N
N

N

HAL

open science

Bonded repair issues for composites: An investigation
approach based on infrared thermography

Matthias Barus, Héléne Welemane, Francis Collombet, Marie-Laetitia Pastor,

Arthur Cantarel, Laurent Crouzeix, Yves-Henri Grunevald, Valérie Nassiet

» To cite this version:

Matthias Barus, Héléne Welemane, Francis Collombet, Marie-Laetitia Pastor, Arthur Cantarel, et al.. Bonded
repair issues for composites: An investigation approach based on infrared thermography. NDT & E Interna-

tional, 2017, 85, pp.27-33. <10.1016/j.ndteint.2016.10.003). <hal-01490599)

HAL Id: hal-01490599
https://hal.science/hal-01490599v1

Submitted on 27 Mar 2017

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-01490599v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

OATAO

Cipen Archive Toulouse Archive Ouverte

OpenArchive ToulouseArchive Ouverte OATAO)

OATAO is an open access repository that collectswibhek of Toulouse researchers ¢
makes it freely available over the web where possible.

This is an author-deposited version published in: http://oatao.univ-toulouse.fr/
Eprints ID:17511

To link to this article:DOI:10.1016/j.ndteint.2016.10.003
http://dx.doi.org/10.1016/j.ndteint.2016.10.003

To citethisversion:

Barus, Matthias and Welemane, Hélene and Collombet, Francis and
Pastor, Marie-Laetitia and Cantarel, Arthur and Crouzeix, Laurent and
Grunevald, Yves-Henri and Nassiet, Valérie Bonded repair issues for
composites: An investigation approach based on infrared thermography.
NDT & E International, vol. 85. pp. 27-33. ISS1963-8695

Any correspondence concerning this service should be sent to the repository
administrator; staff-oatao@listes-diff.inp-toulouse.fr




Bonded repair issues for composites. An investigation approach based on

infrared thermography

M. Barusb, H. Welemané#*, F. Collombet, M L. Pastor,
Y.H. Grunevaldl, V. Nassieb

aUniversité de ToulowsUI'3,IUT-ICA, ToulouseFrance

" LaboratoireGénie dd’roduction (LGP),INP-ENIT, Universitéde ToulouseTarbesFrance
clnstitut ClémenfAder, IUT de Tarbes, DpEMP, Tarbes, France

daComposites Expertise Solutions (CES), Castanet TolosBrance

ARTICLEINFO ABSTRACT

Keywords:
Compositerepair
Experimental procedure
Infrared thermography
Heat transfer

Numerical model

A. CantarédC, L. Crouzeix,

An original approachbased oractive Infrared Thermography(IT) addressethe very challengingisaie of the
nondestructive analysis of bondezbaired CRPlaminates. Difficulties corne from the weak propecpntrast
between partef repaired assembliesndthickness of the joint. Strong &tnionis given hereto the controlof
experimentakestsconditions (heafoad, bounda conditions) which allowsto developa physically consistent
numerical modepf the thermal problem Comparisonbetween mesured and simulatedsurfacetemperature
fields showsrery good agreemen¢garding temp@l and spatial evolutions for composites wdifferent lay-up

andoffers nev solutions for the NonDestructivEesting (NDT)of bonded repaired composites

1. Introduction

Design of modermaircraftstructures is mainly based on the afe
large and noneasy dismantled composite parts. One of the main
challengedor aeronautics standbus in findingrelevant and efficient
solutions for their structural repair to account limeal damages that
may be inducedn service(bird or vehicle collisionsimpacts during
plane loading/utoadng or maintenance operation3, This question
isspecially difficult to address in tlentextof CFRP with complex and
anisotropie mechanical behavior, but raises few yearsnow a
growinginterest inview of economic issueg.].

The repair purpasis to restorestructuralpropertiesand strength
of the originaldesignToday, doublers-baseddutions usingmechani-
cally fastened extréayers ofreinforcementarethe most conventional
techniques for primary structures since they ensueglurdancy in
structural elements. Yet, it is to note that such process dftadsto
the creation of new damages during drillengdbolting/riveting phase
[2] and,in all cases]eads toextra weight forthe repairedstructure
sincethe patch dimension@hickness and surface)ay be significant
comparedo thedamageextent. Foradhesively bonded repdiowever,
theremoved damaged volum&reconstructed by bonding a patch of
same material as original on the parent one. Téusices additioda

= Corresponding author.

weight and tends to preserve theginal aerodynamic profile (flush
surface), whichs of greatinterestfor the repairof external skirpanels
for instanc€ 3,4]. In case oflaminatesuch repair procedurachieves
alsosignificativelythe Joad transfewithin the repairedreaproviding
a uniform sheardominantstressstate ad minimizing peektressesn
the adhesivdayer [5,6].

For bonded repairsachesve bonding of the parentand repmir
materials requires most attenton. The bond strength depends on
several factors (type ofdhesive, surfacaspect, joint design, curing
conditions,..) and, above allis extremelysensitive to the existencaf
defects (poro$y, kiss-bonding, delamination) inside tlgue joint. In
order to contribute to the reliability assessment of such repair
technique, thiswork intendsto provide a nondestructie approach
based on actie InfraRed Thermography (IRT) able t@gpture infa-
mation on bonded joints of repadrprimary structuresPrecisdy, IRT
is anoptical measurement technique of surface thermadisfiesually
used for the investigation ofstructurd health (conventional NDT) or
damagemonitoring in aircraft structures [7,8]. In the active config-
uration, theacquisition ofinfrared radiation emitted athe part surface
and induced by an excitation source (such uisasonic waves [9],
electromagnetic fields[IO], vibraions [11] and, most often,light
source[12,13) allows to identify defectsinside materials.Itis to note
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yh.grunevald@composites-expertise-solutions.c¢¥hH. Grunevdd), valerie.nassiefenit.fr (v. Nassiet).
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that some psi-processing of deredthermel fields ma be recessary
toreveal andocalize more precisly theseheterogneities[10,14,15].
Regarding applications ithe repaircontext, activelRT usually
focusses othedetectiorof artificial defectantroducedwithin the due
joint: Teflon inserts to simulate delaminatioasd disbondings[16-
18], greasemould release to repre# kiss-tonding or dy fibersto
accounffor porosites[19]. IRT is Jess commoin the regir field. The
detedion capacityof this tchrique is essatially relatedto a high
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Fig.2. Optical sysem (a) and samplénsuation on kack-side (b).

property contrast- and thus gap in thermd response- between
different partsof the repaired assembly. Thigtwhy existing works
often dealwith optimal configurationsuch acomposite patcipasted
on metallic [16,17]or concrete parerdtructure([18,20] or association
of parentandpatch made of different compositgxd].

The configuration considered in this stug correspondsto the
industrial context ofrepaired aircraft primary structures,namel/ of
calbon-epoxycomposites (parerand patch)bonded ki anepoxy glue.
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Table 1

Thermal and physical properties of materials (m: measurement, b: bibliography,
furnisher, c: calibration); thermal properties measured by Hot Disk TPS 25008Aaxial

andtransverséA,) conductivity ofcomposite ply.

Property Inconel  OPly Glue Airex Adhesive film
Densityp (kgm-3 8492m 1550m 172= Sa' looo'
Specifichea Cg 387" ss3= 1317m 1130t  Joooc
(Jkg-1K-")
Conductivity A 12= Au: 3.0s! 0.226m (.0331 0.J2C
(W m-1K-3 .<,:0.sic

o2

Reference
coupon

Glue

Insulating
foam

Fig. 5.Constitutivepartsof theFE model forthestudy of virginmaterias.

Due to thevery slightdifference in the thermal behaviof constitutive
parts of the repaired assemfilye nondestructive investigatiaf the
bondjoint representsa very challengingssue. Contraryo classical
NDT investigations, such@uestiorrequireshere tocontrai asnuchas
possibleexperimental conditionsf active IRT tests. In this waya
specific device for heat load has been designed to master the distribu-
tion and localiation of the heat Joadndthe boundaryconditions
(Section ). This allows at thesametime the definitionof a finite
elementnumerical mode! physicallgonsistent withtestsconditions
(Section ¥ Fromthese results, ibecomes possibl® studythe very
complex situation ofepairedassembliesand to comparemeasured
and simulated temperature fields for differentomposites layup
(Section 3.

2. New experimentaktrategy

Currentactive thermograpy devices are mostly bsal on hetero-
geneouslighting and generallysuffer from edge effect§22,23]. Let
consider for instance amconel plate submitted toa stepheat loadof
10 s generated by @alogen lamp(maximum power of 1000 W).
Inconel sample of 0.9 mm thicknesspaintedwith black color (so as
to consider the emissivity of carban= 0.98) and thermal acquisition
is done using a FLIR TitaniunSC7000 retrofitted camera (InSb
sensorsthermalresolutionof 25 mK, focal plane of 320x256pixels)
associated withAltair software.Fig. laof the surfaceghermal variation
t,. T=T() - To(t =0) field and Fig. |d of therelated Y temperature
profile typically illustrate incomsistenciesassociated to such a config-
uration, namey local overheating of thepart surface,local cooling on
edges and eveheatsink at the metallic holding pointAs a conse-
quence simulation models of these tests systematicall introduce
corrective factors to corroborate  experimental meaurements
[20,24,25].Accordingly, if these conventional devices remain suitable
to capturedefects that higlyl contrastwith their integration environ-
ment, the challenging issue afompogtes repair with very weak
thermal property contrast basically requires the development of
specific experimentalprotocol.

Following specificationshave been addressed tvoid aforesaid
difficulties: (1) the knowledgeof the heat flow (locatiorandintensity
distribution) (2) thecontrai of boundary condition$3) the limitation
of environmental disturbingffects. Undetheseconditionswe intend
to obtain more refinetestswith far Jess disturbance andcertainty,
which furthermore, can bmodsled with consistency.

Precisely, the thermal excitationashievedoy means of a halogen
lamp deliveringnitially anonhomogeneous heat flo@etting a shutter
at its output reduces thgeneratedlight beam diameterand a
convergentJers, placed onthe optical axis ofthe lamp converts as
much as possiblahe divergentlight beam into a parallel beam
(Fig. 2a). In order tocontraibounday conditions, testedanples are
pasted orareticulated polymer foam (Airex C70.75) with an epoxy
glue (SR1126 and SD8205 hardenemd assemblies are helat the
foam bottom ig. o). Such a foam thermally insulatéee backiaceof
thesample and avoiddhermalsink atthe holding point.

All elements (lamp, shuttefens sample camera)areinserted into
a rigid metlli c supportthat determines precisely tip®sition ofthe
thermal stimulation on the sampleid. 3. In view of industrial
applications, the reflectiononfigurationhasbeen favoured, for which
bath the thermal camera and treait sarcestand on thesame side of
the partSincethe samplesurface shoulthe in the cameréocal plane
the sampe is doped relative to thelight source (formingan angle of
25°)and tteheat impacted area thaghibits an elliptical shape whose
dimensionsare fixed by the Jes diameterand the inclinationangle
(namelya = 65mm wide along minor axis and= 72mm long along
major axis)Note that distance between tleenp and thesample along
thelight axisis equato d =760 mmand that distance between the
specim@ andthecamerad = 670 mm) defines the pixesize,namely
0.4x0.4 mm. Moreover, so asto limit most disturbing effects of the



6T(°C}
Y profil e 0.8

25

o
S
Ju
N

huH =

>
6T(:C) 15
0.8

/ -Exp.
05 - eeees 09 1w

——id
— -1llid
0.4 10 15 20

Time (s)

a) Experimental anchumerical b)Time evolution of the average

fieldsatt =5s of 6-T overthe analysisarea

Fig. 6. Surface temperatuvariationi;.T foranlnconelmaterial(points X2and Y2 are symmetriaf XI and Y| respectively). (For interpretatiofithereferencsto color inthis figure
caption,the reader iseferred tothe webversion of thispaper.)

25
2
y
- 15
B
S
05
m— EXp.
Num.
0
0O 2 4 6 8 10 12 14 16 18 D 22
Time(s)
a)
25 25
sugrevnd "’:“'.-"‘,i"" ._‘;;,.(.1.‘._.-.‘ 2

¥
X
SR

E 2

f 15
w15
i \ .' e T T o
A i T afil rVir.,, . My £ s PN
2 ‘1 \\ g A L
05 xXp.(t=7s) -Num.t=79 W% 05 -Exp.(t=79Num. (t=75s)

EXp. (t = 12 s)ecccceNum.t= 12 9 | -EXP.(t= 12 ) eeccce Num. (t= 12 9)! )
---Exp. (t=17s)---Num.(t = 17 g 0 _‘“ -—--Exp.(t= 17 s) ---Num. (t= 17 s)
0 20 40 60 80 0

Distance dong X prdfil e(mm) Distance dong 'Y profile (mm)

b) C)

Fig. 7. Surface temperatavariationt;.T for a [0/90/Q6 composite: tineevolution dtheaverage of;.T overthe analysis area (aX (b)and Y (c) profiles. (For irgrpretation of the
refereresto colorin this figurecaption, the rederis referred to the webersion of this paper.)



Superior

Inferior coupon

Insulating
foam

s

Fig. 8. Constitutiveparts ofthe FE modetor thestudyof repairedassemblie.

environmentthe benchs entirely covered with black sheetduring
measurement.

The different configurations presented Riy. lallow to emphasize
the contribution ofthe new experimental procedurdll these results
were obtainedor the samematerial (Inconel)thermal solicitationand
equipment (lamp andamera)as theones considereih Fig. la. Note
alsothat distanced andd' are also theame forall figures.Compared
to conventionabevice(diffuselight, metallic holding point~ig. la and
orangelinein Fig. Id), theinsulationof the sample avoidseatsink at
the holdingpoint (closeo YB, Fig. Ib andblue line inFig. Id). Yet,the
diffuse lighting still generates somedge effectsand heterogeneous
surfaceheating (close t&A for instance)The addition othe optical
systemclearly solves this last difficultyand allowsa significant
improvement regarding the load distributi¢iig. le and black line
in Fig. Id). Even if theshutterandthe Jenglobally reduce themount
of heat flow received bythe sample (andtherfore the leel of
temperature inducedn its surface), thenew experimental strategy
leadsto a quashomogeneous datJoad intensity ona delimited and
defined (elliptical) area on the sample surfades original approach
seemghen tooffer aproperexperimental frameworkegardingbath
the Joad and boundagonditions,that could be easily integrated in
terms of numericainodelling.

3. Modelling strategy andheat flow intensity identification

The represatation of kea transferinside the materia canbe
modelled using the classical thermodynamics backgrg@dLet us
considervthevolume of theRepresentativiolume Element (RVE)f
the material Sits outerboundaryandn the outwardunit normalto S.
T=T( Y,z t) denotes the locaémperature of poiny (x,y, z) of Vat

Y profile I>T (°C)
1.3
g 25
k|
g 2
s
°>’ 1.5
E
09 &
E- 1
&
05
(0]
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a) Field att = 5s

time t. From thethermodynamics principles and Fourier conduction
law, one carnthus obtainthe well-known expression ahe local heat
equation (without internai sources):

pCP%I —div(Agrad T)=0, VMEYV

@
with p the material densityQv its specific heat and A its thermal
conductivitytensor Accordingto experimentalconditions, heat flowon
the elliptical impacted are&: (dimensionsa andb) is assumedo be
homogeneous(with intensty <P) and evolvesn form of aste of 10s
(beginning att=2 s, end at t=I2 s)In view of low tempeatue
variations induced withinthe material, convective and radiative
phenomenaare neglectedthese assumptions were confirmbyg a
sensibilityanalysissee alsg25]). Finally, the initialstate isdefined by
the ambienttemperature measuresithin the laboratorySpatial and
temporal boundary conditiorisr theproblem carthusbe summarized
by (seeFig. 4):

n-(kgrad T) =efJ, VM E SL
{n.(A-gradT)=0, 'Y M E S-S1

T(Xy,Z,t=0=To=Tamb VMEYV 2)
Notethat the transient thermegsponsef materials deduced from Eq.
(1)is numerially solvedin what followsby finite elementmethod.

In order tofully determine thethermal Joadjt is necessary to
quantifythe heat flowintensity <P thatimpactsthe sampleThe Finite
Element Moddlpdating (FEMU) techniquehas been implemented in
this way,usingABAQUS software. At this stage, the sampiaterial in
Fig. 4is the Inconehlloy studiedoreviously (monolithigisotropie,see
properties inTable ).

Assuming perfect contact,the 3D numerical modelf the heated
assemblyincludes trougha partition the threeconstituents (Inconel
sample epoxyglue and Airex insulating foantig. 5). A convergence
study has been conductéal ensurethe results stability accordingp
the mesh gieleadng to an averagedementsize of2 mm (7290 heat
transfer elements DC3D20meanaspectratio b =6.37 and 0.62
elements exhibit &> 10,Fig. 9.

Using FEMU method, heat flo intensity is determinedo asto
reduce thegap between numerical and experimental average cgurfa
temperaturever a central area (called analysis area, @). Global
responseof the model fig. &) showsits physical consistencywith
expermentd measues and leads to an identified value of
ef) = «ud =500 W m2 with a root mean square error on the average
1. T of 0.019 mKwhich areJess than the thermeamerameasurement
noise. Simulation for + 10% values of<p;d are shownin Fig. &b that
illustrate therelevance of such identificatiorSincesimulations are
essentially sensitive tihe Inconel properties (that were allidentified

—Exp,t=7s =—Num.,t=7s
-+Exp,t=12s +Num,t=12s
= Exp,t=17s = Num,t=17s

0 20 40 60 80 100

Position along Y profile (mm)

b) Y profiles

Fig. 9.Experimentaland numericakurfacetemperatue variation b.T for a [090/05 composit repaired assemblyLimits of steps are indicated byegn lines(respective depths
3.9mm (1),312mm(2), 234mm (3), 1.56 mm (4)0.78mm (5)). (For interpretation ¢ie refer@cesto cola in thisfigure caption, theeadeiisreferred to the web version of this

paper.)
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experimentally), this gives full confidence in the representatiaand
identification.

Consideringthe initial isue of this study,the themd response of a
virgin (nonrepairedmonolithic) anisotropie composit@mnate under
identical conditionsand Joad is examinedThe sample material in
Fig. 4is now a compositenaterial composed of8plies of MIO epoxy
resin andr300 carbon fiberwith [0/90/0} stackingsequence (Zmm
global thickness, monolitlt, orthotropicwith propertiesof transver-
sallyisotropie py givenin Table ). The problengeometryis processed
in the same manner gxreviously (Fig. 5 andthe modelling ofthe
compasite materialintegraeseach ply withrelatedorientation(leading
to a totalof 13220elemenswith 8 = 899 and 6.086 dementsaresud
that/s > 10). Lacking precisionon thetransverseonductivityA, of the
0° composte ply, this data has dém: cdibratedto math the dobal
material responsebtained withheat flav <30 (Fig. 7a). To testthe
derived represedtion, one investigates thespatial distribution of
surface temperater by means of temperature profilesdravn at
different stepsKig. 7b and 7c). Resultsare verysatisfactory witha
good @reanent between numericahd expamentd responsesluring
heatingand coding phases, whicls particularly noteworthy fosud a
comgdex anisotrope context Note that some &ght differences are
observed on the edges profiles of Fig. b and7c (nearXi and Yi
points) that are due togeametric aberrationsof the convergentlens
andthat can be reded using a éns of a better opticafuality. The
physical relevance of thmodekhould also beinderlinedthroughits
ahlity to account for the competition effect between theweak
transversethermd conductivity of composites plie@hat induces a
rapid ewolution of temperatue d the begnning of the hea) and their
importantspecifichea (that requiesa substantiaenergyto raise the

material tempraure), leading ta nonlinear evolution of average:!,.T
(Fig. 7a).

4. Studyof bondedrepair assernblies

Two laminated composite types, nam¢0yf90/0} (orthotropic) and
[Ols (transversallyisotropie) madeof carbon-epoxy compositelies
describedin Section 3 have beerbondedto form repaired assemblies
with steplap geomey (0° ply orientation corresponds in what follows
to Y axs). Eachste hasalength of 12 mm and a thickness of0.78m,
which leadsto a total of 5 steps within laminates thiknes. Elemenary
couponshave been machined bywater jet to guarantee an optimal
surfacequality and toreduce delmination [27]. A strucural epoxy
adhesivefilm (ST1035) with a thickness dd.3mm is next applied on
the connectingsurface ad polymerized by mams of a heatingbench.
As before repairedassembliesare finally paged on tle polymer foam
with epoxy glue.

Experimental invedigaions on repaired assembliesave been
handledwith thenew IRT deviceandfor the same stefneatJoadas
previausly with a heating areahatcovers &ong Y axisboth virgin and
repairedareas Regarding tk numericalmodelling,a similar strategy
as in Section 3 (assumptionssample material of Fig. 4 being the
repairedassemblyin that case dlipticd heat Joadvith heat flow</d
applied orthe superiorcoupon) has alsoeen implementedsiventhe
complexity of the present geometry, note thasibetter todefineeach
partindependenty with perfectcontactbetweenthem, while ensuring
coincidencebetween the meh nodes at the contacsurfaces (89 383
elementswith 8 = 8.71and12.7% elements witha/5 > 10, Fig. 8). Note
alsothat some dakdve film goesup to the surfae during the repair



procedure (as integrated in the numerical model, zooriird). This bonding defed In this way, the pent numerical model will allow to
gives a direct access to the thermal response of the joint (localvestigae the relevanceof introducing specific additives inside the
temperature gak corresponds$o the joint flush, sein Fig. 9), whose bondedjoint to exacerbatéts thermal response.

temporal eolution allows to cdibrate missing properties of the
adhesive film (able ).

Fig. 9provides surface temperatwariationsfor repaired assem-
blies. If we examine Y profiles obtained at different timies).(Ob), we
observe that most important are near point Y2. Indeesuch azone
is strongly affected ythe joint (the temperature peak iogies the
position of its flush area on the assembiyfaceand thus the end of
repair steps).Since the adhesive film exhibita weaker thermal ”

P _ . . . 4] Harman AB, Wang CH. Improved design methods forscarf rgpairsto highly

eﬁuswlty e= )pJ.QJ than compos!tes(l'able l’ It actsas a bar_rler drained conposte aircraft struture. @mpas Struct 2006;754):13244.
for the heat Joad. More the joint is close to the surface (that is close @) Tombiin J, sdah L WelchJ, BorgmanM. Bonded Repair of Airaft Composite
Y2), more it avoids the heat diffusion inside the thicksiand more the Sandwit Strudures. WashingtonDC: Office of Aviation Reseah, Federal

H : H H e H Aviation Adninistration; 2004
composite temperature rise at this point is important. For_ this reasorhs] Wang CH Guunion AJ. Optimunshapes d scarf repairs. CangsPart A: Appl Sei
one can already d?ate the shallowest repair §t¢_ep om profiles for Manuf 200940(9):1407-18
times corresponding to the strong overheatif@y.(% att=7 s and [7] Maldague X.Nondestructie evaluaton of materials by infraed thermography.
t=12 s for instance). London, United Kingdom: Sprimger-Verlag; 1993

. . . . .. . . [8] Munoz V, Vaes B, Rerrin M, Pagor ML, Welemare H, Cantrel A, et al. Danege
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the ioint i bout 0.6 °C th di t it I der t with opticd, ultrasonic, and induaté excitation. In: International symposiumon
N ejomntis a Ou_ ' m(_)re an a J_acen _cqmp03| es). In order to NDT in aerospce, Furth,Germary, 3-5 Decenber, 2008.
improve results interpretation for repairses, is introduced theo- [10] GaoB, Woo W, Tian G. Electromgnetcthermography noretructive evaluation:
calledrelative temperature: physicsbased modelingand pattern minin. Sei Rep 2016;85480.

[11] Wagrer D, RancN, Bathias CParis PC. Fatigue crack initiation d@tection by an
3) infrared theemography nathod. Factue Fra! Eng Matr Struct 200;3312-21.
[12] Meola C Boccardi S, Carlonagno GM, BaffaND, Monaco E, Ricci F.
Nondegructiveevalietion ofcarbon fi. ber reinforcedcompasiteswith infrared

thermography and ultrasonics. mpas Sruct 2016134:84-53.
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