance Z between the probe and the sample to be
analyzed (according to the focus length of the ultrasound
probe), the manipulator moves the probe along a prearranged
paths in the XY plane. For each step of the path an ultrasonic
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pulse is emitted towards the specimen, and then the reflections
of this pulse are recorded in the time scale (A-Scan
presentation). The time of flight (TOF) of the ultrasonic waves
in the water without the sample is assumed as a reference
measurement. Then, by a correlation between the ultrasonic
signals measured without the sample and each ultrasonic signal
measured throughout the sample, the velocity of ultrasonic
longitudinal waves into the material is determined for each
step of the scanning path. This way, it is possible to construct a
map in a color or grayscale (C-Scan presentation) of the
ultrasonic longitudinal velocity into the sample. Generally, if
an (homogeneous) sample is free of defects or undamaged the
ultrasonic velocity in different points is almost the same.
Notice that if the accuracy of the ultrasonic scan is very high,
it is possible to distinguish the ultrasonic time of flight in the
resin matrix and in the layers containing the fibers. Moreover,
if the sample is damaged or contains defects, a difference of
the velocity of ultrasonic waves is detected and a variation of
the amplitude and an attenuation of the signal may be
determined by a frequency analysis of the acquired signals. Of
course, starting from the above described measurements it is
possible to perform a C-Scan representation of the peak
amplitude of the signals.

B. A new damage model for composite materials

Usually, the damage models for composites correlate the
damage level to the variation of suitable material parameters
like, for example, the elastic constants. Here we propose an
innovative damage model developed within the CDM theory
(Continuum Damage Mechanics) [16-19], in which the
determination of the damage is directly related to quantities
measured in ultrasonic C-Scan test. In particular, in our model
the damage parameter D is defined by:

(M

where
» Z and V are the acoustic impedance and the velocity of
ultrasonic waves in the composite material in absence of
damage,
« Z and V are the acoustic impedance and the velocity of
ultrasonic waves in the damaged composite material.

Since the acoustic impedance of a material is defined as the
product of the density and the velocity of ultrasonic waves, (1)
takes the form

~\~/2
D:=1-£

oV 2)

where

» p isthe density for the undamaged composite material,

* p isthe density for the damaged composite material.

If we assume that the density does not vary as a result of the
damage, we can express the damage parameter D only as a
function of the square of velocities of the ultrasonic waves:
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In particular, D
damaged, while 0
damaged.

Notice that our choice of the damage parameter, directly
linked to the measure of the ultrasonic velocity, allows
overcoming some difficulties related to the application of
damage models, which usually require the determination of the
elastic constants, which is complex especially when the
material is anisotropic [20-21], as in the case of the
composites.

Notice that the acoustic impedance is related to the amount
of transmitted and reflected energy when an ultrasonic beam
reach orthogonally the interface between the water and the
composite specimen.

=0
<D

1. THE ULTRASONIC IMMERSION TEST

We apply the proposed model for the characterization of the
damage for a specimen of an aeronautical GFRP composite.
To this aim, we perform two C-Scan tests on a restricted area
of the specimen by measuring the TOF, and hence the velocity
of ultrasonic waves: first, we analyze the undamaged
specimen, and then we analyze the same specimen after
artificially damaged by a mechanical test machine. The
observed variation of the velocity of ultrasonic waves allows
to determining for each point of the examined area the value of
the damage parameter D in (3).

The experiments were carried out by Laboratorio Ufficiale
Prove Materiali “M. Salvati”, equipped with advanced
facilities for non-destructive testing.

A.The aeronautical GFRP composite component

The analyzed sample is a component of an aeronautical
rotor, and in particular is the support disk of 14 permanent
magnets (NdFeB) of an electric generator operated by a gas
turbine and aimed at supplying the power of the electric
services on an aircraft (Fig.1).

This disk is made of a glass fiber-reinforced composite
material (LFR4) having a family of unidirectional glass fiber
sheets arranged in a cross-ply laminate (0°/90°). Consequently,
it is reasonable to assume that the elastic response of the
composite is orthotropic, and then characterized by 9
independent elastic constants. By applying a goniometric
ultrasonic immersion test procedure like those described in [6],
and once measured the density of the material (2.055 kg/m®),
we determine the “technical” elastic constants of the material,
collected in Table 1. In this table, we assume a reference
system with two axes in the plane of the fibers (x,y) and the
other axis (z) along the thickness of the laminate.
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Fig. 1 The disk of the rotor made of GFRP composite material.

Elastic moduli evaluated by goniometric ultrasonic immersion
tests
Young modulus [MPa] PO:;??OWS Sheal[T\An;c;c]iulus
Ex = 30.800 vy =0,11 Gy, =13.873
Ey = 29.400 vy =0,13 Gy, =13.008
E, =22.052 Vyy=0,13 Gy =12.998

Table 1. Elastic moduli of the GFRP composite material.

B. The ultrasonic immersion C-Scan test

The ultrasonic immersion C-Scan test was performed by
using a 1 MHz longitudinal unfocused transducer, having the
diameter of 12,7 mm. This probe was handled by a mechanical
manipulator, capable for independently moving the probe
along three directions (X, Y and Z) (Fig. 2). For generating
and receiving the ultrasonic waves, an Olympus ultrasonic
pulser/receiver 5072PR was employed, and an oscilloscope
Agilent DS06014A (100 MHz, 4 channels) was used for
monitoring the ultrasonic signals. Each stage of the experiment
was managed by suitable and expressly written software in
LabVIEW. This software is aimed at the management of the
manipulator, i.e., at the control of the movement of the probe
according to a predetermined path. Moreover, this software is
aimed at controlling the oscilloscope by a workstation and at
acquiring the ultrasonic impulses for each step; finally, through
this software it is possible to reprocessing the experimental
data and to generating A-Scan, B-Scan and C-Scan
presentations of the ultrasonic results.

The LabVIEW software incorporates various suitable
functions for analyzing and processing the ultrasound signals,
and for extracting the required velocity and the amplitude data
for frequency analysis.
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7
Fig. 2 The C-Scan setup: water tank and probe manipulator.

For the test, the GFRP composite disk was immersed in the
water tank. We considered a scan area of 70 x 75 mm? with a
0,1 mm amplitude of the scanning step along both X and Y
directions (Fig. 3).

Fig. 3 The scan area for the GFRP composite sample.

C.The C-Scan test results

In Figure 4 we show a typical A-Scan presentation of the
ultrasonic propagation in the water tank without the specimen.
The first peak is the ultrasonic main bang pulse, and
subsequent peaks represent the reflections of the ultrasonic
waves on the surface of the Plexiglas water tank.
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Fig. 4 A-Scan without the GFRP composite sample.

Figure 5 shows a typical A-Scan presentation of the
ultrasonic signals in a generic instant during a C-Scan test of
the undamaged composite specimen. Now subsequent peaks
represent the reflections at the interfaces between the water

and the sample.
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Fig.'5 A-Scan in the undamaged GFRP composite sample.

Starting from the waveform data collected for each point of
the scan (A-Scan presentations) it is possible to identify
variations of the ultrasonic amplitude and/or of the ultrasonic
velocity, due to damage and defects. To this aim, it is possible
to use suitable “gates”, named Frontwall gate (in red) and
Backwall gate (in green) in Figures 4-5. Finally, the data has
been represented in a C-scan presentation, where a false color
scale indicates the variation of the ultrasonic longitudinal
velocity (m/s) in the scanning area for the undamaged
composite material specimen (Fig. 6).

209
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Fig. 6 C-Scan for the undamaged GFRP composite sample.

The range of the velocity of ultrasonic longitudinal waves
measured in the undamaged GFRP composite specimen is
2700 + 2800 mf/s. Different values of ultrasonic velocity are
recorded only in proximity of the edges of the housing of the
magnet (1700 + 2200 m/s) and of the outer edge of the rotor
(2000 + 2300 m/s). We expect that these differences arise from
the manufacturing process of the examined component.

Beside the above mentioned points, the analysis of the
experimental data do not show difference in the values of the
velocities and the amplitudes of ultrasonic waves which may
be symptoms of defects or damage already existing at this
stage of the experiment.

IV. THE DAMAGE CHARACTERIZATION BY ULTRASONIC C-SCAN

A.The artificial damaging of GFRP rotor

In order to study the effect of the damage in the GFRP
component on the ultrasonic behavior of the material through
C-Scan tests, we have artificially damaged the rotor by a
mechanical test machine. In particular, in order to simulating
the pressure exerted by the magnets on the rotor during the
rotation of the disc (6000 rpm), due to the centrifugal force,
we applied a tensile load along one of the rays of the rotor
crossing the housing of a magnet.

We calibrate the value of the load by a preliminary analysis
of a numerical FEM model of the mechanical test by using the
Solid Mechanic module of the code COMSOL Multiphysics.

In particular, once generated an accurate geometric model
of the rotor in the preprocessing phase, we assigned the
mechanical properties of the orthotropic elastic material,
according to the previously described measurements (see
Table 1). We developed several numerical models, each of
them characterized by different load conditions. The analysis
of the obtained results suggested us to damage the specimen by
applying a tensile force of 5.000 N, higher than the load
exerted in service by the single magnet (about 1.800 N), but
lower than the failure load of the GFRP component.

In the following, we present the results of the numerical
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analysis obtained for a tensile load of 5.000 N. In particular,
Figures 7 show the distributions of the von Mises stresses,
taken as a representative measure of the overall stress state.

Fig. 7 Von Mises stress (MPa).

Notice that the maximum value of the von Mises stress is
148 MPa, and that this value is obtained in proximity of the
inner edges of the magnet housing, in the area analyzed by the
C-Scan ultrasonic test (Fig. 8).

e v Mo siress [MPal

Fig. 8 Von Mises stress (MPa) in the C-Scan area of the composite.

Finally, Figure 9 shows the experimental setup employed
for artificially damaging the specimen: the GFRP disk has
been placed in an electromechanical Instron testing machine.
The test has been performed until a tensile load of 5000 N has
been reached.
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Fig. 9 Artificial damaging of the EOT_

B. The ultrasonic evaluation of the damage

At the end of the artificial damage, the GFRP disk was
removed from the testing machine and placed in a water tank
in order to perform another ultrasonic C-Scan in the same area
of the first scan, i.e., around the area where the tensile load
was applied (near the housing of a magnet).

Figure 10 show the A-Scan presentation of the ultrasonic
waves travelling through the damaged composite material;
Figure 10 refers to the same point of the disk considered in
Figures 5.

ot B% |

ULTRASONIC SIGNAL
1400
1200~
1000

E-1

2 800

S o

&

T T T ] ] I ] T |
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500
Time

U T I T il
250u 300u 400u 450u 500u

TOF (3

v
200u

Fig. 10 A-Scan for the damaged GFRP composite sample.

Figure 11 shows the C-Scan presentation of the ultrasonic
results for the damaged composite material. This image, when
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compared to Figure 7 (concerning the undamaged composite)
clearly enlighten the state of damage of the composite through
a striking diffuse variation of the ultrasonic longitudinal
velocity in the material. This variation is relevant especially in
proximity of the inner edge of the magnet housing and in the
area between this edge and the outer edge of the disk. As
explained above, these areas contain the points which have
been subject to the largest values of the stress during the
tensile test.

Indeed, in these areas much lower speed values (1.700 +
2.300 m/s) have been recorded. Notice that a significant
reduction of the ultrasonic velocity (1.900 =+ 2.100 m/s), due to
the presence of damage, has also been detected in other points,
outside these areas.
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Fig. 11 C-Scan presentation for the damaged GFRP composite
sample.

Starting from the velocity measurements, for each point of
the scanned area we determined by (3) the damage parameter
D, which ranges in the interval 0,23 + 0,49. The lowest values
of D (less damaged points) have been determined in the area
between the edge of the magnet housing and the outer edge of
the rotor, whereas the higher values of D (more damaged
points) have been measured in the points near the edge of the
magnet housing and near the outer edge of the rotor.

V. CONCLUSIONS

The ultrasonic immersion tests are an effective tool for the
mechanical characterization of anisotropic materials such as
composites [1-8] and for the analysis of the damage of
construction materials [22]. Here, we show that by applying a
damage model developed within the CDM theory and directly
based on the results of an ultrasonic C-Scan, it was possible to
characterize the damage in an artificially damaged GFRP
aeronautical rotor. In particular, the new scalar damage
parameter D here introduced, depending on the square of the
ultrasonic wave velocity, may be an effective measure for an
overall quantification of the damage and then for the
estimation of the residual in-service life of the component.

The C-Scan presentation clearly shows the distribution of
the damage — here induced by applying a tensile load to the
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specimen — and may also give useful suggestions for
optimizing the design of the examined component.
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