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Abstract. Thermo-inductive testing is a new technique usedhiealth inspection on different components of mgdtive and
aeronautic industries. Defect detection is basedhermodification of induced eddy current and terapges due to the presence of
defects. The temperature change propagated atutfeces of the specimen can then be detected bgfeared camera. In this work, a
3D numerical model of this technique is developed applied to aeronautic materials. Results obthare compared with the infrared
thermography method to demonstraterédevance of the new technique.

PACS. 02.70.Dh Finite-element and Galerkin methods 7@Ex Non destructive testing: electromagnetitinigs eddy-current
testing - 44.00.00 Heat transfer

1. Introduction

Cracksconstitute one of the major problems threatenirgscurity of systems subjected to mechanicalthieor
chemical constraints. Their detection and charaetgon then assume a great importance. When iterms a control
without affecting the integrity of the inspectedterél, Non Destructive Techniques (NDT) are gelhenased. Many
methods of NDT are in a constant development adegitd applications and investigation fields. Oa@a give as example
the infrared thermography and the eddy curreninigsiThese techniques are more or less effectiyentding on the
nature, the geometry and the physical propertieseinspected materials and the defects.

In the aeronautic industry, the most observed deface the microcracks in aluminium plates and drecks or
delaminations inside composite materials. Theseatiefcan be generated either during manufactuninduong the life
cycle. For example, drilling before riveting canoguce different imperfections in the structure whare not easily
detectable by classical techniques.

In this context, we propose a new method calledntbenductive technique which combines the advasgagf both
eddy current and infrared thermography techniglreshis method, the electrical conducting matettabe inspected is
placed in an alternative field generated by a bigtanductor. The currents induced in the matexial deviated by defects.
This deviation creates high induced power concéotrdeading to local superheating around the defédter a given
exposition time, the temperature anomaly is profb#o the material surface, and can be detectexhbgfrared camera
[1-2]. In this technique, the defects are moreegsidetectable depending on the depth penetrdtiie anduced currents,
the type of the defect, the duration of heating,ghsition and the inductor geometry.

Till now, the development of this new technique Hz=en specially carried out by experimental redess.c
Improvement and optimization of the technique needever a trough theoretical investigation. Dué¢hi complexity of
the system and the nature of the defects, thi®estégvestigation should be done by a 3D numemcatleling. For this
purpose, we have developed a 3D finite element adebiased on Whitney's elements under a Matlab enmient as a
support tool to model the different phenomena iwedl in this technique. These models also take &ucount the
anisotropy of materials and are validated by coimsparwith experimental data and workshop problems.

The new technique is applied on defects detectidhe case of a post drilling operations in aluommiand carbon fiber
composite plates. A comparison with the classiofhired thermography method has also been donertwistrate the
interest of the new technique. Investigations amows parameters such as inductor geometry, defhaltacteristics (size,
depth) and field frequency have been carried ootdier to study the efficiency and the feasibitifythe technique.

2. Problem description

A typical measurement installation for the thermdtictive technique is shown in Figure 1. It cossigtan induction
generator, an inductor, a piece to be inspected,aminfrared camera to detect and record the curfamperatures.
According to the application, a working frequenaterval between 50Hz and 2 MHz may be used.

The study of this technique involves both thernmal alectromagnetic phenomen@he aim of numerical modeling is to
determine the magnetic field created by the induatal to deduce the induced currents and the fomaér losses by Joule



effect in the piece. Then, the temperature is ¢afed by using this power dissipation which is twupling term of
magneto-thermal problem.

3. Numerical modeling

3.1 Electromagnetic model

3.1.1 Studied problem
The electromagnetic problem can be described asrsio Figure 2. The whole domain contains a cursenirce, a

conducting regioQC, a region with magnetic material, and an air Q xIn linear time harmonic state, the Maxwell’s
equations become [4]:

CurlE=-joB 1)

CurlH=Jg+Jjnq 2)

Where E represents the electric fiel Bthe magnetic flux densityH the magnetic field, an Jind the eddy current
in Qc .
The boundary conditions will be ensured by:

Bm‘rs =0 gnd H*nr, =0 3)

To complete the problem, constitutive laws haventie#oduced under the following form:
B=[(H)]H and Jina =[o]E @)

Where [H] represents the tensor of magnetic permeabil'mjm,[“] the tensor of electric conductivities.
3.1.2 Theelectric formulation
As the magnetic field density is divergence fremagnetic vector potentiA can be introduced. Using (1), the electric

field in ©ccan be written as a function Afand the electric scalar potential V [4-6]:

E:—(jcoA+gradV) (5)

The local Faraday and Ampere laws can be written as

Curl([p]'1 [CurlA)+[o]EﬂjcoA+gradV) =Jg (6)

div[-[o] jo A +gradVv)]=0 @)

Applying the weighted residual method with the edest functionWe and nodal test functio Wn and taking into
account the boundary conditions, we have:

'[[Curl([u]_l BDurIA)+ jco[G] A + gradd))J (W, [ Q

= [Js W, @ Q ®
Q

[[divlo] Ge(a +grade)]ow, @Q =0

)

where Jo@=V



In order to enforcdivd =0 we expres:,J by CurlTs i the conducting domain, wher T's is the electrical vector
potential which replaces the source field [7].

3.2 Thermal mode

The thermal problem is defined by heat transferaéquo:

oT . _
PCp div(-[\|gradT) =P (10)
WhereT | p, G [7*] are respectively, the temperatuttee specific mass, the specific heat, the thermadiactivity.
P is the induced power density calculated with tleebmagnetic problem expressed by:
-1

P=Jig' [0] Ding (11)
The boundary conditions are described by convedtmm the object free surfaces as:

oT| _ B

[7“] 6_nr =Ney Ta) (12)
c

Where Tais the ambient temperature, ¢hev the convective heat transfer coefficient.

In thermo-inductive technique, as in the infraredrinography testing, there are various modes fmnthl stimulation:
pulse or modulated excitation [8].

In the first mode, a pulse of energy is injectethim specimen and propagates in the material. Thatidn of the pulse is
variable depending on the thickness of the matésidle evaluated and its thermal properties. Thenthl problem is thus
defined by (10).

The variational formulation is established by sodv{10):

I[pcp%—div([)\]@radT)} W, [dQ = [POW, [dQ (13)
Q Q

In the second mode of stimulation, the specimesubzmitted to a sinusoidal modulated power. [@je time variation
term becomes:

0o _.
o Joth (14)
Where ®th is the modulating frequency of the heating souEzpiation (10) becomes:

iBCoom T+div(-[\|GradT)=P (15)

In this paper, we focus on the pulse stimulati@tause it is easier to implement and it has arfessponse.

3.3 Discretization

Both electric and thermal formulations have beelvesb using finite element method. In 3D, using Wwhitney’s
elements, four discrete spaces can be introdubechddal element space, the edge element spadac#ielement space,

and the volume element space [5]. According tortb&iperties,¢ and T are interpolated by the nodal elements, A d
and Ts by the edge elements [7].

As the temperature variation interval is relativsigall, the parameters of electromagnetic and takepmoblems are set
for this range of temperature.

The system has been solved by the conjugate gtadetnod. For the electromagnetic formulation,ds been shown

that the use of a tree gauge condition to ens@remigueness (A is not necessary if we use the compatible forranat
[7]. The anisotropic properties are taken into actaon the developed code by involving electricahductivity, thermal
conductivity and magnetic permeability tensdrg].



4. Modd validation

Numerical models developed for NDT by thermo-indiecttechnique have been evaluated as a supportfdodhe
qualification of the detection process. To haveadydetection, the influence of the defect on teant density has to be
high enough to provide an infrared signal strorigan neighbouring temperatures.

The first step is to validate the finite elementdmloby comparison with experimental data. Figureh®ws the
experimental device of the thermo-inductive techrigln order to validate our numerical models, thehnique was
carried out on a ferromagnetic piece whose dimessaye shown in the Figure 4(a). A surface cradk widepth of 2.5
mm, length of 20 mm and width of 0.1 mm was inskitethe specimen excited by an electromagnetid &ea frequency
of 50 Hz.

The presence of the defect creates the concemtraficnduced current at the extremities of the diéfas shown in
Figure 4(b).

Figure 5 illustrates the temperature field arounel default obtained by infrared camera. The presefiche defect
generates two hot spots at the defect’'s extremilibese hot regions are best illustrated in Figumhere the measured
temperature is plotted along the defect axis. l@nsame figure the simulation results are compaidd experimental
data. A good concordance between the two curvelsssrved. The difference is partly due to the nisiske measurement
and variation of the material emissivity.

5. Applicationsand results

In order to study the defect detection and thaierfte of various parameters of the system on taecterization of the
crack, it is necessary to introduce a discrimirgaparameter.

In the case of pulse stimulation, thermal conteastlysis provides a good indication of defect ctimréstics. Several
definitions have been proposed for the contrasluatian. In the “pulse mode method” one uses thenatized thermal
contrast defined by:

1y = _Vdef (t) ~ Tger (to)
CI (t) Tsdef(t) _Tsdef(to) (16)

Where Ci() is the normalized thermal contrast in a poi}t &t timet . Toef , Tsdef are surface temperatures with and

without defect in a pointi ), and tois the initial time. It can be noticed that the mdne thermal contrast is different from
1 the better the defect detection is.

5.2 Comparison with infrared thermography

In this section, a comparison between the therrdadtive technique and the classical infrared themayohy is carried
out for the aeronautic application defined in ligdfe 7 shows a cut on the plane YOZ of the stugiede, it is a drilled
aluminium plate with a lateral defect.

We have calculated the thermal contrasto€ a heating period of 2 seconds. Two types dfigtors are used for this
simulation: an inductor of the form U along X azisd another of circular form with Z axis. The cgraphy of GCfor the
first form of inductor(Fig. 8) shows that the temperature is more cotagtdaground the defect and propagates to the surface
plate.

Figure 9 shows the evolution of the thermal comtcafculated from the numerical model versus thatihg period. In
the case of short heating period and high freqesnd¢he thermal contrast is larger than 1. Withidasing heating time
duration, the contrast becomes smaller, which m#zeisthe additional temperature around the craskehses. This is
mainly due to the diffusion of heat by conductiarthe material. It can be concluded that the theocmatrast is decreasing
with the heating duration. In practice, a heatimget of about 0.5 second is a good compromise betwiee infrared
camera detection level, the generator capacitytfethermal contrast.

One can notice that the use of thermo-inductivéirtieie increases the contrast compared to the btened by
infrared thermography method for the same totalgyowjected in the plate. This improvement is mioteresting when
one looks at the evolution of temperature diffeeeimcFigure 10 where it is multiplied by ten.

One can also observe that the design of the indiets a great influence on the performance of yséem. Indeed,
inductor of the form U gives better results that tircular one. This result is interesting becatistows that with our
numerical models, we have the possibility to opterihe design of the inductor (form, size,...) withaal function based
on the contrast.



In order to deepen this comparison, we have stutlieddefect detection for the same plate with arottrack
configuration. It consists of a vertical crack witte dimensions given in Figure 11. In this cabe, ¢rack becomes
undetectable with the infrared thermography (Thémpatrast equal to 1). However, the use of theimnaaictive method
improves considerably the defect detection as showme Figure 12.

5.3 Investigation on the system performance

The results obtained show the advantage of the teelanique. The next step will be the investigationsvarious
parameters of the method to optimize the systerfiopeance.

5.3.1 Phase contr ast

The use of the “pulse mode” as a characterizatiohis not sufficient because the thermal cont€astefined in (16)
depends on the induced power which may be non umifoside the piece. To complete the charactéomabol, a new
approach called “pulsed phase method” is propoBk@. technique combines simultaneously the advastaf both pulse
and modulated stimulations. The specimen is putsdeld by induction and the phase of the thermakw/anduced in the
specimen is obtained by the Fourier’s transforrtheftemperature evolution.

If this approach is carried out, the phase conigssed to quantify the defect detectability. Afiee initial thermal
pulse, the temporal evolution s(t) of the surfaarmagerature is calculated and extracted for eacdl.pbhen, the discrete
Fourier’'s transform is computed according to thd-kown formula:

F() = Y o) expl- j2xmat) = R()+ 1) a7
n=0

Where R(f) and |(f) are respectively, the real and imaginary componeh F(f) and At s the sampling time step.
Finally, the phase is computed for each of thesfiaimed terms using:

o 1(F)
of)=tant
=) @9
and the phase contrast is defined by:
A®D; = Def ~ Dgef (19)

Where A%ijs the phase contrast in a poil §( D et ,(Dsdef are phases with and without defect in the samet (i )n
The phase contrast is often used due to its seihsitd the thermo physical property (the depthttuf defect and the
source thermal frequency). This parameter hasthisadvantage of being less sensitive to non unifogating.

5.3.2 Skin depth and heating duration

It is shown, that depending on the material an@adgbroperties, on the excitation frequency andhenduration of the
heating pulse, one gets higher or lower thermalrasts.

To evaluate the defect detectability as a functiérihe skin depth and crack depth, we have caledldihe surface
temperature for the defects of the Figures 7 and~Idures 13 to 18how the thermal and phase contrast for a heating
period of two seconds for different skin depths.

We notice that the defect detectability is bettdrequencies where the skin depth is greater tinaagual to the crack’s
depth. Indeed, for the lower frequencies, the hgais practically uniform in the volume and consemfly the surface
temperature is less sensitive to defect.

The phase contrast gives the same results (Figagnd46).One remarks that by increasing the excitation feeqgy, the
thermal contrast passes by a maximum which correfpto an optimal value of the induction frequerityshould be
noted that for materials with low electrical contivity, it is necessary to raise the working freqog range From Figures
14 and 16, it can be observed that an optimum thlefraquency exists for which a defect producesaximum phase
contrast.

5.3.3 Crack thickness

Another important parameter is the defect thickng&ee figures 17 and 18 show that the thermal drab@ contrasts
increase with the defect thickness. This resudicates that these contrasts could be used toidisate the crack’s
dimensions.



5.4 Application to composite material

In this case, the plate inspected is a carbon fibieforced composite with the same dimensions shiowrigure 7. It is
an anisotropic material with physical charactergstiven in Table 1. The anisotropy is taken intooaint by involving
electrical and thermal conductivities tensors. €hextrical conductivity is equal to zero followitige depth because the
layers are separated by an insulating resin.

We have calculated the thermal and phase confag. (19 and 20) for a heating period of 2 secofitis. composite
have relatively low thermal conductivity in theiemth direction. As a consequence, the thermal ashireaches its
maximum value some fraction of seconds after tgroifi of the power source.

The results give a good indication of how the cosijgomaterial responds to thermal excitation. Threaterials have a
low electrical conductivity. Therefore to obtain acceptable level of contrast, one should use fiEfduencies upper to
1 MHz. As in the case of aluminum plates, the maximthermal and phase contrast values increasethétiinduction
frequency.

6. Conclusion

In this paper, the thermo-inductive technique hesnbstudied in order to detect defects in aeronamtéiterials. The
temperature contrast at the surface of the specmeeerated by eddy currents was measured for thigsope. A 3D
numerical coupled model using Whitney's elementss wigveloped and applied to compute induced currants
temperature distribution in the inspected piecepdEixnental data have enabled us to validate filigéenent models. The
pulse stimulation has been studied due to itsifpailf implementation and its rapid response. Tvamplementary
discrimination parameters are defined to analyeerdéisults. The first one, pulse mode, is adaptdwtoogenized heating
and the second one, pulsed phase, which is lesiigerio non uniform induced power.

A comparison of contrasts with those obtained ushg classical infrared thermography method shdwas the new
technique is more interesting in term of defecedidn for electrical conducting materials.

The simulation results show that the crack detactiepends on the inductor geometry, the heatingtidur; the
excitation frequency and the defect size. They leraonstrated the relevance of the thermo-indutigbnique and the
efficiency of 3D model. It should be noticed thie 3D numerical system is very difficult to inverst is not well suited
for real time operations. It can be however useditain the abacus or the tables for different ctefen this case, the
inversion can be obtained faster.
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Fig. 1. Schematic of studied system
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Tables

Table 1. Physical properties of composite material

Electrical Conductivity Thermal Conductivity Specific
(S.mit) (Wm'K? Heat Density
(kg'K?) | (Kg.m?)
X &Y Z axis X &Y axes Z axis
axes
20 000 0 3 0.45 1280 1600




