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Abstract

Our work is focused on a new experimental approach for the comparison between Quasi Static
Indentation (QSI) damage and Low-Velocity Impact (LVI) damage in polymer composites starting
from the results of ultrasonic goniometric immersion tests. In particular, the comparison is performed
through the analysis of the additional anisotropy induced by the damage in unidirectional Glass Fiber-
Reinforced Polymer (GFRP) composites due to QSI and LVI damage tests performed with a low level
of the employed energy. To this aim, we ultrasonically reconstruct the acoustic curves (velocity
curves and slowness curves) before and after the damage. Ultrasonic experiments are performed by
using a goniometric ultrasonic immersion device designed and built at our laboratory, aimed at the
mechanical characterization of anisotropic materials. We highlight differences and similarities
between QSI and LVI damage starting from the analysis of the variations of the acoustic behavior
and by using a suitable anisotropic damage model developed in the framework of the Continuum
Damage Mechanics theory. The proposed experimental approach can be suitably developed for in

situ investigations on low-velocity impact damage in polymer composite components.
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F. Glass fiber reinforced composites

1. Introduction

Structural components made of fiber-reinforced polymer composites are increasingly used in several
engineering applications because of their high weight-specific mechanical properties. In particular,
nowadays fibre-reinforced polymer composite laminates are commonly used for aerospace [1],
automotive [2], military [3], marine [4], and construction [5,6] applications.

However, the higher strength-to-weight ratio of laminated composites is counterbalanced by a
significant vulnerability to impact damage, due to the absence of reinforcement through the thickness
and to material discontinuities at the ply interfaces. This can considerably affect the mechanical
performances of the composite, and may evolve often in unpredictable ways, leading to an unexpected
and sudden failure of the structural component.

In particular, for many applications the major concern regards the damage induced by low velocity
impacts (LVI). LVI are likely to occur during the various stages of the life of many components,
starting from the manufacturing, keeps going during the service life and the maintenance. A typical
damage process originated by a LVI may lead to the development of microcracks, fiber crushing and
delamination, localized in limited area. When the structural component becomes subject to
subsequent loads, related to its service life, a propagation and an evolution of the original damage can
occur. This evolution of the damage can totally jeopardize the mechanical properties of the
component.

It is important to recall that LVI damage may be sneaky, since after the impact often it is not possible
to see any visible external sign of damage, although a significant internal degradation has taken place;
in addition, the internal damage may spread over a wide area surrounding the impact point, leading
to a considerable lowering of the mechanical properties of the composite.

For the above reasons, the study of LVI damage has become a key subject in the research on
composites since the 1970s. Indeed, it is possible to find a broad literature about experimental
analyses on the effects of LVI on composites. Several conditioning aspects have been analyzed like,
e.g., the shape of the impactor, the number of impacts, the boundary conditions, the thickness of the
composite, the velocity and the impact energy [7]. Moreover, the literature indicates that the results
are strictly related to the composite type; by narrowing the landscape to fibre-reinforced polymer
composite laminates, the effects of LVI damage depend on the content of the fibers and the matrix

and on the arrangement of the layers [4,8—11].



A significant fact to underline is that LVI damage tests are relatively difficult and expensive to
perform, and their results are often largely scattered and of complex interpretation. Thus, a large
number of studies concern the possibility of assessing LVI damage behavior of composites starting
from the results of quasi-static indentation (QSI) tests [9,12—14].

Indeed, for composite laminates the damage configuration due to quasi-static indentation is similar
to that of low velocity impact [9]. Of course, the latter is a dynamic process, whereas QSI tests are
performed at such a low speed that dynamical effects are negligible. This justify the simplicity and
reliability in obtaining the required results from the easily controlled QSI tests; moreover, as well as
in LVI tests it is possible to consider different impact energy, in QSI tests it is possible to vary the
maximum achieved displacement, in order to investigate the progression of the damage.

In the literature, a number of studies indicates that the low-velocity impact and quasi-static
indentation cause a similar response of composite laminates in terms of the induced damage and the
residual strength. Anyway, the rate-dependency of the mechanical response of many composites may
affect the representativity of the results of QSI tests in terms of the characterization of the low-velocity
impact damage behavior [2].

Mostly, the results of QSI tests are compared to those obtained by LVI tests in terms of the
comparison of the acquired force-displacement responses and in terms of the damage observed in the
two different experimental procedures. For the latter, both destructive tests like microstructural
analyses by SEM and compression after-impact tests or non-destructive tests like, e.g., ultrasonic C-
scan tests and X-rays tests are performed. The aim is basically that of determining the extension of
the damaged area and the features of the occurred damage.

In general, these analyses provide an understanding of the general damage resistance response, but
cannot identify the process of the development of the damage, and if there are similarities in the
interaction of different damage modes. Anyway, comparison of QSI damage and LVI are performed
for the same employed energy [15].

On the other hand, since LVI damage is considered very difficult to detect, there is also a broad
literature about non-destructive techniques for detecting, quantifying and monitoring LVI damage on
composite laminates. Among the others, ultrasonic [1,15], ultrasonic guided waves [16],
thermographic [17,18], holographic [19] and acoustic emission techniques have been studied.

Here, we propose a new approach for the comparison between the damage induced by LVI tests and
QSI tests in glass fiber-reinforced polymer composites (GFRP). We consider the damage resulting
from low impact energy, in view of representing possible scenario where the impact generates sneaky

damages, difficult to detect, but capable of evolving in a sudden failure of the composite.



Since the damage of composites involves a damage induced anisotropy superimposed to the
constitutive anisotropy [20-22], our approach is based on the employ of ultrasonic goniometric tests,
based on the analysis of change in the anisotropy of the acoustic response of the composites.
Goniometric ultrasonic tests combined with ultrasonic immersion techniques and ultrasonic laser
techniques have been proven to be effective tools for the characterization of the mechanical response
of anisotropic materials [23,24] since it is possible to access to all the elastic constants in a relatively
easy way. Here the task is a little bit more complicated, since we have to experimentally distinguish
the damage induced anisotropy from the original constitutive anisotropy of the material. To this aim,
we employ an innovative goniometric ultrasonic immersion device designed and built at our
laboratory [25].

The study of the damage is based on the analyses of the changes in the velocity curves and in the
slowness curves before and after the damage. Moreover, a quantitative evaluation of the damage is
provided by employing an anisotropic damage model developed within the Continuum Damage
Mechanics (CDM) [26,27], and based on a tensorial damage measure. For determining the
components of this damage measure, the change of the elastic constants due to the damage is
evaluated.

By comparing the characteristic acoustic curves of QSI and LVI damaged GFRP composites and by
using the above cited damage measure, we discuss similarities and differences between the acoustic
features of the damage induced by the two different damage tests, and the differences in the
macroscopic characterization of the occurred damage.

Moreover, since the experimental approach here presented can be further developed for in-situ
applications, this study can be useful for linking the damage level detected on in-service structural
components to the results of laboratory analysis on LVI damage performed on composite laminates.
Indeed, the present work takes inspiration from the research activities carried out for answering the
needs of damage characterization and evaluation of composites arisen in a research project on the
development of on innovative wind turbine blades, molded in only one piece, and made of
unidirectional GFRP laminate (Fig. 1).

Wind turbine blades are very sensitive to damage, and in particular to low-velocity impact damage,
for impacts that can occur during the manufacturing, the transportation and the installation, or during
the service life owing to foreign objects, heavy hailstones, etc.. Thus it is crucial not only an accurate
structural design against the damage induced by possible impacts expected during the service life, but

also to develop quantitative approaches for in-situ damage characterization.



Fig. 1. Inner view of an innovative GFRP wind turbine blade entirely molded in only one piece

The paper is arranged as follows. In Sect. 2 we briefly summarize the theoretical framework. First,
(Sect. 2.1) we set the analysis of wave propagation in anisotropic solids in the framework of the linear
electrodynamic theory; we then specialize the topic to the special case of transversely isotropic
materials. Then, (Sect. 2.1) we recall the fundamentals on damage models for anisotropic solids, and
we present more in depth an effective anisotropic damage models for the interpretation of the results
of ultrasonic experiments on damaged composites.

Sect. 3 is devoted to the experimental procedure. After a general presentation (Sect. 3.1), we describe
the experimental setup employed for performing ultrasonic goniometric immersion tests, the
examined samples, and the interpretation of the results of the tests in terms of the classification of the
anionotropy degree of the material and of the determination of the independent elastic constants
needed for the description of the elastic behavior of the composite (Sect. 3.2). Finally, in Sect. 3.3 we
introduce the performed LVI and QSI damage tests.

The obtained results are discussed in Sect. 4; this discussion is aimed not only at the characterization
of the damage, but also at the comparison of the identified similarities and differences between LVI
and QSI damage. First (Sect. 4.1) we show the ultrasonic velocity curves and the ultrasonic slowness
curves, both for the undamaged composites and for QSI damaged and LVI damaged composites. In
Sect. 4.2 the estimated elastic constants both for the undamaged samples and for QSI damaged and
LVI damaged samples are presented; moreover, the variation of the elastic constants due to the
damage is discussed. Finally, in Sect. 4.3 we show the values obtained for the components of the

tensorial damage measure both for QSI damaged and LVI damaged composites.



2. Theoretical framework

2.1 The linear elastodynamic theory

Wave phenomena involved in ultrasonic experimental tests are usually described by the linearized
elastodynamic theory. Indeed, ultrasonic waves of small energy, like those employed for the
experiments, can be regarded as small perturbations of a reference (eventually prestressed [28,29])
state of an elastic body.

Here, we study the case of solid bodies in a stress-free reference configuration, so that we may refer
to the simpler framework of the linear elastodynamic theory [30]. In particular, we search solutions

in the form of progressive plane waves for the equation of motion
Div(C[Vu]) = pi, (1)

where p=p(x) is the mass density, C= C(X) is the fourth order elasticity tensor endowed with the

first and the second minor symmetries [30], u=u(x) has the following form:
u(xt) =a p(x-n-vt) (2)

and represents a progressive elastic plane wave with propagation direction n, direction of motion a,
propagation velocity v; finally, ¢ is a real valued smooth function.
The propagation of plane progressive elastic waves in an elastic body is ruled by the Fresnel-

Hadamard condition [30]:
[F(n) - szl:I a=o, (3)

where F(n) is the second order Kelvin-Christoffel propagation tensor for the direction n, related to

the elastic tensor C as follows:

I'(n) =C'[n ® n] 4)



(in (4), the superscript “t” represents the minor transposition for fourth order tensors).

By (3)-(4), if an elastic wave propagates in a given direction n, the square of the propagation velocity
v is an eigenvalue of the Christoffel tensor F(n) while the direction of motion a is the associated

eigenvector. It is clear that the symmetry properties of the elastic tensor C strongly influence the
features of progressive elastic waves propagating along a certain direction n. Moreover, once fixed
the propagation direction n, according to the polarization vector a pure propagation modes like
longitudinal waves (a and n parallel) and transverse waves (a and n perpendicular), or not pure
propagation modes (neither longitudinal or transverse waves), are possible into an elastic body. Not
pure modes are usually classified in the literature as quasi-longitudinal waves or as quasi-shear
waves, depending on the proximity of the direction of a to the direction of n or to a direction
orthogonal to n. Not pure modes characterize the acoustic behaviour of anisotropic materials like
composites materials; for more details, refer to [25,30,31].

This theoretical framework suggests a non-destructive ultrasonic experimental counterpart: indeed,
the results of ultrasonic tests can be employed for facing two major problems in the mechanics of
elastic materials: 1) the classification problem, that is the determination of the symmetry class and
the identification of the material symmetry axes; 2) the representation problem, that is, once known
the symmetry class, the determination of the components of the elastic tensor C characterizing the
elastic response of the material [25].

Starting from experimental measures of ultrasonic waves velocities propagating in different
directions and having different polarizations, it is possible to reconstruct three characteristic families
of acoustic surfaces for the elastic materials: the velocity surfaces, the wavefront surfaces and the
slowness surfaces [31]. In particular, a slowness surface is the polar diagram of the inverse of the
phase velocity v as a function of the direction of propagation n of acoustic waves having a certain
polarization. By considering the three possible polarizations, a family of three sheet of slowness
surfaces is obtained. Each of these surfaces can be considered as generated by the variation with the
direction of propagation n of the slowness vector s, given by the ratio between the wave number
vector k and the angular frequency o [31].

In case of wave propagation into isotropic elastic bodies, only pure modes are possible and the
slowness surfaces consist of three pure wave sheets. Moreover, since wave velocities do not depend
on the direction of propagation n, each slowness surface consists in a sphere whose radius is the
inverse of the phase velocity: indeed, phase and group velocity vectors are collinear. Instead, in case
of acoustic waves in anisotropic elastic bodies, phase velocity and group velocity vectors are no

longer collinear, and then the shape of the slowness surfaces is no longer spherical. Indeed, depending



on the anisotropy features of the material, the shape of the slowness surfaces may be very complex.
The experimental reconstruction of the slowness surfaces allows for identifying the material
symmetry axes, also called the acoustic axes of the materials in the context of wave propagation
problems [31,32]: this allows for solving the classification problem for the examined material. We
recall the following properties of waves propagating in the direction of a material symmetry/acoustic
axis [33]: for each wave propagation mode, phase velocity and group velocity share the same
direction; 2) according to the Federov-Stippes theorem [30], for some symmetry classes (for example,
this is the case of the transverse isotropy) two shear waves orthogonally polarized have the same
phase velocity.

Since the experimental tests discussed in this paper concern unidirectional fiber reinforced
composites, we may assume that the elastic response of the undamaged composite can be modeled as
transversely isotropic. In particular, in a reference system whose x3-axis is coincident with the
transverse isotropy axis (that is, the x3-axis is parallel to the fibers direction of the composite), the

elasticity tensor C has the following representation in Voigt notation

¢, C, C, 0 0 0]
c, C, C, 0 0 0
co C, C, C, 0 0 0 ’ )
o 0 o0 C, 0 0
o 0 0 o0 C, O
(0 0 0 0 0 Cg)

with C,,=C,,-2C.

Fig. 2 shows the theoretical slowness curves in 73 plane (sections of the slowness surfaces by ;3
plane) for a transversely isotropic material; we distinguish the curves related to the differently
polarized ultrasonic waves by using different colors. Notice that for a transversely isotropic elastic
material having x;-axis as the transverse isotropy axis the slowness surfaces are rotationally

symmetric about x3-axis, and have reflection symmetry about the 7, plane [31].
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Fig. 2. Theoretical slowness curves for transversely isotropic materials with x;-axis as the transverse

isotropy axis

2.2 Anisotropic damage models for damaged composite materials

Fibre-reinforced composite materials may undergo different damage phenomena like, for example,
microcracks, cavitation, decohesion at fibre ends, debonding, crazing, etc.. In general, damage is
related to the deterioration of the mechanical properties of the material due to microscopic,
mesoscopic and macroscopic processes: starting from the initiation of microcraks or microcavities
until to the coalescence of the microscopic cracks leading, from the macroscopic point of view, to the
initiation and the development of macrocracks.

Continuum Damage Mechanics (CDM) [34,35] aims at the study of the damage in materials from the
mesoscopic and macroscopic point of view, in the theoretical framework of Continuum Mechanics
[36]. In this framework, the damaged material is considered as a continuum, in spite of the presence
of microcavities and microcracks and then, according to the principle of local state [37,38] a damage
state is described at the macroscopic scale in terms of suitably damage internal variables, which
represent the irreversible changes occurring at the microscopic level. By using the notion of the
effective stress [39,40] and by making the assumption of the mechanical equivalence between the
damaged material and a “fictitious” undamaged material, arising from the hypothesis of the strain
(stress) equivalence [41,42] or from the hypothesis of the stress-energy (strain-energy) equivalence
[35,42,43], CDM theoretical models provide systematic methods to formulate the constitutive
equations of damaged materials.

Since the development of microcracks induces a reduction of the stiffness, the damage can be

efficiently associated to the variation in elastic moduli [35,42]. Various damage models have been



formulated in the literature, taking into account different kind of damage internal variables: scalar,
vectorial and tensorial internal variables (second order, fourth order and eighth order damage tensorial
internal variables) [44].

Since composites are constitutively anisotropic materials and since the damage, in general, involves
an anisotropization of the mechanical response (damage induced anisotropy), from an ultrasonic point
of view the damage may be related to a damage induced anisotropy superimposed to the initial
anisotropy of the undamaged material.

Here, starting from the results of ultrasonic tests, we study the low velocity impact (LVI) damage for
glass fiber reinforced composites. In particular, we compare the damage caused by a LVI test with
the damage induced by an equivalent quasi static indentation (QSI) test. For a quantitative evaluation
of the damage, we ultrasonically characterize a CDM model proposed by Baste and Audoin [26,27]
and aimed at the interpretation of the results of ultrasonic tests on damaged anisotropic materials; this
model is based on a fourth order tensorial damage measure.

First we observe that by referring to Voigt notation, it is possible to employ the following symmetric

tensor for describing the absolute variation of the elastic tensor components (stiffness)
o, =C. -C., 1ij=1,..,6, (6)

where the wavy stiffness refer to the damaged material, while the unmarked stiffness refer to the
undamaged material.

In phenomenological damage models based on the thermodynamics of the internal variables, the
damage variables vary from zero (undamaged material) to 1 (damaged material). The easier way for
representing the damage for anisotropic materials is given by the tensor collecting the relative

stiffness variations, that is, in Voigt notation:
D. =1-—L | ij=1,..,6. 7
C (7

The definition (7) involve some theoretical inconsistencies for the off-diagonal components of the
damage tensor. Indeed, in order to have that all the components of the damage tensor vary in the
interval [0,1], it is necessary to normalize the damage components by their thermodynamically
admissible maximum values, coming from the requirement that the elasticity tensor of the damaged

material is still a positive defined tensor.
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According to [26] , when the stiffness of the damaged material becomes zero we obtain from (6) the

lim

maximum admissible values for the damage diagonal components o, ™ ; those maximum admissible

values correspond to the failure of the volume element in the direction 1 (i=1,2,3), and in the shear

plane 2,3 (i=4) or 1,3 (i=5) or 1,2 (i=6) [45], respectively
o,"=C,>0, i=l,..6. (8)

Instead, for off-diagonal damage components the admissible maximum values (Dijlim correspond to

the fact that a minor M;; = @ﬁéjj -éﬁz of the damaged elastic tensor becomes equal to zero. Hence,

we have:
0. ™=C, +.,/C.C., ij=1,..6,i#]. )

In (9) the sign + depends on the admissible variation of Cij; in particular, we have an upper bound

for CU when o; <0 and a lower bound for éij when o, >0:

—CiCy <Cy <,/CﬁCjj . (10)

By the above, a thermodynamically consistent tensorial damage measure D for anisotropic material

may be defined such that, in Voigt notation, the normalized diagonal components D, are:

e
Ol

D, =—i=]-=i i=]2,..6, (11)

11 lim

2
O

and the normalized off-diagonal components D, are:

C;- G, (12)

o, . . .
D. =—13 ! , 1,j=1,2,...,6, i#].

1 lim

mij ) Cij‘i‘Sigl’l (Cij' éij \/Cii (l_Dii)ij (l_Djj)

11



We observe that if the norm |D| of the damage tensor D is equal to 0, the material does not have
damage; if 0<|D|<1, the material is damaged; if |D|=1, the material is totally damaged (failure of the
material).

Moreover, in terms of D and of the stiffness of the undamaged material the stiffness of the damaged

material may be expressed as follows:

C,=C,(1-D,), i=1.2,....6, (13)

¢, =C,(1D,)¥D;"\/C, (1D,)C; (1-D;).  i.j=12...6. i#]. (14)

Notice that the considered fourth order damage tensor D possess full symmetry properties (minor
symmetries and major symmetry); other approaches in the literature (see, e.g., Cauvin and Testa [46]
and Olsen-Kettle [47]) refer to fourth order damage tensors equipped only the by the minor
symmetries. Indeed, it is possible to show that if the latter properties holds, the major symmetry of

the elastic tensor of the damaged material is ensured.

3. Experimental tests

3.1 A new experimental approach for the comparison between QSI damage with LVI damage by using
ultrasonic immersion tests

We have developed an experimental procedure for the comparison between the damage induced by
QSI tests and LVI tests, respectively, based on a ultrasonic immersion technique. In order to achieve
this goal, we have employed an innovative ultrasonic immersion goniometric device designed and
built by our laboratory (Laboratorio “M. Salvati’) [24,25]. This device allows for rotating a composite
sample immersed into a water tank also housing the ultrasonic probes. As the angle of incidence
between the ultrasonic beam and the sample surface varies, the Snell law show that it is possible to
propagate any kind of polarized ultrasonic waves into the sample, both pure (longitudinal and shear
waves) and not pure waves (quasi-longitudinal and quasi-shear waves). This way, starting from the
ultrasonic results, it is possible to determine the material symmetry axes or acoustic axes
(classification problem) and the components of the elastic tensor (representation problem).
Ultrasonic tests have been performed on two composite samples before and after a LVI test and a QSI

test, respectively. The main steps of the procedure are following:

12



1) Evaluation of the velocity of ultrasonic waves with different polarizations and different
propagation directions for the undamaged and for the damaged composites, for each
propagation plane experimentally accessible.

2) Classification of the symmetry of the mechanical response of the undamaged and damaged
composites by the experimental reconstruction of ultrasonic wave velocities curves and
slowness curves.

3) Representation of the mechanical response of the undamaged and damaged composites by the
determination of the required independent components of the elastic tensor.

4) Qualitative analysis of the damage induced anisotropy for the examined composites through
the comparison between ultrasonic wave velocities curves and slowness curves of the
undamaged and damaged (QSI damaged and LVI damaged, respectively) composites.

5) Quantitative analysis of the damage induced anisotropy for the examined composites by: a)
the comparison between the elastic constants evaluated for the undamaged and damaged (QSI
damaged and LVI damaged, respectively) composites; b) the determination of the components
of damage tensor (11)-(12) in case of QSI damage and LVI damage, respectively, which
definitively allows for a quantitative and synthetic evaluation of the occurred damage.

In Sect. 4 we show the main results achieved by the procedure described above.

3.2 Ultrasonic goniometric immersion tests

Ultrasonic tests were performed by using an innovative goniometric immersion device specifically
designed for the mechanical characterization of anisotropic materials like composites [24,25]. The
device consists in: an immersion water tank; a frame housing ultrasonic immersion transducers and/or
a reflective surface in Plexiglas; a rotating slot for the sample operated by a stepper motor with a
reducer gearbox characterized by a very small angular steps (0.036°) (Fig. 3). This device can be used
in two different configurations: through-transmission tests and back-reflection tests. For the present
study, we used the latter configuration: ultrasonic waves are generated and received by an unfocused
ultrasonic immersion probe with a central frequency of 1 MHz. The ultrasonic signals are handled by
an ultrasonic pulser/receiver Olympus 5072PR and an oscilloscope Agilent DSO6014A (100 MHz, 4
channels).

The controller of the motor stepper and the analysis and the processing of ultrasonic signals are
managed by a LabVIEW software ad hoc designed for performing the ultrasonic goniometric
immersion tests. For each rotation angle of the sample, by this software the time of flight (TOF) At
of ultrasonic waves is determined through the cross-correlation between the auto-correlated reference

signal (ultrasonic signals acquired without sample) and the average of the normalized signals acquired

13



(ultrasonic signals acquired with the sample placed in the slot) [25]. At the end of each ultrasonic test,
the LabVIEW software displays a graph showing the measured ultrasonic phase velocities v, (m/s)

versus the angle of incidence 0 (deg) of the ultrasound beam (Fig. 4).

velocity cross (m/s)  velocity peack (m/s) angles ()
© " 1ss2190 || 2008230 || o000 |

(EPNSERLS

m
(ERE Y
¥
[ 3
g
L3
¥
¥
5
&
‘l-
iE
i
13
5
'
i.
| 3
I3
-
£
I.
frEEyY

Fig. 4. LabVIEW software interface

We employed the above described device for ultrasonically characterizing the mechanical response
of glass fiber—reinforced composites made of 4 unidirectional fiberglass reinforced layers with an
overall thickness of 3.8 mm used for the construction of innovative wind turbine blades, as mentioned
in the Introduction.

In particular, we have ultrasonically characterized the mechanical behaviour of two glass fiber
reinforced composite samples: one indicated as S1 and another as S2 (Fig. 5). For both samples we

have first performed the ultrasonic tests on the undamaged material. Then, S1 sample has been

14



damaged by a quasi-static indentation (QSI) test, whereas S2 sample has been damaged by a low-
velocity impact (LVI) test. Finally, ultrasonic tests have been performed again on the two damaged

samples.

Fig. 5. Undamaged GFRP composite samples S1 and S2

As discussed in Sect. 2.1, we have initially assumed that the mechanical response of the undamaged
unidirectional composite can be described as transversely isotropic linearly elastic. By the
experimental reconstruction of ultrasonic wave slowness curves, it was possible to confirm this initial
hypothesis, since those curves are practically superimposed to the corresponding theoretical curves.
In this way, we have ultrasonically solved the classification problem.

Then, once determined the mass density p of the composite samples, the phase velocity data recorded
by the LabViEW software allowed us to determine by the inversion of the Christoffel equation (3)
the independent elastic constants of the composites (representation problem). In our case, we
determined the five elastic independent constants (C;;, Ci3, Ci3, Cy4y and Cge) needed for the
description of the linear elastic behavior of a transversely isotropic material. To this aim, we have
considered two different propagation planes: the plane m;, which allowed us to measure C,;, C44 and
Css, and the plane w5 (the plane containing the fibres), enabled us for the measurement also of Cs3
and C,; (Fig. 6).

For inducing wave propagation in the plane m;,, we placed the samples in the ultrasonic device so
that the rotation axis of the sample was parallel to x3-axis (i.e., the fiber axis). Wave propagation in
the plane m;; was obtained by placing the sample with the rotation axis orthogonal to the axis of the

fibers, and coincident with the x,-axis.
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Fig. 6. Geometrical scheme of the unidirectional composite with the indication of the propagation planes

and of the related elastic constants

The same procedure has been repeated on the damaged samples. In both cases (QSI damaged S1
sample and LVI damaged S2 sample), the comparison between the experimental reconstructed
slowness curves and the corresponding theoretical curves allows us for considering the elastic
response of the damaged materials still as linear transversely isotropic elastic. Then, by the inversion
of the Christoffel equation (3), we have determined the five elastic independent constants for the QSI

damaged S1 sample and for the LVI damaged S2 sample.

3.3 Damage tests: Quasi Static Indentation (QSI) test and Low Velocity Impact (LVI) test

As mentioned in Sect. 2.1, two different damage tests were conducted on the examined GFRP
composite samples: a quasi-static indentation (QSI) test on the sample S1, and a low-velocity impact
(LVI) test on the sample S2.

In either test, we used a hemispherical impactor acting in the x1-direction, with diameter 57 mm and
weight 0.959 kg.

The QSI test was performed by using a electromechanical Instron universal testing machine and
according to the ASTM D6264 [48] standard. The S1 sample was clamped at the corners and was
indented by the impactor with a peak load of 344 N and peak energy level of 1.90 J.

For LVI test an in-house built impact set-up was employed, and the test was performed according to
ASTM D7136 standard [49]. The S2 sample was hit by the hemi-spherical impactor with a impact

velocity of 1.944 m/s; the measured impact energy level was 1.90 J.
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The low value of the impact energy considered for the experiments (1.90 J) was aimed at damaging
the composites without break it. According to the literature [15], since the energy level of both the

performed LVI and QSI damage tests is the same, similar damage effects are expected.
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Fig. 7. Damaged GFRP composite samples S1 and S2

4. Results

4.1 Ultrasonic wave velocities curves and slowness curves

We first provide a qualitative comparison between QSI and LVI damage through the analysis of the
ultrasonic wave velocities curves obtained for the undamaged and the damaged samples, respectively.
Fig. 8 shows the graphs phase velocity vs incident angle for the sample S1 before and after the QSI
damage test, for wave propagation in the plane m;,, orthogonal to the fibers. In particular, we have
plotted in green the results obtained for the undamaged composite, and in orange the results obtained
for the QSI damaged composite.

According to the Snell’s law, we observe a mode conversion from pure longitudinal (PL) waves to
pure shear (PS) waves at the first critical angle.

We notice that the QSI damage has induced a slight reduction both of the phase velocity of PL waves
and of the first critical angle (from about 10,12° to about 9,47°). For the velocity of PS waves no

remarkable difference are noticeable between the undamaged sample and the damaged sample.
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Figure 8: Ultrasonic wave velocity curves (plane mt,,, undamaged vs QSI damaged sample S1)

In Fig. 9 we have reported the graphs phase velocity vs incident angle for the sample S2 before and
after the LVI damage test, and for the propagation plane ;. Here, we have plotted in blue the results
obtained for the undamaged composite, and in red the results obtained for the LVI damaged

composite.
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Figure 9: Ultrasonic wave velocity curves (plane 7y, undamaged vs LVI damaged sample S2)

Also in this case, we see that LVI damage induces a small decrement of the phase velocity of PL

waves, and a slight reduction of the value of the first critical angle, from about 11,30° to about 10,69°.
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After the first critical angle, PS waves are observed, but the curve related to the undamaged sample
is almost overlapped to that related to the damaged sample.

For what concerns the propagation of waves in the plane w3, the graphs phase velocity vs incident
angle obtained for sample S1 before and after the QSI damage test and for sample S2 before and after
the LVI damage test are reported in Figg. 10 and 11, respectively.
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Figure 10: Ultrasonic wave velocity curves (plane m 3, undamaged vs QSI damaged sample S1)
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In both graphs, we observe a first mode conversion from quasi longitudinal (QL) waves to a first kind
of quasi shear waves (QS waves 1), and then from the latter to a second kind of quasi shear waves
(QS waves 2). The results obtained for the propagation plane ;3 show a more marked variation of
the acoustic response of the composites samples due to the damage, especially for what concerns the
LVI damaged sample S2. Indeed, Fig. 11 shows that LVI damage involves a noticeable reduction of
the velocity of all the three kinds of polarized waves propagating in the sample. On the other hand,
see Fig. 10, the effect of QSI damage in terms of velocity reduction is discernible only for QL waves.
In both cases (QSI damage and LVI damage), a reduction of the first critical angle is observed.
Starting from the experimental measured phase velocities of ultrasonic waves, we reconstructed the
slowness curves for wave propagation in the plane 7,3, for both the examined composite samples,
before and after the damage.

Fig. 12 shows the experimental slowness curves for S1 sample before (a) and after the QSI damage
test (b), respectively. We observe only a slight variation of the slowness curve for each kind of
polarized ultrasonic waves, and this correspond to the fact that QSI test has induced a very small

damage anisotropy in the composite sample S1.
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Figure 12: Experimental slowness curves of undamaged and QSI damaged sample S1 (propagation in m,3 plane)

,0002 0,0004
kx3 (s/m)

Notice that the comparison of the shapes of these experimental slowness curves with the shapes of
theoretical slowness curve in Fig. 2 confirms the hypothesis of transversely isotropic elastic response
both before and after QSI damage tests. Moreover, the velocities of the two quasi shear waves

propagating along x;-axis before and after the damage are the same: this implies that the damage
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induced by QSI test has not varied the acoustic axis of the composite, i.e., the transverse isotropy
axis.

Fig. 13 shows the experimental slowness curves for S2 sample before (a) and after LVI damage test
(b), respectively. Also in this case, the comparison of the experimental slowness curves with the
theoretical ones (see Fig. 2) confirms the hypothesis of transversely isotropic elastic response, both

for the undamaged and for the LVI damaged composite.
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Figure 13: Experimental slowness curves of undamaged and LVI damaged sample S2 (propagation in 7,3 plane)

In the case of LVI damage we observe a more marked increment of the values of slowness for
ultrasonic waves in the proximity of the x;-axis (direction of the impact) and of the x3-axis (the
transverse isotropy axis). This confirms what we have yet observed about the velocity curves: the
acoustic behavior of the LVI damaged composite is different from that of the QSI damaged
composite. In particular, despite of the energy equivalence of the two performed damage tests, the
LVI damage test induced a increase of the material anisotropy in the directions of the two axes x; and
x3 greater than the additional anisotropy induced by the QSI damage test. Anyway, in both cases, the

damage induced anisotropy do not vary the acoustic axis of the GFRP composite (x3-axis).

4.2. Elastic constants

Starting from the experimental results above discussed, and once measured the density of the samples,
we passed to solve the representation problem for the considered composites before and after the two
different damage tests. To do this, the inversion of the Christoffel equation (3) is needed. Since we

have a redundant set of experimental data (for each propagation direction and for each polarization,
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(3) gives a non-linear equation in the elastic constants [31]), for enhancing the precision in the
determination of the 5 independent elastic constants we have performed a last square regression
analysis, minimizing the error between experimental and theoretical values [50].

As explained in Sect. 3.1, a first quantitative evaluation of the damage induced anisotropy in the
examined composites can been carried out by means of the analysis of the variation of the elastic
constants due to the damage.

In Fig. 14, we have represented the values of the 5 independent elastic constants of the undamaged
and of the QSI damaged sample S1, respectively. We see that by comparing the elastic constants of
the undamaged and of the damaged composite, the macroscopic features of the damage become more
evident. In particular, for the QSI damaged S1 sample we observe:

e areduction of about 3% to 4% of the elastic constants C;; and Cs; (extensional stiffness in the
directions of x;-axis, i.e. the direction of the indentation, and of xs3-axis, i.e. the transverse
isotropy axis, respectively) and of the shear elastic constant Cyq;

e avery small decrement of the shear elastic constant Cgg;

e areduction of about 7% of the shear elastic constant Cys.
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Figure 14 Elastic constants of the undamaged and QSI damaged S1sample

In Fig. 15, we have represented the values of the 5 independent elastic constants of the undamaged

and of the LVI damaged sample S2, respectively.
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Figure 15 Elastic constants of the undamaged and LVI damaged sample S2

Here we notice a greater reduction of the elastic constants due to the LVI damage compared to what
happen for the QSI damage. In particular, we have:

e a reduction of about 9% to 13% of the elastic constants C;; (extensional stiffness in the
direction of x;-axis, i.e. the direction of the impact), C44 and Cgq (shear stiffness components
related to the propagation plane m;,);

e a reduction of about 6% of the elastic constant Cs; (extensional stiffness in the direction of
X3-axis, 1.e. the transverse isotropy axis);

e areduction of about 10% of the shear elastic constant Cjs.

4.3. Anisotropic damage tensor components

For a more consistent quantitative evaluation of the damage, the six non-trivial components of the
fourth order damage tensor D have been determined by (11)-(12), starting from the elastic constants
of the undamaged and of the damaged materials, both for the QSI damaged sample S1 and the LVI
damaged sample S2. For convenience, we compare in Fig. 16 the value of the components of the

damage tensor D obtained for the QSI damaged and for the LVI damaged composite.
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Figure 16 Components of the damage tensor for the QSI damaged and LVI damaged samples.

First, we notice that the norm of the damage tensor D is equal to 0.007 for the QSI damaged sample
S1 and to 0.024 for the LVI damaged sample S2: this overall measure shows that the damage induced
by the dynamic LVI test is much more than the damage induced by the ideally equivalent QSI test
(3.5 times greater in terms of |D|).

In detail, the comparison of the corresponding components of D evaluated for the QSI damaged
sample and for the LVI damaged sample allows us for some further considerations about the
differences between the damage effects involved in the two different damage tests performed.

For the QSI damaged sample we have that the component D;;=0.031, related to the extensional
behavior in the direction of the impact x;, is very close to the component D33=0.037, related to the
extensional behavior in the direction of the fibers x; (transverse isotropy axis), and to the component
D44=0.038, related to the shear behavior in the planes 7, and mp; (the latter is orthogonal to the
direction of the impact). This shows a quite homogeneous additional anisotropy effect due to the QSI
damage. The remaining components of D are very small, denoting scarce damage effects.

On the contrary, for the LVI damaged composite we do not observe an homogeneous additional
anisotropy effect, since there are larger differences between the components of D. In particular, the
components D1;=0.097, D33=0.063 and D44=0.133 denote a significant change of the elastic behavior

due to the LVI damage, markedly different for what concerns the extensional behavior in the
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directions of the impact x; and of the fibers x3, and the shear behavior in the planes 7, and 7,3, the
latter orthogonal to the impact direction. Moreover, the component Dg=0.086 is much greater than
the corresponding component evaluated for QSI damage (Dg=0.008): this indicates that also the shear
behavior in the plane w3 has been appreciably modified by the LVI damage. The remaining
components of D are quite smaller.

Finally, although our model is purely macroscopic, we can try to give a physical interpretation to the
fact that the value of the component D33 (related to the extensional behavior in the direction of the
fibers) turns out to be smaller than to value of the component Dy; (related to the extensional behavior
in the direction of the impact). Indeed, it is possible to assume that the LVI impact test has not
involved fiber fractures, and that the damage consists essentially in a fiber-matrix debonding or in

matrix microcraks.

5. Conclusions

Here, by studying of the variation of the acoustic response in goniometric ultrasonic immersion tests,
we have analyzed the damage induced in GFRP composite laminates by LVI and QSI damage tests.
The latter have been performed with a small impact energy, in order to simulate some sneaky impact
damage scenario possible during the service life of structural components, in particular for the case
of composite wind turbine blades. To this aim, the damage is related to the damage induced anisotropy
superimposed on the constitutive anisotropy of the composite. According to the literature, the
performed LVI and QSI damage tests have been arranged such that an similar level of damage has to
be expected in both cases.

Our results show that by the proposed experimental approach is very effective, since it is possible to
quantitatively characterize damages even of small entity in GFRP composite laminates. Moreover,
the damage model employed, strictly related to the experimental results, allows for a quantitative
macroscopic comparison of damage of different kinds.

For composites, depending on the features of the damage, a variation of the acoustic axes and/or a
variation of the shape of the slowness surfaces may occur. Anyway here, after both the performed
damage tests, QSI and LVI, since the hemispherical impactor has acted in a principal direction of
anisotropy (x;-direction) the observed damage do not modifies the class of material symmetry of the
composite, which remains transversely isotropic.

Beside the observed similarities, some differences between LVI and QSI damage have been

determined. Indeed, we notice for the QSI damaged composite a slight and uniform variation of the
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slowness curves for each kind of ultrasonic waves, and this correspond to the fact that QSI test has
induced only a small damage anisotropy. Instead, for the LVI damaged composite we observe a more
marked increment of the values of slowness for quasi-longitudinal waves, especially near the
direction of the x1-axis (direction of the impact). Moreover, the slowness of quasi-shear waves for
the undamaged and the damaged composite are similar near the x1-axis, but differs near the x3-axis,
where we notice a readable increment of the slowness for the damaged composite.

For a quantitative evaluation of the difference between the damage induced in LVI tests and QSI
tests, we have determined the components of the damage tensor D. According to what we presented
in Sect. 4.3, the differences between LVI damage and QSI damage are evident: this pushes to further
deepen the topic of the equivalence between LVI tests and QSI tests for GFRP composites, expecially
for the case of low energy impacts.

The values assumed by the components of the damage tensor D might be related to some
micromechanical features of the damage (fiber fracture, matrix fracture, fiber-matrix debondig, etc.).
To this aim, it would be necessary to make suitable micromechanical experimental observations, to
be compared with the ultrasonically characterized damage measure. Moreover, further improvements
of the proposed approach may be obtained by combining experimental tests with suitable advanced
numerical simulations of the phenomena involved in ultrasonic experiments on damaged,
delaminated and cracked composites, like those proposed in [51].

We underline that the capability of ultrasonic goniometric tests of giving a broad description of the
variation of the acoustic response of the material, and the features of the adopted damage model can
be exploited for the characterization of more complex damage scenarios, like those due to impacts in
directions oblique to the principal axes of anisotropy. Of course, those scenarios are experimentally
inaccessible for the conventional LVI and QSI tests. Furthermore, the same approach can be also used
for new complex materials, that are experiencing a growing interest and a fast diffusion in the various
areas of engineering applications [52,53].

Finally, we notice that the effectiveness of the proposed approach is also related to the possibility of
using other ultrasonic techniques, e.g., laser-ultrasonic techniques, and to the possibility of
incorporating ultrasonic scanner in suitable devices for in-situ inspection of the structural components

in service conditions.
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