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Abstract

In this study, Non-Destructive Testing (NDT) of tRelymer Composite Materials damage

mechanisms by combining three techniques, namefsahic waves, acoustic emission and infrared
thermography was achieved. Longitudinal waves isc@n representation were used to characterize
initial state of the tested materials, where higisalution maps of velocity, attenuation and density
were obtained and analyzed. The Acoustic Emissid), (InfraRed (IR) thermography and Lamb

waves technigues were used for detection and famxibn of the occurred damage mechanisms
under mechanical loading. The principal result bistwork is the development of an experimental
technique for NDT combined tests to assess the gmazcording several different signatures.

1. Introduction and objectives

Different types of PCM have recently been introdueed studied in different scales from macro to
nano compositegl]. Cross-ply Glass Fiber Reinforced Polymer (GFRi®)ihates are strongly used
in various fields because they are lightweight mal® resistant to corrosive environments and
exhibiting remarkable mechanical and physical priigge The implementation of this type of material
has several phases; the more critical is the énd#s) of the epoxy matrix. During this stage, plat
changed from stacking of prepreg plies to the stategid structure in which the polymerization is
accompanied inevitably by the appearance of defactsrm of closed porosities whose shape, size
and distribution are highly variable depending loa taterial and manufacturing procggs Several
mechanisms of damage may appear from these manufacidefects due to mechanical loading.
They are generally: the matrix cracking, the irgerdl debonding between the fiber and matrix or the
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pull-out, fiber breakage and the delamination betwglies for laminated composits4]. It is very
important to dispose of some methods able to detaiconly the manufacturing defects in the initial
state (before loading), but also to follow the dgeavolution in the sample under or after mechénica
loading. The ultrasonic method in C-scan mode eamded to visualize defects and characterize the
mechanical properties of materials through measensnof velocity and attenuation. They are two
parameters sensitive to damage, and cannot be redasithout knowledge of the local thickness of
the studied sample. In the referenfd, Graciet and Hostendescribe a hybrid method for
simultaneous determination of these four parameidrs Lamb waves also have significant interest in
NDT of PCM because they can propagate across admtgnce. However, they are dispersive and
multimodal, thus more difficult for use and intezfation than the conventional ultrasonic method.
They were used to detect the damage when the Laab welocity decreasdd].

Under mechanical loading, the AE technique is wideded for detection and real-time monitoring of
PCM damage. The amplitude of the AE signals is dnythe most used discriminator of acoustic
signature$4].

The IR thermography is a promising NDT techniquediaaracterization of composite materials. This
technique provides easily and quickly the surfasfed mapping of the samples and can also detect a
relatively deep defects in lock-in mode. Quite har¢he last three techniques were used
simultaneously for characterizing the integrityamimposite materials, except the work of Kim and
Liaw [7].

This study deals with characterization of the GFRIfhage under mechanical loading by combining
three NDT techniques: ultrasonic waves, AE andh&rhography. The initial state of the specimens
is characterized by C-scan, where maps of velocitienuation and density obtained with high
resolution allow detection of weakness areas ang pradict the final fracture location. The
mechanical loading is a monotonic tensile test quaréd in progressive steps. The real time
monitoring of the damage is carried out by two ASanant sensors during each load phase. In the
bearing steps (when stress is constant vs. tirhe)atquisition of AE is temporarily stopped and one
of the two sensors is excited to generate the $iystimetricS, mode and the second sensor is in
reception mode. Th& mode is linked with the Young’'s modulus of the emgtl; its evolution during
different loading levels gives the stiffness of thet specimen, so we can evaluate its damagelRThe
thermography is in continuous acquisition durinigl@ding phases. The combination of these three
techniques is performed to evaluate the PCM darmader mechanical loading with three different
signatures, which will increase the reliabilitytbé characterization.

2. Theoretical approaches

2.1.C-scan test
The experimental device (fig.1.a¥ed in this study consists of two stainless sikés rectified with
parallel planes and deposited on two Plexiglas djlieethe bottom of the water tank. The PCM
specimen, deposited on these two gauge blocks anfilets steel, has the following properties:
thicknesse, densityp,, longitudinal wave velocity; and attenuation coefficient This sample is
totally immersed in water. A focused transducenanmal incidence works in pulse echo mode. The
initial pulse launched by the transduc&(t), propagates through the coupling fluid and reéidabn
the water/sample interface to produce the €8ff). The part of the pulse, ecl®(t), transmitted
through the sample is reflected at the secondfatersample/water from the back surface of the
specimen. The ech®(t) is the reference pulse that is reflected at therfimce between water and a
stainless steel plate. Here a perfectly flat serfacstainless steel was chosen because the reflect
coefficient is close to unity and well knowR§=0.936 with 6= 20°C). An A-scan representation
of S and &, ) signals is shown in fig.1.b. Lét t, andts, the time of light of echoeS,;, S, andS;,
respectively. So, it is possible to determine thiekness of the sampkeby e = %(t1 —t,) and the

(t1—t2)

longitudinal wave velocity/; by V; =1, Ctr) whereV, = 1480 m/s is the water velocity at 20°C.
372
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Figurel. (a) Experimental device of C-scan test, (b) temip@presentation df(t) and S(t), S(t)) signals

If we used;(f)e /%) to represent the Fourier transform of a p@§d, the Fourier transforms of
the three signals can be expresasd

Sl(f) = Al(f)e_j91(f) = So(f)e—z(ao+fﬁ0)LR03 (1)
So(f) = Az (e %) = So(f)e_z(aoJrjﬁO)(L_e)Rm 2
S3(f) = A3(fe %) = Sy (f)e 2@ tibol-e)g=2(a+iB)e (R YT}, Ty 3)

whereS,(f), S1(f), S, (f), S3(f) are the Fourier transforms 8f(t), S,(t), S(t) et S;(t) respectively.
a, anda are the attenuation coefficients, gfydandg are the propagation constants, of the water and
the specimen, respectively.is the distance between the transducer and tle¢ stgenless plates as
shown in fig.1.a.Ry; is the reflection coefficient at the water-spedimiaterface, Ty, is the
transmission coefficient at water-specimen intexfédot T;, is the transmission coefficient at the
specimen-water interface. We put = Ty Ty = 4Z:Zy/(Z1 + Z,)?> the overall transmission
coefficient when the pulse passes through the fatertwice wher&, = p,V; and Z, = pyV, =
1,48.10°kg.m=2.s~1 at 20°C. We now consider sample thickness anditlodigal wave velocity
determined from the signal shown in fig.1.b. Wiie tsame acquired signals, we are interested in the
determination of the two other quantities: matedihsity and wave attenuation. Then, we define the
amplitudeB; (f,) of the echa relatively to the reference signalby: B;(f,) = % at frequencyy.

1
B, represents the ratios of two reflection coeffitseand does not depend on frequency. One can
obtain the density,; and the attenuationm (eqs.4) by combining equations (1), (2) and (3hwhe
expression oB;(f,). Attenuation and density can be reached from #terthination of the Fourier
transforms modulus of the two first echoes.

— Zo (14B2|Ros| __ 1 B3(fo)|Ro3l

2.2.Bulk wave and damage ultrasonic variable
The knowledge of the elastic constadis of a material allows calculating the velocitigs for any
propagation direction. In the evaluation of hetermgpus materials, one must solve the inverse
problem which deals with the determination of etasbnstants from measurements of ultrasonic
propagation velocities. In the principal directipesnple relationships can be established betwen t
diagonal elastic constants and the propagatiorciteds[8]. The quasi transverse isotropic materials
(tetragonal system) are invariant under 90° rotaibout the Z axis (axis 3). In this case, the axis
and 2 (fig.2.a) are equivalent.
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Consider the Christoffel equatiol;; — pV26;; (whereT;; is the Christoffel tensor ang;; is the
Kronecker symbol which equals 1 if i=j and 0#f)ifor a wave moving in the principal directiong fo
a quasi transverse isotropic material, the propaga¢nsor takes a simple form in each direcfign
The expressions of velocities as a function oftela®nstants are the following:

( pVH = pViy = Ciy

! PV323 = (33 (5)
pVis = pVis = Cy4

l PV, = Cee

If we determine the stiffness constants by ultracsoreasurements, we can evaluate the damage factor
D of the material along the principal directionsusing eq.(6) wheréi‘} is the stiffness constant of
the material in the initial state.

J cs (6)

(b)
C ¢ = - G

X

Figure 2. (a) Principal axis of composite material and (bjpmegement of Lamb waves

2.3.Lamb wave velocity
The distance between transducers (1) and (2) (fipiBcreases with the strain after applicatioraof

stresso. If we denote byX the distance between the centers of the two ttenesd at zero strain, the

wave velocity at straia can be calculated &¢) = @ wherety, is the arrival time at the receiver
R

for this strain. The wave velocity in the princigadis of the orthotropic laminate for low frequency

thickness product values is expressed/by AR . E— whereA; is the longitudinal in-
pe p(1-v12v21)

plane stiffness for the entire plate, is the longitudinal Young's modulus, amg, andv,, are the
major and minor Poisson’s ratif§. For the GFRP laminates investigated in this sttidy v;,v,; =
1 and hence we can obtain the eq.(7).

E, = pV? (7)

3. Experimental procedures

3.1. Material subject of study
The test material was cross-ply GFRP laminates wWagrups of [0°/90°% It was made from
unidirectional sheets of E type glass fibpre-impregnated with uncured epoxy. E-glass balhnce
fabric is used to incorporate heels to the platesrder to have specimens for mechanical tests. The
manufacturing process of the PCM plates used s;dthidy was optimized to obtain, as far as possible
coplanar plates with uniform thickness; this reguoient will gives good conditions for ultrasonic
measurements. To achieve this requirement, we dptedompression molding and the heels were
built through twill tape 2/2, whose fibers are ated at 45°, integrated on both ends of the stack
according to NF EN ISO 527-5. The tensile specinagascut from the plates by using diamond-wheel
saw, their dimensions are shown in figure 3 andiitbet in table 1. Given the heterogeneity of
composite materials, all samples tested in thidyshelong to the same PCM plate.
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Symbols Designation Values (mm)
| L e L Total length 250
m ] L1 Distance between heels 150+1
‘ . b § t L2 Length of heels >50
b Width 20+0,5
e Thickness of the specimen 3,5 £0,2
h1 Thickness of the heels 7,5
Figure 3. The sample mechanical test Table 1. Dimensions of specimens

It should be noted that [0°/9@°¢onfiguration corresponds to a quasi transversteoigic material.

3.2.Test procedures
Before the loading test, three PCM samples arengchio characterize their initial state after the
manufacturing process as shown in fig.1.a. A 5 Métaised transducer (NDT-Automation) with a
diameter of 12.7 mnand a focal distance of 63.5 mm was used in nomaédence. The figure 4.a
illustrates the experimental setup and the mechhfoading profile (fig.4.b) used in this study.eél'h
PCM specimen is equipped with three transducess,trdinsducers 1 and 2 are both piezoelectric
resonant (300 kHz), type Nano 30 (Physical Acoadfiorporation (PAC)) with a bandwidth of 125-
750 kHz,o= 8 mm. The transducer 3 (Panametrics M¥09,12.7 mm) which generates longitudinal
waves at 5 MHz is located on the other face ofsiecimen. The mechanical loading is driven by an
electric tensile machine with a capacity of 100 KNa deformation rate of 0.5 mm/min. For all
loading steps, AE activity will be detected by bainsors 1 and 2, amplification is made by two
preamplifiers (PAC, 20-1200 kHz, 40 dB). The AErsits are recorded to the AE device for digital
acquisition and signal processing. At each stepesponding to a constant loading, the acquisition o
AE events (between yellow dashes) is stopped amdvib AE sensors will be used to generate and
receive Lamb waves: the US computer emits a tonmstlmi 5 cycles at a frequency of 200 kHz,
duration of 251sand with a voltage of +40 V. The high voltage (H@he burst excites the transducer
1 as an emitter. The transducer 2, at a distaneed20 mm from the first, receives the Lamb wave
consecutively, acquired and registered to oscilpeqLeCroy wave Runner 44Xi, 5GS/s) at channel
1. The experimental setup for the Lamb wave geimgraind detection during a loading test is plotted
(blues dashes) in fig.4.a. The pulse generatorgfatrics 5077PR) excites the transducer (3) by
square pulse of 400 V with a gain of 10 dB. Thegylardinal wave made a round trip in the thickness
of the specimen and will be recorded on the osailipe. The excitation circuit with the longitudinal
wave is represented with interrupted orange dadhesgeneration and the excitation with the Lamb
and longitudinal waves are favored to the beginwihgach step while loading is constant, at ledst 1
minutes. IR thermography is in continuous acquisitiuring loading and maintaining steps. After 1.5
minutes in each maintaining step, we excite twadeah lamps (P=1000 W) with three sine cycles at
0.1 Hz. The handling is done without contact wiitk &xternal environment to limit its influence and
avoid all problems that can damage the thermogcapigasurement, which was made by the use of
the black blankets covering the mechanical temaéehine and all the equipments already described
before.
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Figure4. (a) The experimental setup and (b) the mechaloeaading profile for the combined tests
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4. Resultsand discussions

4.1. Ultrasonic C-Scan
The figure 5 presents the C-scan results of oneispa from the three others. We are interested
specifically in velocity (I column), density (¥ column) and attenuation'{Zolumn) maps. It is clear
that high velocities obtained for PCM induce higsities, this quantity is between 1000 (pure jesin
and 2500 Kg/m (fibers concentrations). Significant attenuatiouea are distributed along lines
perpendicular to the length of the specimens,akjgains how the 90° plies attenuate the longitaldin
waves in thickness samples. We can clearly seeahanaps are heterogeneous, this specificity
corresponds to PCM samples.

4.2. AE method
Loading results are shown in fig.6 with the acaustttivity in terms of the AE signals amplitude
(fig.6.a) and their percentage (fig.6.b). Ninetyqamt of the acoustic activity is recorded durihg t
last two stages of mechanical loading. To discratérclearly the different damage mechanisms, it is
advantageous to use a multivariate statisticalyarsthat will be the subject of subsequent study.

4.3. Ultrasonic velocities propagation
The figure 7.a shows the longitudinal wave velodity; recorded before and during all steps at
constant loading. It decreases considerably juiteafinal level. We calculate the damage fa®ey
(fig.7.b) from the equation (6) in this directiofhe D3 value is near zero for the first five steps thten i
increases at the last stage; that allows conclutliagwe cannot detect damage in the direction (3)
with this method. Typical forms of Lamb waves signare represented in fig.8.a for the initial state
and for the 6 levels of constant loading. We maseote a high decrease of the signal amplitude with
the increase of the stress level between 100 a@diBa. We also observe changes in the shape of the
signal, which implies changes in spectral contdnthe signals. The damage facg (fig.8.b), is
equal to zero up to 50 MPa and then increaseshighlvalues showing the increase of damage in the
sample Dy, is more significant than thes;, so theS; mode is able to characterize the state of damage
of PCM.

3
py (kaim) @ 36 MHz (Npim)

4000

3500

3000

ol i
20 40 60 80 100 120
mrm

Figureb5. C-scan results
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4.4.1R thermography
The evolution of the average temperature as fumaifotime is shown in fig.9.a for an interest zone
(90 mm of the total length X entire width). In edelel of constant loading, the specimen is excited
with the halogen lamps which explain the tempespeaks. These combined tests are not easy to
realize because they are manually made, that mphaiaxthe experimental defect at level warming
n°5 where the sample was excited with a sine sigithl only two cycles. IR thermography during
these combined tests has shown its reliabilityetect matrix cracks that develop at 0° plies of PCM
(fig.9.b and c).
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Figure9. (a) Profile of the temperature in the differentgpstof the mechanical loading and longitudinal srak
in (b) #1 and (c) #2

5. Conclusions

This study has shown that a combination of threel d@n be realized under a monotonic loading
testing. It was thus possible to assess the dawiaBEM according these different techniques. The
Lamb waves have shown greater sensitivity to theadge that the longitudinal waves. The AE data
treatment requires multivariate analysis to clgsiem according four main damage mechanisms that
may appear in this type of material; this is owtsid this framework for a future publication. THe |
thermography has shown its reliability to detectriraracks.
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