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a b s t r a c t

A study of three Non Destructive Testing methods (Ultrasonic Testing, InfraRed Thermography and

Speckle Shearing Interferometry, known as Shearography) was carried out on different specific types of

composite specimens having a variety of defects. The aim of this study is to evaluate the efficiency of

these NDT methods in the detection of in site defects resulting from Barely Visible Impact Damages

(BVID) or in-service damages to complex surfaces such as wings or rods. The size and position of all

the defects were determined by GVI (General Visual Inspection): GVI being the reference. The evaluation

of the three NDT techniques enabled conclusions to be drawn regarding defect detection and size. The

first part of the study deals with determining and measuring defects. It appears that only the ultrasonic

method enables the depth of a defect to be determined. In the second part of the study, the results

obtained by the three NDT methods are compared. Finally, the feasibility and the time taken to set up

the experimental protocol are analyzed. The study shows that all the defects were revealed by, at least,

one of the three NDT methods. Nevertheless it appears that InfraRed Thermography and Shearography

produced results very quickly (in about 10 s) compared to Ultrasonic Testing.
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1. Introduction

In the aeronautics industry, during manufacture, random poros-

ity or undesirable material may appear in composite structures

during the manufacturing process. When structures are in service,

impacts may result in delamination or disbonding. These undesir-

able inclusions or defects affect the structure and its mechanical

properties. In order to check the integrity of the composite, these

defects have to be revealed.

Several techniques can be used to detect such defects. At the

moment, however, the only NDT method leading to certification

is Ultrasonic Testing [1]. Ultrasonic Testing is a contact or non-con-

tact method which requires voluminous equipment (pool, etc.).

Although it enables many defects such as delamination, disbond-

ing, etc. to be detected easily and accurately [2,3]. It is nevertheless

a relatively slow process.

Over the past twenty years, optical methods have gradually ap-

peared and are now being applied to Non Destructive Testing. Infra-

Red Thermography is commonly used andmethods such as Speckle

Shearing Interferometry [4] have also recently come into use.

Initial studies on IR thermography were carried out on metallic

samples [5], but when used to test composite material, this method

cannot detect internal defects. Nowadays, it can reveal many other

defects: impact damage, delamination, disbonding, etc. [6–8].

Shearography is a new method. Derived from speckle interfer-

ometry, it is used to determine the strain field of a given specimen

[9]. Delamination, disbonding or wrinkles can be identified using

this method [10]. However, these optical methods are not yet used

on an industrial level because the results are relatively hard to ana-

lyse and there is also a lack of both standardization and operator

training.

The aim of the present study is firstly to check various specific

aeronautical specimens in site. Three aeronautical specimens were

chosen, each with a distinctive geometric shape making NDT diffi-

cult to carry out or problematic (non-detection, deformed shape,

imprecise measurements, etc.).

Its aim is secondly to compare and verify the effectiveness of

applying various NDT methods to defects visible to the naked

eye. These defects can be thoroughly identified and measured.

Comparing the visual method and the NDT methods make it possi-

ble to evaluate effectiveness (detection and size of defects as well

as the speed of the NDT methods studied).

2. Specimens

2.1. Materials

The three specimens studied were manufactured by the aero-

nautical industry. Their geometric shapes are listed in a later sec-

tion of the study (Section 4). The first two specimens are carbon/

epoxy composites and the third is a sandwich composite specimen

(Nomex honeycomb core and Kevlar skins).

They are called Specimen A (cf Fig. 4.1), Specimen B (cf Fig. 4.4)

and Specimen C (cf Fig. 4.9), respectively.

Damage analysis on each of the three specimens is extremely

difficult because of their distinctive geometry: Specimen A is a hol-

low cylindrical rod, 100 mm diameter, 10 mm thick and 1 m long.

Its specific shape prevents access to the inside of the rod. In addi-

tion, it is coated with blue gloss paint to comply with aeronautical

service specifications but in order to improve the quality of optical

results, the damaged area has to be matt.

Specimen B is a flat plate, 500 mm � 400 mm � 2 mm.

Specimen C has geometric discontinuity: an angle (around

135°) with a slope over the entire length of the specimen

(700 mm � 400 mm). NDT methods by contact are not easily appli-

cable when specimens have non-constant geometry, i.e., a shape

moving in space [11]. It will therefore be necessary as far as possi-

ble to adapt the NDT methods to check these specimens.

2.2. Defects

Each specimen has surface damage. The defect on Specimen A is

delamination caused by an in-service impact. During a GVI, the size

of the defect can be obtained quite simply using a steel ruler. The

GVI defect is 98 mm and 18 mm.

Specimen B damage is the result of a lightning impact which oc-

curred in service. The defect measures 41 mm and 75 mm.

The Specimen C defects are two cases of delamination due to

the impact of a falling tool or of hailstones. These were created

in the laboratory using a drop weight tester. The defect located

above geometrical discontinuity is called no. 1 and the defect lo-

cated on the geometrical discontinuity is called no. 2 (as defined

in Fig. 4.9). Defect no. 1 is 13 mm and 9 mm. Defect no. 2 is

18 mm and 8 mm.

Measurements of all the defects are indexed in Table 1.

3. Non destructive methods

3.1. Ultrasonic Testing

Ultrasonic Testing (UT) is commonly used in Non Destructive

Tests. It is based on high frequency wave propagation. The waves

are transmitted to the tested object by a transducer. As high fre-

quency waves do not propagate in air, a couplant is required

(water, gel coat, etc.). They propagate through the material and

are reflected by the rear surface of the specimen. There are two

possible ultrasonic techniques: reflection and transmission [12].

In the case of pulse/echo, there are different ways of receiving

Table 1

GVI defect measurements of the three specimens.

Length (mm) Width (mm)

Specimen A 98 18

Specimen B 41 75

Specimen C

No. 1 13 9

No. 2 18 8



the wavefront: simple transducer, Phased Array ultrasonics (PA) or

Time Of Flight Diffraction ultrasonics (TOFD) [1,13,14]. If the prop-

agated waves pass through a medium different from that of the

specimen, the reflected waves are disturbed indicating the pres-

ence of an inclusion. Ultrasonic Testing enables three-dimensional

mapping of the specimen. Inclusion, delamination or debonding

are localized in depth with different colors according to the scale

used.

This kind of method provides information such as the thickness

of the specimen, the presence of an inhomogeneous medium, the

modulus of elasticity of the examined specimen, or three-dimen-

sional mapping.

In this study, a 5L64-NW1 multi-element transducer connected

to an Omniscan 32: 128 PR (US monitor) is used as the ultrasonic

source and the receiver. The wave velocity depends on the materi-

als. And so, for the three tested specimens, the waves have a veloc-

ity ranging from 2600 to 5300 m sÿ1 and a frequency of 5 MHz. In

order to carry out the experiments, a gel coating was applied (cf.

Fig. 3.1) and so the wave ratio transmitted to the sample is much

better.

3.2. InfraRed Thermography

InfraRed Thermography is based on brief thermal stress applied

to a specimen using a heat source. Thermal waves are propagated

as far as the free edges of the specimen. When they reach a differ-

ent medium, the propagation is disturbed and a thermal gradient is

generated in the specimen. Indeed, the two mediums have differ-

ent emissivity coefficients, which are captured by an IR sensor

(InfraRed camera) enabling the emissivity coefficient to be con-

verted to temperature. It is measured on the front of the specimen.

Thermal two-dimensional mapping is created and inhomogenei-

ties can be detected [15–18].

This method makes it possible to detect inclusions (particularly

when they have very different thermal properties from those of the

specimen material), delamination, debonding or crack networks

[7].

Halogen lamps are used to provide thermal sollicitation to the

sample. They are positioned 300 mm from the front surface of

the specimen. The front surface has been chosen as being similar

to an in site inspection. The specimen is heated for 10 s, and a

30 s movie is recorded at 50 Hz. The installation of the experimen-

tal device is very fast (around 5 min). The camera is a Flir Titanium

and its thermal resolution is 20 mK (cf. Fig. 3.2). In order to detect

the defect present in the recording, a relative movie has been cre-

ated. The relative movie consists of withdrawing the first 10

images from the recorded film in order to eliminate the tempera-

ture due to the ambient environment. The presence of the defect

appears during heating and cooling time. The defect is most visible

in the image corresponding to the inflection point of the tempera-

ture curve. For the study, infrared images were taken at this point

(example for the carbon plate Fig. 3.3).

Fig. 3.1. Ultrasonic device.

Fig. 3.2. IR Thermography device.



3.3. Speckle shearing interferometry

The theoretical principle of speckle-shearing interferometry [9]

is to split in two the image of the studied object using an optical

system such as the Michelson interferometer or double-refractive

prism. The system used for this study was composed of a

non-pulsed laser, a Michelson interferometer and a CCD camera

to record images [19]. The Michelson interferometer enables the

shear to be set. A laser beam (light beam) is used to illuminate

the object. This beam is split by passing through the Michelson

interferometer.

The interference of the two sheared wavefronts results in a

speckled pattern. In order to obtain the shearographic image, the

strain configuration speckle is compared to the speckle in its initial

state. The resulting fringes represent the derivative of the out-

plane displacement. This gives direct information about the distor-

tion of the object [20,21]. The object is put under strain using ther-

mal stress.

Shearography mainly enables defects such as disbonding,

delamination, wrinkling, porosity, foreign object or impact damage

[10].

In this study, the specimen was heated by a paint burner posi-

tioned 50 mm away. The heating temperature was 300 °C and was

applied for 30 s. The shearographic image was recorded by a CCD

camera (cf. Fig. 3.4). As is the case for InfraRed Thermography, set-

ting up the experimental protocol can be done very quickly

(around 3 min).

4. Non destructive tests and evaluation

All non destructive tests presented in the previous section were

applied to the three specimens studied. To begin with, the results

obtainedwith eachmethod on each specimenwere observed, noted

and then a synthesis of the different non destructive methods was

carried out. All the defects revealed were compared to GVI mea-

surements, in accordance with the standards [22] (cf. Table 1).

4.1. Specimen A

4.1.1. Ultrasonic Testings

The ultrasonic non destructive tests were carried out by contact.

However, Specimen A is cylindrical. Therefore the flat multi-ele-

ment probes used during control could not follow the cylindrical

shape of the specimen. There was considerable sound signal loss

in the air. Consequently the test produced no result in relation to

defects (position and dimension) on Specimen A. The material pre-

vented results being obtained.

Fig. 3.3. Inflection point.

Fig. 3.4. Shearography device.

Fig. 4.1. Specimen A: carbone/epoxy rod.



4.1.2. InfraRed Thermography tests

As mentioned in Section 3.2, the halogen lamps are situated in

front of the specimen in order to represent an in site inspection.

The specimen surface observed is the damaged surface. In fact,

Specimen A being thick and having a hollow circular section, a

huge quantity of heat is lost in detecting defects on the rear

surface.

The InfraRed Thermography tests made it possible to identify

the presence of defects on Specimen A in a very short time, around

30 s (cf. Fig. 4.2). The size of the pixel is calculated from the images.

Therefore, the dimensions of the defects can be determined accu-

rately. Indeed, the defect is 97 mm � 20 mm. It is obvious that

the results obtained with InfraRed Thermography are similar to

GVI measurements (maximum deviation around 10%).

4.1.3. Speckle shearing interferometry tests

The defects on Specimen A were identified quickly by Shearog-

raphy tests, around 1 min (cf. Fig. 4.3). It is important to note that

the images obtained by Shearography are not easily analysed.

There were many defects on this specimen and Shearography de-

tected them all. This means that a considerable amount of the

information was shown on the image, making it illegible. Never-

theless, it was possible to determine the size of the defects. The

range of the defect area is 107 mm � 22.5 mm. The difference be-

tween the GVI and the Shearography results represents 9% as re-

gards length and 25% as regards width. This measurement

variation is due to the difficult in analysis of the shearographic

image.

4.1.4. Comparative analysis

Table 2 summarizes the measurements of the defect for each

device.

The results obtained on a cylindrical specimen greatly depend

on the equipment available at the test center. Indeed, the defects

could not be determined using ultrasonic tests because the mul-

ti-element probe was not suitable. The comparative deviation in

defect size obtained using Shearography and GVI is greater than

that obtained using IR thermography and GVI. Determining the

size of the defects accurately would therefore appear more difficult

with Shearography than with thermography. In the case of a cylin-

drical specimen, InfraRed Thermography is the quickest and most

suitable method to detect and quantify defect dimensions.

4.2. Specimen B

4.2.1. Ultrasonic tests

Two C-Scan inspections were carried out : one on the front of

the specimen and the other one on the back. For the front surface

inspection (i.e. the surface on which the lightning impact is

located), the defect measured 43.5 mm � 79 mm (cf. Fig. 4.5). On

the back, the defect measurements were 38.5 mm � 63.5 mm (cf.

Fig. 4.5).

Three reasons may explain the relatively smaller size of the de-

fect on the back:

� firstly, signal loss through the thickness of the specimen,

� secondly, surface coating on the back,

� thirdly, position of the probe focus because the defect is on the

surface.

The in-depth position is the same from both front and back. The

shape of the defect is similar to that of the GVI defect. The actual

size of the defect on the specimen and its UT size are virtually

the same (around 5%). From the 2D map, a sectional elevation

can be traced showing that the defect is on the surface of the spec-

imen (Fig. 4.6).

Setting up the system and the actual testing took 30 min. At the

end of the test, a 2D specimen map was obtained with information

on the depth and position of the defect. In relation to the length of

the test itself, analysis time was very short. We note that the defect

is fully characterized (size and depth).

4.2.2. InfraRed Thermography tests

2D mapping of the specimen and identification of the defects

can be obtained using IR thermography tests (cf. Fig. 4.7).

Table 2

Defect measurements of Specimen A.

Length (mm) Width (mm)

General Visual Inspection 98 18

Ultrasonic Testing NaN NaN

InfraRed Thermography 97 20

Shearography testing 107 22.5

Fig. 4.4. Specimen B: carbone/epoxy plate.

Fig. 4.2. InfraRed Thermography map of Specimen A.

Fig. 4.3. Shearography map of Specimen A.



The size of the revealed defect is 36 mm length and 60 mm

width. Its shape is almost the same as the GVI defect on the dam-

aged surface. The variations between the GVI and the IR thermog-

raphy measurements are 12% in length and 20% in width.

This method is very quick and results can be obtained in 1 min:

30 s to record and 30 s to analyse the results. InfraRed Thermogra-

phy can therefore be used as a first step to identify and locate the

presence of a defect very quickly. Following that, the size of the de-

fect can be determined more precisely using Ultrasonic Testing.

4.2.3. Speckle shearing interferometry tests

The defects on Specimen B can be identified by Shearography

tests in a relatively short time: approximately 1 min (cf. Fig. 4.8).

The size of the defect is 37.5 mm � 59.5 mm. The differences be-

tween the GVI and the Shearography measurements are 8% as re-

gards length and 21% as regards width. This difference is due to

the fact that the shearographic image is a little fuzzy preventing

the size of the defect to be measured properly.

4.2.4. Comparative analysis

Table 3 summarizes the measurements of the defect for each

device.

For this specimen, the defects were easily detected by all three

methods. Qualitatively, the three methods are efficient and the de-

fect shapes are the same. Quantitatively, it depends mainly on the

software used, the resolution of the CCD sensor and the accuracy of

the measurements. For the three methods, a good estimation of the

Sectional elevation

Fig. 4.5. Ultrasonic Testing map of the both faces of Specimen B.

Fig. 4.6. Sectional elevation of the 2D map (S-scan).

Fig. 4.7. Infrared map of the defect of Specimen B.

Fig. 4.8. Shearography map of Specimen B.

Table 3

Defect measurements of Specimen B.

Length (mm) Width (mm)

General Visual Inspection 41 75

Ultrasonic Testing

Frontface 43.5 79

Backface 38.5 63.5

InfraRed Thermography 36 60

Shearography testing 37.5 59.5
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defect dimensions was obtained. The best comparative results in

relation to the GVI measurements were obtained with UT (5% devi-

ation). Even though a 20% deviation can be observed when UT and

IR thermography defect measurements are compared, IR thermog-

raphy is faster than Ultrasonic Testing. Consequently it would ap-

pear judicious to use several non destructive methods to detect

and quantify this kind of defect as fast and as accurately as

possible.

4.3. Specimen C

For Specimen C, two GVI defects had to be detected. Defect no. 1

was located above geometrical discontinuity and defect no. 2 was

located on the angle of this geometrical discontinuity (cf. Fig. 4.9).

4.3.1. Ultrasonic tests

Defect no. 1 was detected by ultrasonic tests (cf. Fig. 4.10). The

geometry of the specimen (defect slightly on the angle) made UT

measurement difficult. Thus, only the defect length could be deter-

mined: 22 mm. The difference between the GVI and the UT mea-

surements of length is 22%. As shown on Fig. 4.10, the defect was

located not only on the surface of the specimen but also in depth.

Defect no. 2 was not detected. Checking this impact was impos-

sible because the device (multi-element probe) was not suitable

and the folding angle was variable.

4.3.2. InfraRed Thermography tests

Both defects were determined by InfraRed Thermography with-

in a few seconds (cf. Fig. 4.11). Defect no. 1 is 15 mm � 10 mm. The

difference between the GVI and the IR thermography measure-

ments is 15% in length and 11% in width.

The dimensions of the defect no. 2 are 22 mm length and

8.5 mm width. The differences between the GVI measurements

and the IR thermography measurements are equal to 22% as re-

gards length and 6% as regards width. The considerable deviation

in length can almost certainly be attributed to the focusing prob-

lem due to the geometrical discontinuity.

Fig. 4.9. Defects of Specimen C.

Fig. 4.10. Ultrasonic map on Specimen C.

Fig. 4.11. InfraRed Thermography map of Specimen C.

Fig. 4.12. Shearography map of Specimen C.

Table 4

Defects measurements of Specimen C.

Length (mm) Width (mm)

General Visual Inspection

No. 1 13 9

No. 2 18 8

Ultrasonic Testing

No. 1 22 22

No. 2 NaN NaN

InfraRed Thermography

No. 1 15 10

No. 2 22 8.5

Shearography testing

No. 1 15 15

No. 2 15 8
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4.3.3. Speckle shearing interferometry tests

The defects on Specimen C were identified by Shearography

tests within a relatively short time of around 1 min (cf. Fig. 4.12).

The image is very clear and the defects are perfectly visible. Shea-

rography therefore seems well suited to the detection of defects in

this type of specimen.

Defect no. 1 is 15 mm � 15 mm. The variation between the GVI

and the Shearography measurements is 17% in length and 87.5% in

width. However, on the shearographic image, the defect appears

circular which is not surprising for an impact defect; and so in this

case, the GVI measurement may be incorrect.

Defectno. 2 is15 mm � 8 mm.ThevariationbetweentheGVIand

the Shearographymeasurements is 16% in length and 11% in width.

4.3.4. Comparative analysis

Table 4 summarizes the measurements of the both defects for

each device.

For a specimen such as this with a variable radius of curvature,

it is impossible to check the defect in the plies using Ultrasonic

Testing. This is contrary to the case of Specimen A where a specific

single transducer enabled UT to be carried out. For this reason, in

this experiment, defect no. 2 could not be detected with Ultrasonic

Testing. UT is very restricted compared to other equipment.

With Shearography and InfraRed Thermography tests, defects

were determined very quickly. However, the images obtained with

Shearography are much clearer and sharper than those obtained

with IR thermography. Thus, for this specimen, the most suitable

method appear to be Shearography.

4.4. Methods comparison

InfraRed Thermography and Shearography detected all the de-

fects present on the three specific specimens contrary to Ultrasonic

Testing. Therefore, each technique has its own particular limita-

tions. Table 5 presents a summary of the characteristics for each

technique.

The major difference between the three Non Destructive Testing

methods is the time taken to set up the experimental device and to

analyse the results. In fact, Ultrasonic Testing takes a long time

(around 30 min) compared to InfraRed Thermography (30 s) or

Shearography (1 min). The time required to set up the experimen-

tal protocol for Ultrasonic Testing depends on the size and

geometry of the specimen tested. Whatever the non destructive

method used, the results obtained largely depend on the equip-

ment, its resolution, its accuracy and its software. The multi-ele-

ment probe used for the non destructive Ultrasonic Testing

cannot produce results on Specimens A and C. The software used

for ultrasonic, InfraRed Thermography and Shearography testing

enables the results to be analysed very easily.

The advantage of the optical methods compared to those of

Ultrasonic Testing is the independance of measurements as regards

geometrical discontinuities.

This study has shown the advantages of each technique in rela-

tion to the three given specimens:

� UT seems to be the best adapted method for small-sized flat

specimens like Specimen B.

� InfraRed Thermography seems to be the best method for large-

sized specimens with a constant geometry like Specimen A.

� Shearography seems to be the best adapted method for large-

sized specimens with a variable geometry like Specimen C.

On a more general level, all three techniques can be used with

various kinds of material and in various types of environment.

5. Conclusion

The application of Non Destructive Testing methods to various

specific composite specimens was the subject of this study. The fol-

lowing conclusions can be drawn from the experimental results

obtained, in terms of both detection and size of the defects and

rapidity of the methods themselves:

� The defects were detected without fail by the optical methods

but only sometimes by Ultrasonic Testing. In order to detect

all the flaws with Ultrasonic Testing, a wide range of probes

would be useful. The relative cost would increase with the con-

siderable range of suitable probes required.

� The advantage of Ultrasonic Testing compared to that of the

optical methods is the determination of the depth of the defect

and the degree of accuracy obtained.

� All three techniques can be used with various kinds of material

and in various types of environment.

Table 5

Characteristics of UT, IR thermography and Shearography.

Ultrasonic Testing InfraRed Thermography Shearography

Inspection Contact Non-contact (optical) Non-contact (optical)

Measurement Mechanical vibration Thermal radiation Mechanical strain

Loading Acoustic wave Long heating pulse, transient pulse excitation,

and induction heating

Vacuum pressure, acoustic wave and thermal

excitation

Output Amplitude and time of flight of ultrasonic

wave

Sequence of thermal images Speckle patterns

Analysis Qualitative and quantitative analysis

through the ultrasonic amplitude

Qualitative and quantitative analysis through

temperature distribution

Qualitative and quantitative analysis through

density of fringe pattern

Parameter

influencing the

measure

Material attenuation coefficient Materials surface thermal properties

(emissivity)

Rigid-body movement

Advantages Precise measurements and determination

defect depth

Fast time of control, good estimation of defect

dimensions and control adapted of all the

geometries types

Fast time of control and control adapted of all

the geometries types

Disadvantages Slow time of control and choice of a specific

probe for each controlled specimen

Defect depth not directly determined Unrepeatability of the thermal excitation and

defect depth not directly evaluated

Limitations Impacts in an angle and strongly

evolutionary geometries

Important specimen thickness Coupling between laser power and images

size
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� The three methods have their own advantages and limitations

as described in Table 5. It appears quite clearly that all the

non destructive methods are complementary. Therefore, in

order to obtain all the relevant information concerning the

defects both quickly and precisely, it is important to use a com-

bination of several non destructive methods.

It would be interesting and informative to analyse results ob-

tained by Shearography in order to determine the size of the de-

fects, and to develop the theoretical equations in thermography

to evaluate their depth.
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