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Experimental and numerical simulation of thermography for detection of
disbond in repaired aluminum by composite patch

Morteza Moradi, Mir Saeed Safizadeh”

School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran.
*P.0.B. 16846-13114, Tehran, Iran, safizadeh@iust.ac.ir

Keywords Abstract

Composite patches The replacement of damaged components is not affordable in important structures such as aircraft, ship or
Thermography gas pipelines. So, the repair of a defective structure is an acceptable process. Composite patches are used
Disbond to repair the damaged metal and composite structures in different industries, especially the aerospace
Finite element modeling industry. Assessment of the repaired structure is a challenging topic in order to ensure the restoration. The
Pulse phase thermography thermography technique is one of the most powerful non-destructive testing methods that is used to

survey the repaired structures. In the present study, the defects of the de-bonding type between the based
aluminum structure and the carbon/epoxy patch made by 4 layers with layup configuration [04] have been
investigated by step heating thermography method. Defects locate close to the patch edges because it is
more likely that debond onset in a repaired structure at edges in practice. Furthermore, detection of the
edge defects is more difficult than the middle defects because of edge effects. The step heating
thermography results have been processed by using pulse phase thermography (PPT) approach. Also, the
simulation of thermography testing procedure carried out by finite element modeling (FEM). Finally, the
results of the experiment and finite element modeling have been compared and good accuracy has been
obtained in step heating thermography and PPT algorithm.

3D sheme Jolgs Sl o g wiyls 18 (a0 alaz ) (SGlKe sloo )l doodo -1
L9, 9 oo)';mf o LQrb..A—Q)J Kgl £, (Q)|).> 9 wg—la) o> ‘&L;,a ‘SALQ_.;)Q ‘s.g)wlfdhbo)b uoya}dgg;&.lléu‘_gho)'b ‘53‘)5
wdes job 4y ailaly calize mlio jo 1) 095 oKl oS w5 lS 50 el (San il slocgwl ol s Jelse 50 con col S
Oygo S 59melS sloalog 5l ooliwl b 5melS 5 (558 sloojle pue cov oS Gl b (ders slaJlal deoyi> alex ) cole a>je
Please cite this article using: 2o Lod oolasw! yj wylee jldllio ol @ gloyl 6l

Moradi, M. and Safizadeh, M. R., “Experimental and numerical simulation of thermography for detection of disbond in repaired aluminum by composite patch”, In
Persian, Journal of Science and Technology of Composites, Vol. 6, No. 4, pp. 591-600, 2020.



GIgpels aliog b ob mre x5 e oise ol T )3 Hinlas Slwlidh p GILes ()75 9 B3e Gy

s arts gy Ly bolS sl Tl b O ld e Wlgi e b
sbos shls a5 olse sl Judre o Kles ST 008 o0 5 pTejll
Lo ) Siles g oolitul aiies o053 Olbl L b oglite
o 9 I e eslitul b Sl gl 4 @ (pole)S
S5l Slge a5 ol 1oy Oype ey b Lo ralS (SisS
sleosle (ow )il sln @)l ST s (o5 2l S cule il
oy jmelS 4o xbaw ) slacaw! boakly o ool caslie 550l
SeolsS 5l s oS Slan (g b oS iz 3y 2
Al il obly ) Bles aps o oS e 4l g0 1) Lo
S Sy ks Sl (o plelid sl 1) (e
ik ) Sles (ol (Fing el (cone i sladlog (o)l ln camlie
9 S gobe (ol «Byb S 4 i cw s b uleS g 0P d
Sl gl S o laodls 508 Bilan g e Glej 50 ek
[15] sl 5T (6 o5 panas

Ol 5l el 48,5 050 Slikod i e 6)Sles 550 5
i (s3loil 285 45 ool [16] (iSan 5 SV i el
Ol oddpme i ole Cgae 5l alize glgl 8L g yo 1) (5 Kles
YL ceaS baas e 0 gbcae loy «SuST ) 5l oolaiul b ass oo
B oyl iS5 o9 Sl Jy ol a2l 2l (s
5 slie ol a [17] o 5w 5 Luadsgl ol atsls uSpie
SLL (cuismls slomlse iy & Jate dloy obces sl Bk
OHL 3 1y gy orl @98 5 Baod cnl gl oo S eoliul 0 b (n)S
@l wo)s ey (nl b aeooe LA gl 4 K035 slagl 5 oG5
el 4815 i3l e Goe ial3dl b ccae Corlue dple 4 bigyje
@ los 3l oolil 0925 (55950 [14] aizman (liSan 5 s
(18] o Kan 5 Conir wilaiils alog Jlasl (Stwge oy jskiiods
a5y Gl 5 Jlail pas 553 sl ol (5 A5 31055 sy 53 5
Sl ilaz 5590 50 los s 0,00 05le 4 ol Jaie L3S alog yo ol
oS 20,0 25 dga (g onl (6 S eIl gllas e Lo 30 1 1S
a0y 10 51 maS ay las 5355 Cses 950 50 a5 I 0 cawloads 00
o (ol 5 Kl 3l ool L [22-19] ool5 sio g pb o Cal oipns,
0ol 53 azrlye ;o 005 bl (jeeelS glealog )0 Giulazr 5 5,98
g oud ooliiul ol alex I Gilide Cgae (o) p soliie 4 (5,0
caslons Jols Jsed BB b

5 ol omimeddl oile o Ghalazr £55 el agy0te Ghagl 50
09y ahesy 4 [0a] oza¥ b s SRl iz 5l (Sajseels dlog
5 dlog ad Soop Gl Glacaw! cwl odd swyp (B 6, Kl
3 o Aoy S > Gz g5 i as 5o o |z wload 4 F s
&l (39, 5l 6)Sles o3l @l (B3lon sl el Feime laad
4wl oals oolatul @l pgar (B3l GSESS ol jen 4 b 5B
b esyles sl 1o gliminl Cppre (g Colus (e skt
Slr e s B gamabinl By 90 b glhe alis] i (e
9 ol pgal SO & 498 ALld pgal cpgal 0 ()l Gl ks
Siludae paizmen Mad dslie (oS Djgo 4 @S 5 b b wde

5 Passive
5 Active

hel (S 5l elsds sty o 5 8,90 plSian (el o 2 0 g 00
oslitul S ;5 &5 oo (nimly WSlbioe (el slag)s
el (58 sl Glaosls a4y (5l alog Jlasl g o

5 Bl i iojle e i ST 58 53 (om) 2 3550 E9090 (]
oS sl B 1) 095 adsl (pgpw wilgn U ccwl o0ss ol g b
5 ot Sllos Sy e pa ol Sy il 00 plonl el (S
b alos Jlail 5 poeyi wnld cobsS (b)) jskite @ o8 ool S
S e a Wlsiee isels Slse 3 (xlanj slangml g el
Sl b "5 95 g TR (SesenS T ile g U o e e
ol b)) @y il el wiz b G55 wiz I alize
gdse 912 A ot oolitul wyse e Sbicae 3| (50l

il Sl Ihy 0wl (Ses mey g5 5 LSR5 e
0l y o)l (SHle JLB) j0 s 0ges S Sboul s e
w5 S Oy Gl wyp b [7-3] cul osts cpp Sliis Sy 0
Al g B b balog a5 sols lis @l ool Lawgs
@ sl ol Cae 4l (SSe 6331 JUET W Cgne slaosle
& o3 55 el 0sd o ol yee Gl Jole (ol 4 Jats alog
ey O Sles g dB3 oo &) (st A5 JU el yo olaa ol
2 e 3573 8 G Sl 0SS S S5 S sba
A 5o 508 Sk ylge Sl 4 oz Gl wadipe i laojls
Pl ewe o3l g Jlial el jshie 4 culie Sl slaghs,
OHSen § g 9> Jlo Dlgie 4 Cawl oud @]l )] SVl g bnalog
Sl 1y Slisios alog Jlasl anl b oy 59,5] Cowsty jslaie « [8]
Jlail 5 cole sl )0 Cse ol &) o2 5L (opl 9929 L wlos S
JLd, 8 s ogeu 9] LKen 5 eShle .l pibolis! balog
1y oseiesll alog b oniinne s oS3 saseiasll by S (s
FCP RO PR EU N TR S N
ol swlo Bl yoe alS a4 e lbsde b jsbay Jlse ol
okl sl cbie (il dszg i S Wgdioo odlipe
9 @oblaam gueml (Jlo Glp b Coenl [l alog (Siwsy
09051 51 eolitul b 1) o emelSTpguminag)] e¥Lail jo ol,5 [10] o Sen
5 OVl gy 2 sokain @ 3l 0, ol renal SetansST 0 j50n
o B iged Glaie .l oad oolaiwl goue slagile Jae 5l pus 3
loalog alowgas odipaeys slocS  wi, 9 [12 A1] x> VLl o
lodd _gay 89950 [yl (5l Je 5l eolitl b [13] s jguels

Sei dalasl pae dboji> asis sy Wlgee 5 Kles LSS
395 ) oss ol b 0S8 sl idu g ()1 plaal ( SodlT L wle
ol diaily e 4 SGo3 5 daw wge aseis (o 5 Kk Yw
Sl e e Slod @5 i )0 gl 4 K05 wgee il STz
e LS ol o8 Jol Gl al n g ggel (b9, Gl ol
R e e e
osle ;o oo slos BT sl a4 i Ol Gbym o Olpass
5T o ool (AT Gee s Selall (algs 5 S50
oS o Kles 40 [14] 58,5 o jucs o0l LT § g Uil n sl g,

1 Matrix cracking

2 Fiber matrix debonding
8 Fiber breakage

4 Delamination

592

035940l (599U 9 pole &y puiss



3359400 (S )9Ud 9 eole Ay yuiss

Giossels aliog b o e 35 o saiseslT )3 Glulaa Sl e SISLes )5 5 S33e S)lwasib

2 OU caa el Lol Sl yo Sl colas ol K2z a5
123 191 s cujelS 4Y (Y

Ko m2 n2 0 X
[kyy} _|n* m? o0 kl

kxy mn —-mn 0 k2
lk,,l Lo o 117 ®)

X oo 4 S BUI Cyx agl; 0 ym = cos(0) ;= sin (0) «5

oelpls sl oo Lol agh jo wlsy cpl .l

[Kex] k1

kyy| _ ko
= ®)

[kxy| ;

k,, ks

Olojed Shgo 4 Wb SYoles cpl (Joe slos auj95 ml dwlxe jslain 4
S8 G 0,90 dgue Hlall gilu o Sl sum Ceend jo Ngd

Sguzx 321 53w Jow -3
AY il ool aisle 4Y 6 5l 0jselS aVaiz ol ddllas (o
askes 0.125 caolies b ez ¥ G e e 2 Cualis b pgaiagl]
1ol JS cabis o5 [04] imal b Selons aYazr 5 s
Loy i @ o s, abos 5 pobe painedll sl ol e e
ol o ead ol cge ol poe e e 150x50 4 300x170
Sloads aBly alog ad 4 oy a5 s Gulae g8 el (Joe
Sl el 03 ol oS 3855 o 4 S3an el (53 Jae
S e prizmen g oad ool (iale 1SS )3 0gee (pl ConBge g SO
il ot 1,2 S5 o
Giludae o &5 psriagll 5 Cpe iz ojalS Syl ol
235l sl el oads &1L Jeax o casload oslaiul sgazme 152
2 Y ol el Ol o ool gl ¥ Sy )l iges pelaws
Sgaz ideh (pl j0 23l adb T ley Sy &S Cuwl SlgelS
@ Sl )l Jlesl @b a8 o ady Syl )L gpe s 2y 1400
b Gl ol o0 43,8, 50 3 S L il slaly sl Sy 90
ar,0 325 bise gloo (allislej] Laylys 1o oads (5 ,u5ejlail gles
Al aid S ke ol 5 sle

Defect

Fig. 1 The patch containing eight flaws. All dimensions are in

millimeters. The defects have been labeled from 1 to 8 inside their

region.
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Table 1 The thermal properties of utilized materials [19].

Density Heat specific Conductivity
Material (p) capacity (Cp) (K)
(kg/m?®) (i/kg.k) (W/K.m)
Ki Ky Ks
Carbon/epoxy 1600 900 5 05 05
Aluminum 2700 900 250
Adhesive 1100 1100 0.2
Air 1.2 1 0.025
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Fig. 3 The function of the applied heat flux for FE simulation.
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Table 2 The properties of infrared camera.

Property Value

Visibility

Minimum setting distance

15x21 degree
15 inch (0.38 m)

0.08 centigrade in 30 centigrade
480%640 pixels with 22 colors
20 to 500 centigrade
25 Hz

Temperature sensitivity
Digital Image Dimensions
Temperature range

Sampling rate
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Fig. 7 Results of (a) the numerical simulation, (b) the raw thermal
data, (c) the Fourier phase image and (d) the Fourier amplitude
image.
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Fig. 6 The standard deviation values resulting from temperature
variations (on the defined path which passes on the lower debondings
of the patch) over passing time from the moment of heating initiation.

545 o0 hy a3 s (55)) atled i 5l ol s Bloul olie 6 S
Eoy abmd 5l ol lbdS Gl 4 (S e e dlos ml slagile

'th‘bc‘)‘)"’

ol pide a5l @ oo jlone Slpauil jlade (p i F S5 4 4z L
w4 o Wl 5 Cpme Gblie (S SSE LS Sley
e gilwans l Jols glod Ol yuss am jo 0 b 1) lade o ien
odd bl oy mli b oawlas glp piie 4l jo alog mlaw o
ol 4 asg bl csnlin BB a-Y S je ples glase cpl ol
Loy ol pugmime ol 5 Coane (g Slojpe 1o (Sl Ay (JSS
(Sl oy (Lo5e 5 (Job sLiul) 5o oy (nl i S35 5 eualin
ol ol ity oo o sl 3 S i o il e
SL gz 50 CujeelS (ol calae e pog yiier s 4 gose
izl il 5l Jolo @l b Gllae cl bl 5 Sgee Co 4 Sonnd
alys olobs BB 5w 45 pgady 98 7 o)led Ggue wgae
A Slagialie 4 Cond oge ol 5SS Sl Jo 4 g5d90 (nl g
oW

ools iolas B-7 8o j0 a5 5,k ae3l 5l Jool> a5 5as
Wl 5 Core (g Ol (owpmie SISE g Cens s JB 0nd
Dgd o3 oumlie

Ceod ;0 00l 00ld 7,8 s, b (G, pB saesls (3ls 51
4 4 el s 58 o aield 5 518 gl (3310 ey SSS
380 50 L S cpl po leads sols ioles d-7 5 C-7 sla S 5o
ot dwlie bl oad aBlol gy anslie sl 4 (il Cgs
a)sh bt anels pgal o8 Cdlys e -7 5 €7 la St glas
s e ol 091 35258 (5553 B LS 6 & o
4598 asld pgal ;05 (ogan 45 8 T ojled Cgne (goue (giluans
Ol s )98 Al ol @l Sgp poliie 4 Nigd oo plette (I &
Jlesl a9 aig;y aslsl jo a5 o5 colatuwl pgad (B3lo, o SusT 5l

RO PRV P W TGV T [ BE

596

29805 (5)9US 9 egle Ay puiis



Gigpels aliog b oub mre x5 e oise ol T )3 Hinlds Slwlidh lp GILes ()75 9 S3e Sy

wloo (oo lee Dud ke (hg) a5l (S dbavly 4 093 alaen
3ot i oo dmlne (oo ailin] piolie « o35 (S5 (eSls 5 (Svo
8 (Fi9 el by 0dd S g, A (53, 0d plamil slaem 2
A S o o 5l ol s a5 0 Jlael e (sanaibin] pgas 5
5 e (Silee Dol gy 90 45 el S8 #3Y el sais eols il d
b Jg BBk s b 4 ot v ailes

s o>y colas g O-8 5 08 (slaSs 5l eslinal |
P Sbles (@l asi K55 a5 12 90,5 dalone | 00 085 (eSS
S sl Sh o3 el wpeme o>l Silles llas ol 55, 5 ol
a5 sads olols sy ol aml flgie 4 Glzes Wl sble 3
ouisT 3o Olgiss 1y Syl ol sl e ol @ b g 51 o3 £9ds0 ool
Al JUKw 5 paal Ghjloy ad s LSS Ko gl eolawl b
200 ol (2 Colue (Sl (al b ol 8l (539058550 (sl 55!
ool b b3 )0 pansis slas ol jen 4 gl a5 0l 035 (adS
2 e el Jlosl (e 5 A5 ganalbinl (3g, 99 58 sl s
ol oads (51554 93 sla Jgo

) om 40,98 aald gl aliwg 4 od 08 Cpaes wgue sla g coluw 3 Jgu

Lsgl IS ganailbinl by, 5 oalistl b asiw g ol o 4 (6 5uS B poas o

Table 3 The area and error approximated by Fourier amplitude image after
converting the gray image to the binary image by the global thresholding in
accordance with Otsu’s method.

Approximated area

No. defect Exact area (mm?) (mm?) Error
1 100 122.6 23%
2 150 203.9 36%
3 50 62.8 26%
4 100 135.16 35%
5 25 73 71%
6 400 466 17%
7 100 140.8 41%
8 25 23.8 5%
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Table 4 The area and error approximated by Fourier amplitude image after
converting the gray image to the binary image by the local thresholding.

Approximated area

No. defect Exact area (mm?) (mm2) Error
1 100 102.4 2%
2 150 145.1 3%
3 50 426 15%
4 100 74.6 25%
5 25 12,6 50%
6 400 406.8 2%
7 100 140.4 40%
8 25 25.4 2%
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Fig. 8 Results of (a) the Fourier amplitude image with applying
automatic contrast function, (b) the Fourier amplitude image with
setting manual contrast, (c) the converted Fourier amplitude image
to black and white image by the global thresholding in accordance
with Otsu’s method, (d) the converted Fourier amplitude image to
black and white image by the local thresholding.
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