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1. Introducere

Materialele compozite ranforsate sunt formate prin inglobarea
constituent. Fibrele pot fi unifilamentare sau fascicole de fibre,
care sunt rasucite pentru formarea unui fir. in general, firele
utilizate sunt nemetalice, continue ca sticla, grafit, kevlar, carbura
de siliciu, etc. In plus, se poate utiliza ranforsarea discontinuz
cu fibre scurte, “whiskers”, placute. Principalele clase de
compozite structurale, utilizate in prezent, sunt compozitele
matrice-polimer, matrice- metal, matrice-ceramica, compozite
carbon-carbon si compozitele hibride.

In aceste clase de compozite, compozitele cu matrice
polimerica sunt cele mai larg dezvoltate, cu o gama larga de
forme si proprietati comerciale acceptate. Aceste materiale sunt
caracterizate de greutate, rezistenta si rigiditate, rezistenta la
coroziune si rezistentd la oboseala [1], [2].

Defectele in compozite se datoreaza catorva factori incluzand
proiectarea improprie, fabricarea sau deteriorari induse in timpul
utilizarii. Defectele de proiectare includ numar incorect de fibre,
rasini incompatibile sau concentratii nedorite de tensiuni.

Defectele de fabricatie sau manufacturare includ intreruperi
ascunse, noduri, lipsa de rasina, rasina incorect racita. Defectele
care se dezvolta in timpul utilizarii includ fisuri, microfisuri ale
matricei, ruperi de fibre, dezlipiri fibre-matrice §i deteriorari
datoritd impactului, acestea ducand la delaminari si fisuri mari
ale matricei.

Repetatele cazuri de defecte mai sus mentionate, in CFRP,
sunt un stimulent pentru dezvoltarea de tehnici noi. Doar
identificarea deteriorarii nu este suficientd. Una din principalele
provocari este determinarea cauzei deteriordrii, localizarea,
seceritatea si impactul asupra performatei structurii ca intreg. Din
aceasta perspectiva, controlul nedistructiv poate face legatura
intre datele experimentale si rezultate cu un model analitic prin
caracterizarea In timp real §i evaluarea severitatii defectului.

Pentru punerea in evidenta a diferitelor tipuri de defecte in
CFRP au fost dezvoltate o serie de metode si proceduri specifice
de evaluare nedistructiva ca:

- metode bazate pe vibratii — acestea masoara frecventele
proprii ale structurii confectionate din compozit permitand
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1. Introduction

Advanced fiber-reinforced composite materials are formed
by embedding high strength, high stiffness fiber materials within
a surrounding matrix of a constituent material. The fibres may
be single filaments or multi-filament bundles, the latter being
twisted together to form a yarn or tow. The fibers generally
used are non-metallic and continuous and are identified as
graphite, glass, Kevlar, silicon carbide, etc. In addition to
continuous fibers, there are also other types of reinforcements
such as short fibers, whiskers, platelets and particulates which
are used in discontinuous reinforced composites. The major
classes of structural composites used today consist of polymer-
matrix composites, metal-matrix, ceramic-matrix composites,
carbon-carbon composites and hybrid composites.

Of'these classes of composites, the polymer matrix composites
are the most widely developed with a wide range of fabricated
shapes and accepted commercial properties. These materials
are characterized by their weight, high strength and stiffness,
corrosion resistance and fatigue resistant properties [1], [2].

Defects in composites may be due to several factors including
improper design, fabrication, manufacturing and service
induced damage. Design defects include improper number of
fibers, incompatible resin and undesirable stress concentrations.

Fabrication and manufacturing defects include concealed
cuts, knots, lack of roving, resin starved layers, and improperly
cured resin. Defects that develop in-service include cracks, matrix
micro-cracks, fiber breakage, fiber/matrix debonding, and impact
damage. The latter often shows as delamination and large matrix
cracks.

Repeated occurrences of the aforementioned damage types
in carbon fiber reinforced plastic (CFRP) composites produce
an incentive for the development of new techniques. It is not
sufficient merely to identify the damage. One of the main
challenges lies in the determination of the cause of the damage,
its location, its severity and impact on the performance of the
structure as a whole. From this perspective, nondestructive
evaluation (NDE) can help to relate the experimental data and
results in an analytical model through real time characterization
and assessment of severity of the defect.
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punerea in evidenta a diminuarii rigiditatii [3] precum si, in unele
conditii, ale delaminarilor [4];

- testarea prin termografie in infrarosu — implica luarea de
imagini termice a compozitelor, care pot furniza informatii despre
structura internd; aceasta metoda poate detecta goluri,
incluziuni, delaminari si deteriorari de impact [5], [6];

- metode radiografice — permit detectarea delaminarilor,
fisurilor si incluziunilor, precum si modificari ale densitatii si
grosimii [7];

- metode de curenti turbionari — permit punerea in
evidenta a delaminarilor survenite ca urmare a impacturilor
chiar cu energie joasa [8], [9], insotite eventual de ruperi de
fibre [10];

- testari cu ultrasunete, utilizdnd in special modurile de
prezentare B si C, sunt in prezent cele mai utilizate metode
pentru evaluarea compozitelor carbon-epoxi, permitand
evaluarea ariei suprafetei delaminate [11], [12]. Metoda
presupune, de cele mai multe ori, imersarea compozitelor intr-
o baie de lichid si de asemenea este consumatoare de timp. In
ultima perioada pentru evaluarea calititii CFRP au inceput sa
fie utilizate metode de ultrasunete bazate pe arii de sensori
calati pe faza (phased array) [13], [14].

Lucrarea de fatd isi propune s prezinte posibilitatea de
utilizare a examindrii cu ultrasunete folosind phased array a
materialelor compozite tip carbon —epoxi cvasi izotrope si
uniaxiale atat sub forma de plici cat si de grinzi in forma de I.
Metoda este folositd atat pentru punerea in evidentd a
delaminarilor survenite ca urmare a impactarii cat si a celor
artificiale create prin introducerea unor folii de carbon intre
straturile de fibre.

2. Probele luate in studiu
Au fost luate in studiu doud tipuri de CFRP cvasi izotropic:

A — placi cu dimensiunile 12x12¢m? si grosime 5 mm
contindnd 48 de straturi de fibre de carbon pre-preg cu

distributia | -45,05,45%,90) | impactate cu energii de impact

de 6J, 9J, 12J si 15J, iar pe una din acestea au fost create
porozitati controlate. Continutul de porozitate in material este
direct relationat cu presiunea aplicata in timpul coacerii. Prin
adaptarea presiunii se poate controla continutul volumic de
goluri. Cu cat presiunea aplicatd este mai scazuta cu atat rata
porozitatii este mai mare. Obtinerea de material cu porozitati
concentrate local se face dupad cum urmeaza:

- céteva straturi sunt suprapuse si coapte cu un ciclu modificat
de presiune (presiune scazuta), obtinAndu-se un material subtire
cu porozitate distribuita

- alte straturi de pre-preg sunt suprapuse peste acest material
si intregul sistem este copt urmand ciclul recomandat.

Pentru acest caz particular au fost pregétite 16 straturi cu
porozitate, fara presiune, obtindndu-se o porozitate de aproape
10% din volum, masurata prin analiza de imagini.

B — placi cu dimensiunile 9.5x9.5¢cm? si 2mm grosime
contindnd 16 straturi de fibre de carbon cu distributia

[-452,00,45%,90! |, impactate cu energii de 0.75J, 1.5J,2.5],3J si

4]. Viteza de propagare a undelor ultrasonore de compresic a
fost 3200+£50m/s, a celei de forfecare a fost 1646+50m/s pentru o
densitate de 1600kg/m”.

Utilizand relatia [15]

For emphasizing the different types of defects in CFRP, a
series of NDE methods and specific procedures have been
developed, mentioning:

- vibration based methods — these measure the proper
frequencies of the structures made of composite, allowing to
evidence a stiffness reduction [3] and in some conditions, of
delaminations [4];

- thermal infrared testing involves taking thermal images of
a composite, which can provide information about its inner
structure; this method can detect voids, foreign inclusions,
delamination and impact damage [5], [6];

- radiographic methods that allow the detection of
delamination, cracks and inclusions as well as modification of
density and thickness [7];

- eddy current methods that allows the emphasizing of
delaminations due to impacts with low energy [8], [9]
accompanied by possible fiber breaks [10];

- ultrasound testing using in special B and C presentation
modes are at present the most used for evaluation of carbon-
epoxy composites allowing evaluation of the surface of
delaminated area [11], [12]. The method supposes, in many
cases, the immersion of the composite into a liquid bath and is
also time consuming. Lately, for the evaluation of CFRP quality,
ultrasonic methods based on phased array transducers [13],
[14] have started to be used.

This paper presents the possibility to use phased array
transducer for ultrasound examination of plates and I shaped
beam from carbon epoxy quasi-isotropic and uniaxial composite
materials. The method is used so for emphasizing the
delaminations due to impacts and for artificial ones created by
inserting carbon film between the plies of fibers.

2. Studied samples
Two types of quasi-isotropic CRFP have been taken into study:

A — plates with dimensions 12x12¢m? and Smm thickness
containing 48 plies of carbon fibers pre-preg with

distribution [ -457,07,45%,90 | , impacted with 6J, 9J, 12J and

15J energy and in one of them controlled porosity has been
created. The porosity content in the material is directly linked
to the pressure applied during the curing. Tuning the pressure
can then roughly control the volume void content. The loweris
the applied pressure, the higher is the porosity rate. The
manufacturing of materials with locally concentrated porosity
has been achieved as follows [14]

- afew layers are stocked and cured with a modified pressure
cycle (lower pressure), getting a thin material with distributed
porosity

- fresh pre-pregs are then stocked on this pre-cooked material
and the whole system is cured following the recommended cycle.

The 16 porous plies have been cooked without pressure in
this particular case and the resulting porosity is about 10% in
volume (measured by image analysis) in those plies.

B —plates with 9.5x9.5¢cm” and 2mm thickness containing 16
plies of carbon fiber with distribution | —459,09,45},90] ] impacted

with energy of 0.75J, 1.5J,2.5J, 3] and 4J. The propagation speed
of ultrasound compression wave was 3200+£50m/s, of shear waves
was 1646+50m/s for a density of 1600kg/m”.

Using the relations [15]
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Au fost determinati: modulul lui Young ca fiind 11.35GPa,
modulul de forfecare 4.3GPa si coeficientul Poisson 0.32.

3. Montajul experimental

Masuratorile de ultrasunete au fost efectuate cu Phasor XS-
General Electric, echipat cu software Phasor XS v1.2, care poate
lucra atat in mod conventional (puls-ecou sau emisie - receptie)
cat si in mod phased array. S-a ales o arie liniara de senzori cu 32
de elemente si pitch 0,5mm, lucrand la o frecventa centrala de
SMHz. Traductorul a fost montat pe un bloc de intarziere din
plexyglass cu indltimea de 20mm. Cuplarea a fost realizata cu
gelul de cuplare ZG-F — General Electric.

Montajul experimental este prezentat in figura 1.

Figura 1. Montajul experimental/
Figure 1. Experimental set-up

Pentru determinarea vitezei de propagare longitudinala si
transversald s-au utilizat traductorii GSKB-F pentru unde
longitudinale avand frecventa centrala SMHz si MB4Y pentru
unde transversale cu frecventa centrala 4AMHZ.

4. Metoda de masura

Uzual, traductorul phased array este fixat pe o pana, situatie
prezentata in figura 2 [16].

Echipamentul Phasor XS permite selectia domeniului pentru
scanare unghiulard in termenii unghiurilor de refractie in material,
dupa ce proprietitile acestuia au fost introduse in program.

Unghiul incident, a; este determinat dupa legea Snell pentru
un unghi refractat specificat.

B . [ Cosee SInCQL,
o, =arcsin| ————— @)

Cte.\‘tpiece

CU Cyedge $1 Crest picce TEPTEZinta viteza de propagare a fascicolului
de ultrasunete in pana din plexi (Cyeqge=2730m/s) si respectiv
placa de carbon epoxy (Ciest picce™ 3200m/s).

Inaltimea punctului virtual de emisie va fi

E, :{Hl+§(n—l)} sino® A3)
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The Young modulus was determined as being 11.35GPa, shear
modulus 4.3GPa and Poisson ratio 0.32.

3. Experimental set-up.

The US measurements were effectuated with Phasor XS-
General Electric, equipped with the software Phasor XS version
1.2, which can work both in conventional mode (pulse-echo or
emission-reception) as well as in phased array mode. A linear
phased array type with 32 elements and a pitch of 0.5mm,
working at SMHz central frequency, was cgosen. The phased
array was mounted on a delay block with 20mm height made of
plexyglass. The coupling was made using ultrasonic coupling
gel ZG-F — General Electric.

The experimental set-up is presented in Figure 1.

For the determination of longitudinal and transversal
propagation speed there were used transducers G5KB-F for
longitudinal wave having central frequency SMHz and the
transducer MB4Y for transversal waves having central
frequency 4MHz.

4. The measurement method

Usually, phased array transducer is fixed on a wedge, situation
presented in Figure 2 [16].

The Phasor XS equipment allows the selection of the domain
for the angular scan in terms of refracted angles in the examined
material after that its properties were input in the program.

The incident angle a; is determined after Snell law for a

Figura 2. Traductorul phased array fixat pe muchie/
Figure 2. Phased array transducer on wedge

specified refracted angle

B [ Cogge SINCL,
o, = arcsin| ———— Q)

Ctestp[ ece

where Cyeqge aNd Ciegt picee TEPrEsents the propagation speed of

US beam in wedge made of Plexy (Cyedge=2730m/s) and

respectively the plate of carbon €poxy (et piece= 3200m/s).
The height of the virtual emitting point will be
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unde H,; este indltimea pe mijlocul primului element, P este
pitch-ul elementului, » este numarul elementului din pahsed
array, w este unghiul penei.

Drumul ultrasunetelor in pana este

— Eh
wedge CosaL i (4)
Iar intarzierea penei D, poate fi gésita ca
P
Dw — 2 wedge (5)
Cwedge

Plasand traductorul pe o linie de intarziere, se obtine situatia
prezentata in figura 3.

o I I o —

“’Eh

Figura 3. Traductorul pe o linie de intarziere/
Figure 3. Phased array transducer on a delay line

Dacé materialul din care este confectionata linia de intarziere
este acelasi cu cel din care este confectionata pana, iar materialul
de examinat este acelasi in ambele cazuri, pentru acelasi unghi
de refractie a,, unghiul de incidenta va fi acelasi ca in cazul
plasarii phased array pe pana. Inaltimea punctului virtual de
emisie va fi egald cu inaltimea liniei de Intarziere H

E,=H (6)
Drumul ultrasunetelor P, in linia de intarziere este
H
A= )
cosa.,

iar Intarzierea Dy poate fi gésita ca
P

1

Dy=27" ®)
wedge
In cazul plasarii traductorului pe o pani, apertura efectiva
definita ca distanta de la suprafata materialului scanat de
fascicolul de ultrasunete la pozitia traductorului va fi

=A+P,
-P

wedgemin

edgemax Sln(x’imax N

sino; ©)

n

Aeff wedge

si in cazul plasarii pe o linie de intarziere

A‘?ﬁdelayline = A+DH Slnaimax ~MH Sll,l(x‘imin (10)

unde o; sia; secalculeaza cuajutorul relatiei (2) setand a,
pentru valorile o, i o, care se prescriu prin software care
deserveste echipamentul , iar A=np reprezinta apertura.
Echipamentul de control furnizeaza o imagine S scan a regiunii
examinate precum si A scan pentru fiecare unghi prescris. Aceste

E, ={Hl+§(n—l)} sin® ©)]

where H; is height in the middle of the first element, P is the
element pitch , » is the number of phased array elements, w is
the wedge angle.
The ultrasonic path, P, in the wedge is
Eh

Pwedgc = COS(X,Z. (4)

and the wedge delay Dy, can be found as

D = 2 Pwedge
w C

wedge

®)

Placing the phased array on a delay line, the situation
presented in Figure 3 is obtained.

If the material of delay line is the same with the edge’s one
and the examined material is the same in the both cases (A and
B) for the same refraction angle a,, the incident angle will be the
same as in the case of placing phased array on wedge. The
height of virtual emitting point will be equal to the height of
delay line H.

E,=H ©
The ultrasonic path Py, in the delay line is
H
P ==
! cosa, 0
and the delay Dy can be found as
P
DH = 2 1 (8)
wedge

In the case of placing the phased array on a wedge, the
effective aperture defined as the distance from the surface of
the material scanned by the ultrasound beam to a position of
the transducer will be

=A+ Pwedgemax naimax -
-P sino; ©)

wedgeyin I'min

Aeffwedge S1

and in the case of placing on delay line

=A+Dysina; —Dysino; (10)

Aeffdelayline Imin
where o; and o, are calculated with eq. (2) setting a, for
a, and o, that are prescribed by the software of the
equipment and A=np represents the aperture. The control
equipment delivers a S-scan of the examined region as well as
A-scan for each prescribed angle. This information can be
stored as JPG files on a flash memory card for a future
processing. The jpg images are RGB type (red-green-blue) on
8bits and can be processed in different programs.

Matlab 7.0 have been used for processing and interpretation.

The first issue has consisted in the way in which the S-scan
can be transformed in B-scan representation. Because the
delay law [ 16] for phased array placed on wedge, given by eq.
(5) is different from those of phased array placed on delay
line, given by eq.(8), the required corrections have been made
for the scanned angular sector. The RGB image is transformed
in greyscale and then the values of the pixels are calculated
after different angles, the origin of the coordinate system being
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informatii pot fi stocate ca imagini de tip *.jpg pe un memory
card pentru o prelucrare ulterioara. Imaginile JPG sunt imagini
de tip RGB (red, green, blue) pe 8 biti si pot fi prelucrate in
diverse medii de programare.

Pentru prelucrare §i interpretare s-a utilizat mediul de
programare Matlab 7.0.

REPORT

FURATLIE READER NEND

Figura 4. Raportul salvat pe memory card pentru o regiune buna
de material compozit, 5 mm grosime, phassed array plasat pe
o linie de intarziere /
Figure 4. The report saved on the memory card at the control of a
good region of the carbon epoxy composite with Smm thickness,
the phased array being placed on the delay line

Prima problema pusé a constat in modul in care o imagine
S-scan poate fi transformata in reprezentare B scan. Deoarece
legea de intarziere [16] pentru phased array plasat pe pana,
data de relatia (5) difera de legea de intarziere pentru phased
array plasat pe o linie de intarziere , data de relatia (8), s-au
facut corectiile de rigoare pentru sectorul unghiular baleiat.
Se transforma imaginea RGB 1n scard de gri si se calculeaza
apoi valorile pixelilor dupa diverse unghiuri, originea
sistemului de coordonate cartezian atasat fiind coltul din stdnga
sus a imaginii. Aceste reprezentdri sunt A-scan
corespunzatoare unghiurilor si, dispuse intr-o matrice vor da
B-scan.

In figura 4 prezentam raportul salvat pe memory card la
controlul unei regiuni bune a compozitului carobn epoxy cu

1
430 70 60 S50 40 30 20 10 O
Orizontal distance [mm)]

Figura 7. B-scan pentru o regiune cu delaminare/
Figure 7. The B-scan of a region with delamination

grosimea de Smm, phase darray fiind plasat pe o linie de
intarziere. Imaginea care contine regiunea de interes (ROI) pe
care au fost aplicate intarzierea si transformata in scara de gri
este prezentat in figura 5. In figura 6 se prezintd V-scan-ul
corespunzator obtinut prin procedeul descris mai sus.

4/2008

in the upper left corner of the image. These representations
are A-scan, corresponding to the angles and disposed into a
matrix will give B-scan.

In Figure 4 is presented the report saved on the memory card at
the control of a good region of the carbon epoxy composite with
Smm thickness, the phased array being placed on the delay line.

The image that contains the region of interest (ROI) and on
which the delay has been applied and was converted in
greyscale is presented in Figure 5.

Figura 5. Imaginea procesata/
Figure 5. The processed image

25 20 15 10 5 0
Orizontal distance [mm]

Figura 6. The B-scan/
Figure 6. The B-scan

In Figure 6 is presented the B-scan corresponding to the
procedure described above

5. Experimental results

The plates of carbon epoxy composite that contain
delaminations and porosity have been examined through the
procedure previously described.

In Figure 7 is presented the B-scan of a region from the plate
of carbon epoxy composite with Smm thickness that presents a
delamination due to an impact with 9J energy. Phased array
was focussed so that the focal distance coincides with half of
plate thickness.

In Figure 8 is presented the B-scan for a region of composite
containing pores, the surface being focused in the same mode.

If, instead of displacing the array after a line and obtaining a
B-scan, the array can scan a surface, in the same manner, the
C-scan can be obtained.

In Figures 9a and b is presented the C-scan image of a
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5. Rezultate experimentale

Prin procedurile descrise anterior au fost examinate placi din
compozite carbon epoxy ce contin delaminari i porozitati.

In Figura 7 se prezinta B-scan-ul unei regiuni din placa de
Smm grosime care prezintd o delaminare datorita impactului cu
o energie de 9 J. Phased array a fost focalizat astfel incét distanta
focala sa coincida cu jumaitate din grosimea placii.

Depth [mm]

1008

12

1 [ ' . - i
‘25 20 15 10 5 0
Orizontal distance [mm]

Figura 8. B-scan pentru regiune cu pori/
Figure 8. The B-scan of a region with porosity

In Figura 8 se prezinta B scan a unei regiuni din compozitul
care contine pori, suprafata fiind focalizata in acelasi mod.

Daca, in loc sé se deplaseze traductorul dupa o linie si sa se
obtina B scam, se poate scana o suprafata, in aceeasi maniera,
obtinandu-se C —scan.

.

L

a

Figura 9. C-scan regiunii cu delaminare datorita
impactului cu 1J (a) sirespectiv 4 J (b)/
Figure 9. The C-scan of a region with delamination
due to an impact with 1J (a) and respective 4 J (b)

in figurile 9 a si b se prezintd imaginea C-scan a unor
delaminari a materialului compozit de 2mm grosime datorata
impactului cu energie de 1j si respective de 4J.

Concluzii

Examinarea nedistructiva a compozitelor carbon epoxy poate
fi efectuata utiliznd traductori phased array montati pe o linie
de intarziere.

Pentru a obtine B-scan si C-scan este necesar ca imaginea
S-scan furnizata de echipamentul de control sa fie postprocesata
intr-o maniera convenabila. Rezolutia axiala se imbunatateste
dacd phsed array este focalizat si focarul corespunde cu planul
median al placii compozite.

delamination on carbon-epoxy plate with 2mm thickness impacted
with 1 J energy and respectively for an impact with 4] energy.

Conclusions

The nondestructive examination of carbon-epoxy composites
can be made using ultrasonic phased array transducer mounted
on a delay line.

To obtain B-scan and C-scan it is necessary that the S-Scan
image delivered by the equipment be processed in a convenient
manner. The axial resolution is improved if the phased array is
focused and the focal point corresponds to the middle plan of
composite plate. The delaminations due impacts as well as the
regions with porosity due to fabrication can be easily evaluated.
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Tn data de 29 noiembrie 2008 s-a stins din viata la varsta de 73 ani,

Prof. dr. ing. Gheorghe Zgura, membru al Academiei de $tiinte Tehnice din
Romaénia, Rector al Universitatii Politehnica Bucuresti in perioada 1992-2000. A
condus multi ani Catedra Utilajul si Tehnologia Sudarii din cadrul aceleiasi universitati.
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Politehnic din Sankt Petersburg in domeniul dinamicii proceselor de prelucrare a
metalelor prin aschiere. Se specializeaza ulterior in prelucrare mecanica si sudare.

A avut o bogata activitate didactica sustinand cursuri de tehnologia sudarii,
tehnologia sudarii prin topire, tehnologia materialelor, tehnologia prelucrarii prin
deformare plastica. S-a remarcat prin lucrarile de cercetare realizate in domeniul
utilajului si tehnologiilor de sudare, a prelucrarii prin deformare plastica.
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care l-au cunoscut.
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