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Abstract

Due to the increase in the application of additive manufactured components in the industry, developing fast
and accurate methods for defect evaluation of these products has become vitally important. In this study, a
PLA sample was inspected by thermography. Several artificial defects varying in size and depth were
produced in the specimen. A projector with 2 KW in power was utilized to heat the sample for the 15s. The
infrared camera recorded the sample’s temperature during the heating period and 30s after shutting down
the source. Afterward, the best frame of raw data was selected. The contrast of defective and sound regions
improved with applying the well-known Thermal Signal Reconstruction (TSR) image processing method
to enhance the automatic detectability of defects. The contrast enhancement was studied quantitatively via
adopting signal to noise ratio (SNR) parameter. According to the acquired results, TSR’s 1st derivative
image had the highest average of SNR. This amount was approximately four times higher than that of the
best frame of raw data. Ultimately, to identify the defects automatically, k-means clustering was adopted.
By comparing the segmented images, it was proved that the adopted process was successful in improving
automatic defect detection. While the proportion of detectable defects through segmented image concluded
from the best frame of raw data was only 70 percent, the figure for segmented images concluded form 1st
and 2nd derivative of TSR was substantially higher at 100 percent.

Keywords: Nondestructive Tests; Thermography; Thermal image processing; Automatic defect detection;
Additive manufacturing.

Bnpé 5D J9n)l Higlid
WAR s 5 5l quidn o)leds qpyo 09



4

NONDPESTRLICTIVE TESTING TECHNOLOGY

DOI: 10.30494/jndt.2021.276810.1053 VE- S YN by e, VWRAN /Y il o 4 b

sl cole oy Slabad Sbcas cuz K ganads () 655,54 9 )l nglas g5lasl

Tl e oz <7 Gl Lo jemme Fonrlo ol (oizme ' ool) (Ko b0y
Ol oails ¢ 3 sly 0uSaNS s (Sl it syl ol IS (sgmmiils -
Ol s ozl ¢ 8 gla 0aSLisls oy «SlSe cwdigs (5 2SS (seidle -
Ol oy ¢ 28 (slo 0aSLaily sy (Sl pwaiges o Losils -
Oledol olKtils «SilSe cwaigo ¢ Lutils -F
*p.meshkizadeh@ut.ac.ir

oS

5o Gilits mylis 55 Slgld 6l )15 5 At drmsgs oy oVl et pos b ]33l adsi by, 4y eabaislos Elabad o) 0
Ol 5o el 03 STy Slaizrgs Cueal Slaad (pl CodsS g Cudler oy Slp @8 5 @ SR 5l S0 55000
o 3o B )il (BT ge 5 (b9, 4 0ad 098 sy $ilede (g, 4 oatiarsl PLA iz Sl diged S (gl
(TSR) 55,1 by s3bsle G23lon b9, eadsl (5> sl d5ee polaeas o5 Gl o 8 cn e 0l ads) ol
Gl n BP9y Al (s seliteds COie pglal W35S rend by, Gal pge U gl Dliie pglal (n e g Jlesl slaosls 4
ool 2 w0 delie SNR) g5 4 Sl o ey S8 & colls 5 opmne >lgs ol 55 b B 3grgs o0
2 F L e ol 00 VOFA b i 5310 Jsl e gts 4 slatio SNR (5uSileo e a5Vl soeliiomody gl
4 K-Means sanaiws g, ,5055 O ygoh wsee (aeseid Baaly rizren g gl 058 05 ¢l SNR Sk e
TSR 5o 5 Jol @i pglai 1o g 110 45wl adeie 2l 6ok polal (w5l ow ol Jlosl Cetn gl
s lolis LG

sl B oy s O ysets ge olulid o Sl polas 5310 (B S 50 5 i Bre e ge3l salS 85l

ZeiS J7uS [V]o 5 ol FDM glo Sl b ol o0
Ll plabl bl sl ganan Slr slajlsle
sy LF] ool azgisyge Sog38l slge b oasazsly
b ot Olr SVgame slp S579e (omyil 093]
gyl 9 S gy 9o 0 Mpba Yl
Sle slaialesl 08 (atpends urblieg xSl
0] TS Jge aiile ol )| Copols L3l 1, LMl
s [IY V] 2olge alseiul [1+,8] ooy oo A
Sl alesl oy, e [V V]ams e il 7 i
Wl god 1) Gomaw Olx slalsle 0 (ST x5
g obl slagts, o [If]as asis
ol Jolse 51 (o ole L le J ¢ panbolineg 2SIl
ansl b [10] oSol axdl algty ol kS a5l

doddo -
G5B L aS el cwiige (555l K saman by
LSS e oo 3l a0 50055 69, 2 (202 sloaY
aipej 5o Dlagizs [V]oslop oo dgillasil Gl b
Sl Jole 53 555 Slge elgil 3 Shae (38 5 angs
Lol 0y 4 gy Lo i 50 sloansls 5,k 4 g 00
Sbdine) ;0 Gomaw Slr 6yld 005 (n Saews
i 9 Sog S GLIT g 518 Ladlse (3lug e
JIo & Tousogd Cgmy siludoe [Y]ow! (Sap
Sl sy Sl e Pl S 5 o s 4o
ale alidee laSiidge s ol B 5o (gaman
b ABS)  ppbial (nobis sk ST (bl
Iy S b b (s jemalS 0lge g (PLA) ol SosY

4Shear modulus
SStrength
SHardness

Three-dimensional Printing (3DP)
2Fused Deposition Modeling (FDM)
3Young’ modulus

Bnpé 5D J9n)l Higlid
WAR s 5 5l quidn o)leds qpyo 09



41

NONDPESTRLICTIVE TESTING TECHNOLOGY

Do GRReh pegas (nl 0 a8 S Ojeo slaingl
b oS sVl § M fSen bags Y15 Jlo jo 42,8
et alolid V7 Jrite (ST 505 ST ) 650
Qg by, 4 diged adgi anTp G yo laY Gilax
Ohey xS a [V wsse adlas 1, 2l
slsolan ;5 5 ondadei Slabd (o3l 6l (SS90
JLw B u‘)lio.(b 9 \\9)Lu.~>9.o ol 00 JL)«) L‘”u“-“’ﬁj-‘
S50 oddoll eeian g slulils Gua LY VA
953 sl g5 ) a2z gl aisa
il sy S mie b Tk 35
ockis VT Gac b Gogee codh ail,) ults sllaatioges
issS VD Sl b 63 S e S
Yo 0 Jlo yo K0 gl 0 .[YA]A;oy elolis LB
e Bi> sl (sB9) By sshieas O)Sen 5T L
ALl e o (il adgi by, 4 eadaisle Clakd
3 Wges o gl cnl o wils el | sk wy
o5k w93 gy 4 THBAAV o gd 5k
5 dwaid b  Sle Cgee 5l goloss ol jar 4 1T g xSl
Aged Al gl (g Sue Vev eV er) alie olal
4l 8,5 8 o3k 3590 (SS90 o) A s
b Coe &yl polal SoS 4y as ols lis oals Jol>

[YFlacius ololis BB jeg Se £+ v o3l
kel S s (BTse sy a seoik wnlp ceale
-‘:’)‘)7 J.,.,.‘B )| @)Km.n c)|5,o.£b aS ol Lg‘d.;;cb @)‘Jp
CollB pals cel a5 o)l sgzg PeSeS e 0
by, DI (ol Jo jolaieds 398 0 wgee bt
Sl g, der 3l cadolgiing (soasio paal il
alge Jolod g @i b9y @ Olee 0y (nl obae
Sl el il M el 558 )R L

s

olal Mg Slup Ble eewS,

08 ol 1)) coe canSls oz olgoe [17] L
o oolatuld g Tslaaedld cudnS )il sl 1S
odoslitl (cunbolinag Sl (Sl (g 5l gamanw ol
Oge5) o V]ew asls > les a5 ol
a3t (pmbliieg 2SI zge Gialojl po 5 (S
Ol e Caogaste Lol cijlo 0 5 IS Sladon jo 0 S
L ptalesl ez )0 b i, ol 009 o yme lagses]
DIA] el diges ags

Sossl xS pgax o soure Slidoy
Py 4 oadaisle sladigel w3l Sln oo
4 Ol oo bl alomil il w8 5 050 il ol
5 15l by YN0 Jlo po 4385 &jg0 gl
s Sobls Qaione (Eagsy (550, 0 L8 ) Sen
bk Cgpe lolid cly ond >hb Coandy Ll
SR adllae sy5e 1) (L2l adgs (bgy 4 oad asle
Ce s o3k sty 5l solass jelate oy sl
B3 ol F bl peeil S8 4y gl alexl
e @lols @l | Ye,Bgn 5 Tl S ol
oo 41| s o [V 4] w0905 bl lalad ;s 0929
ool 5o wme adS Gl T oz s sl b, 90
4 a5 Al et Guisred Aidged (glwlil 1) ladiges
s S50 oge Al (el sl oy, ST
Ve (o5l BB 35 Cse i)

0j57 1 e pd Jolwie slahy, ke 5 (Sl 5905
sl a8l 0 pey 4 oadazile Sledsd sl
bl ooy 3b GYb S I g5 Gl Cmgeme
Sliis) g daws Jebe aes g anld og
Sl WlPl 4 e &5 Sl pglas Bl
20 S ga 5 [YV, V)Y ] wad oo wogue ololis
5 AWl gy Sl Boes Olehad _a5l58 colu oje>

Wgad )3 &5 (pgae (e polaieds Ol azde> sled

1 Montinaro

12 Active Thermography

13 Mireles

14 Electron Beam Melting (EBM)

15 Non-uniform heating

16 Principal Component Analysis (PCA)
17 pulsed Phased Thermography (PPT)

18 Thermal Signal Reconstruction (TSR)
Ypartial Least Square Regression (PLSR)

"Volume Fraction
2Filament

3 Strantza

4 Aucostic Emission (AE)
5 Penetrant liquid

¢ Eddy current

7 Radiography

8 Migler

% Seppala

10 passive Thermography

tape S yonjl Hy9ld
YW ol 9 5wl PCET o Lot (R3S 099



Y

NONDPESTRLICTIVE TESTING TECHNOLOGY

Syge SSger by SeS a4 (il oy SuSS
adsl S ol (o) Sl o epotes sl sl 288
Sibesl Gl s, pls Gl peal Gaie B
ol e 5 Jlosl o o oMbl & > el
P o (o oo & g (nl Slitie el b3l
b osere 5 pllos (g5 oo g ol SIS a5l 5 ) >
05> arsis jshaieds uizmes ol dwglie S0,
ssba & K-Means” gasais o) Lol LB ge
P Sledol (6L nslad o) bad Jlesl it

25,5 5 asllas 590 00 Jlacl

SalesT Oljupos g diges clo - =¥

dges Clu -1-Y

Sl 4 o2al8 wdgs (s, 4 PLA izl aiged S
3 dgad ol adgy po il aSle o L VY XY
cSlo e, 9 VST eS8 cale PLA Glacaadls
) oSS ledbl ) Jgaz sl oooslatu! Caiugy
Bgad cpl ;o 020 o )] ool coliwl diges pgas o
5 65yl o550 4 Wi slomyl S xiye oges (glins
o Cwlbrs ol oals oold oles VIS o Lyl olsl
Faiges JS Culs g 009 fhadee ) plp Cgane 4l

g0t ogae ololids (gl cpizmen [, YA,YAYV]o 5
9 cais @l bl el 4 5l il g 5o
2500 (S50 Jlons GBS gl (55l (la g cogane
SBSESS (ghlwesly a0 sloo S slaiagl
b iagn ol dlexjl il 485 & j50 (gilulan alies
o el Y18 Jlo jo il K o7 S gl 4 Ol oo
Jlail cdl> y0 5 @l S Sl sl 9590 dalllas ol 00,8
S D)5 13 oy 0y90 (BLT50 5 by, @ olisS
3 Soym ples Dlynss aslllas 3 odle e asis gl y
R )0 Cseme (g S 4 g9, ST (e 50 ladigas
Gy baiges glod g coll Cdl> jo calizud Syl >
haa @l (s 5l eallia ;5 00l Byne silulaz Sbg) S
Sl sl 0o po Gl o e Il (g Gl 50 0
OxSilee e (ot Sl 5 (g 2 Gk 3l a3l H5ge
bl e QS el Sl soosls jlxe Gl il 4
ol A Ao 4y 5590 (S9; (> g 00l Il (glos IS

I¥V] woss
S99y ool Al Slalad 5 )18 (4938059, A S L
S by 0055 Iy 2 p e (3l edliee o o L2154
Bgdse pobusl Slabad g5 (nl (o )ib 1y @y 5 B30
el mls CoisS sgmp Baa b gl (ol slatecny
L oadasls s PLA Gz ) 6ok diged o o3k

Fogheo 1Y+

Yioishen Voo

Lgad 35 Cgae 625 51,8 0926 -V JSB

4Guangzhou Yousu Plastic Technology Co.

1Segmentation methods

SContinuous Filament Fabrication (CFF) 2Singh

3K-means clustering

tape S yonjl Hy9ld
YW ol 9 5wl PCET o Lot (R3S 099



4

NONDPESTRLICTIVE TESTING TECHNOLOGY

Sl nalas (ilon slaghy, ¥

055 Al 5 wae elolid collB )l jshaeay
ol 28,5 18 ookl 590 pgal (Biloy b9y 99 e
iloads ools 7,8 laislay aslol o g, g0

Sl Els bl g, -V -Y
(Ol pola dee by, o a 3l
b gy onl sl (TSRY ()l gl g5l o553l
29 Ol (ol npd Sy e Sl g5lujl
Joe 5l s Sy o058l ol oSl Jsel [YV]0R0
R W PO TS R VIS NWES N1 LI JES FEPVIE I Y
a3 )3 Lol ool ol Iyl dea dobe 4y a5 Jos
Sl J g diges 4 axil il o)l> sladsbee |

et ) g 4 oS Sl diged Job o plral>

or

=mc— )
Q ot
QZ:kdexdyxg ™

oz

2
o _1ar o
0l a oz

Colie oo Kowohy )l cad )b C VL Jsa)d 5o
4 adl Jisl 6550 Q 5 Sl Sek e @ (Sl
()l Seii o e abaly (28,5 a5 o bl digas
abal) Olgien oSl Calae a9 oy (2le)S bl

D)5 il ) Sygen 1) Y

Q
T=——= )
e/rt

ol olgiee ¥ abal; il 50 4@ ol om0 Jloel L
[¥Y] o5 o ot aal, SO

InT (1) :Cl—%ln(ﬂt) ®)

Sl Sl oo 5 oo cpmr 45 05l co bles YU ala,
F05 g eess Sl adal) (pl 8l S92 Jas aba

digas dedgs anl s Sledbl -V Jgur

Slade Flyb
b p e 7 SR
Srocsles 110 oY e Cwlbhs
Foosheo +/F Jib ks
o gho * /¥ SnF Pse
JARE B0F e
oogmmabs az 3 Ve Sy sles

odlaiwls g0 ol gy -V-Y

SlosleS Y (ool Ol b 358 5555590 Se 5l Ghegl 00l o
009 gy Olay e g o edlitl ()l e Hlsie 4
410 ooy iged (535 05wl g Sl e
CAlpiSy il pae USie alS Gun b c iy &y90
Oyge 4 dged JS 4 (Sl gl Lol 5 (Sl e
ools 513 diged 35 5o sliwly )3 (Il ge 5 0 Sy
dges slos ol sl Fr A3255C i ly> (g o
FYXVE 250551 0 ool 2,5 41,5 soliial o, 50
Sl 1 Gugds 4z 0 YO« U - 0 slales cud SUles
28 0o 5,8 Yo boply )l ppsal S g (izeen
a5 Wud @8ly axkad Ceoms 95 )0 (98 5 595 L9 San
p3Y ielige ' g5 Sl Mol 1) (5 5,18 0gxi ]
Vo i a iged 5195559 5 Ompgd abols Cunl S5 4
SIS Sl ¥ S 45,5 5 s e 5 pin Sl
Ol 1) dged 5 (Sl me med S R5)IR 09
IRV

PRt P
PO
- a
s\

s
L

AR AR RN
(N

&l o9 U &l e
haloj] digai

ialasl sl 65 15 g6 Y S5

ITransmission mode

WLV YT RAP FVS ST FE
YW ol 9 5wl PCET o Lot (R3S 099



NONDPESTRLICTIVE TESTING TECHNOLOGY

- e YXY bl b gee aile gt 5 1 el > ss
ogdle aiinnd el BB e Lo ¥ o) sloes jo e
VXY Coee aiile wgee 5l 500 golani 0060 Coee
Sty g ke Vg Voslages jo &dly o e
elolis colli Ll jshiea, isd e olulis
Saaly TSR By yxe (5, «(s yordy s8g0d wgee ;5055
@ o 5 ol (e Gl g8 Dol BLS l8)
nobas e w0 Jleel adgl (Sl slaosls
531 adsl 5 slbeols b it 5 0ad b
8,5 )5 a4 g a3 ONR) g8 4y JuSeow o el
Caae dlaa JS0e  mid shaieay Lol o 0l
19 g b DS Gl Jl g 2 g ol LB
4 K-Means ganaiws (og) ot (nl 2 oo 5 ol
Joel 5l Jols ol gl 5 b Jloel it sl

B8 ,5 1,8 duslie 0590 00 el (gaatws b,

gl (il sleesls b oy - SO

b duslie o oddtiloy nglad cnyue gl -V-¥
ddgl (Gl peal e

L] Sl w8 Gy TSR Gjlo s gy Jlesl 51 g
5 pbas cpl ol QLl g, cnl pee Ul wlitin
s gbles ¥ S

sabal, Jol a5 culils 1) Glaberais aal, o o
e o JoSis 1) (5ol gl 5kl 65l

InT(t) = iai{ln(t)}i )

o35 Gl p)lhz 4z e Glaezaiz l iegh ol 5o
)1 owc‘)ml 6L:t>ob|o 9 W) 4..5; Ly ‘5:)‘)9 Sledbs|

W858 oy pse pae B gl i

k-means sasatws Gbg, -Y-Y

Ggss, A n 3l ey iy,
oye O 5l ousie DYle a5 ol Sledbl guamaiws
[¥o,vflas

Ll atws S X ={X, X5, X5, X } oS oS g
lasol g, ol 5o il barws sl Kbl K g ol
o) Ll alols 5 28,5 1 40 ol 55 50 59 el o
a5 5l e glarws 4 X ools oges auls | 35T 10
Jis & Gy, ol bl adlo 1) 0 55 50 L alols (28
Bloz @ 15 jlade a5 conl GlaseS e ledb! ganaiws
Sy

Jﬁi D> d(x; —x;) )

k=1C (i )=k

X; ools a5 col ol Sk CO) =K yyall) o
alols Slas d(X; =X ) 5 conl ol K atws a4 3late
Sl K=2 g cpl jo ol atws 35 0 B 5553 ools
Sedwobow O jgods oles el Ol cpl doeii e ol

Selye Giales 4

@l Jelos 5 ol ¥
P Oley S Job yo diges (5l pglal Cud pogdle
@ g 0005 Gigels 5l g B ad i85 i o (ad
dolol wiges slos i a4 Syl pye0 Al Ve Sos
O 5 8,5 18 () 0590 adsl (5> nglal e
b o ¥ USE ws ol ) closls a3
5 a5 aigS len s oo lis |y adgl J)l> sleesls

9 25 Sl o5 g8 Dud S s 4 cwlay pgas

Bnps b y9nfl 519l

£0

'yaa QLO.QM) 9 )...ll.: ‘M O)Lo.:.t ¢r>5~> 0)5»)



£f

NONDPESTRLCTIVE TESTING TECHNOLOGY

_|:uwd _:uw5 |

GWS

SNR M)
oA My g My, YU o calosls Giuled adal, o

Core 4l 0 sadbolal 0y (49,0 slosls 1 Sile

Glaosls L Ul ymul Sibles Oy, uizen ol ol g
Coene g oty Sl @l 4l 55 &Bly o2y (959
S5 ey Crime b QL Cgie oluilay azgi
90 50 g e L 4l o o3l b el ol
Sl 5l glaiges & IS ol 8,8 (e s asb ol Cans

A oo yioled 1y oo yoxty

oo dx>lio 2y
Sgars § 'Q!LA u'"‘S" le.bo):gr.zi ol 0956 -0 JS..’.‘;

9 slro iy el oalosls lid Vb o aS ggmua
4slne SNR 50 5 il e 50 sl gane 5 ol
e paal jo 5l edeliwods o lade Sl i

Sl oadools goled £ SE [0 g 0l dlxe

18/00
16/00
14/00
12/00
10/00
8/00

6/00

15/68

T
Ll
R

B
e

w

T
5
LR

o
e
LRI

T
e
hE]

9/45

7

w

)
e
SNR

&

.,,,.
e,
-

&

o

o
i
e

T

i,
L
it
o
3

b

LK

5

tt
i

T

w

1y

o
i

L

&

SR
3

it

7

w2
£
T

o
i
i

o
i
L}

o

4/3

£
T

kX

tt

-
5

3

b,

b
B
B
B
B
B
B
B
B
B
B
B
B

Fr [ e b 4
S o 2] picd
pesd] [2d 2 fasesd
pasie BEE 2] s
paesd] [£3] < e
pses BEE 2] picd
fiesa fieed i e
paesd] [£3] < et
pses BEE o] picd
pesd] [2d s fasesd
pasie BEE e s
paesd] [ e e
e feied P e
pasie BEE e s
Eesd] [543 o i

’ 0/00
Raw TSR 3rd TSR 2nd TSR_1st

S0 pgbas 6l SNR slaosls pSile - JS3

(AN

(@)

@
P> it (& o Jol Fite (Gl oud B3lo polas o yige -F JSB

43 o5 55 ol e F U5 s i L
o 2ol 6l nga op el TSR ol griw
2o (nl 5o ol (g 039 oS 3 il Sl ]
o ¥ ISl dlio b izman sl 500 gl 90 4 S
U conl ool o ledbl (o3l aS 0 o olg oo oF
Gl SLels LB g slass 5 ], wges lolis
sl (Gl Dledbl a5 e (o5 sz Sl L

[relas cay e 5 & )9ea SNR il b

Bapé 1 y9nil 519Ud
WA lews g 5mb NA-EY o lels P©9d 0,99



Y

TESTING TECHNOLOGY

NONDPESTRLICTIVE

P> Fnde (@ 8310 Jol Friee (Al 1 led yaglai Y JSB
adgl slaesls (8 (8318 3 pous (Fioo (z oB3l8 2

2ol Goyb 5l zaoga Cges SV S 18,5 (s o
25 5 el osaline LB (ilsn ped 5 Jol Giie 2l
Gos 55 &Bly yio s YXY e (A3l pow Gt 2l
25 IS 4 s e e 5l LS BB e e )
ke T o 50 S dee YXY e 929 gl (nl SV
355 9l oges (655,18 Joe 51 MBI (g Dl oo |, e
Grie 2l pgal 0 oluls Bl Cge olaad o950l

el it adsl slaosls (les g 5l oy po
ol 4z ST aS e lgiee oV g WY pglal )2 b
AL Goli plulid BB Cgee slani Ji5l pgas 90
Fokles Jol @i 2l noal )0 waee 50 S )l
3 &y yio oo VXY o gy Byl 5l e 2l Sl
b mizmen ool dgpedn pgal 90 50 Fladee ) Ges
Pl 4o aS Sgdi oo odnlive paai 30 10 ot (pl duwslin
ol 05250 Sijartn 4l SO L Jgl Grie ol
2o Jedo @ Gl g Fie ol pgal o &S Jl>po
ol S92rg0 w4l Sy 5l e 550 g Jore o

Wl (6554 B F gV SS90 (6 pa duslio 5l aS 4isS lon
5 n s S BT e ol B o s
)49..44? ﬁébob‘bﬁbybw‘MMLu?uw
4 1, SNRyye e Vb ool Jlasl Josls Jol 3iiee
) & rar dmslio 5l oo fol> ams pgo cpl 45 0,91 Cawd
5,5 edaliv g o T ISS polal gw)p b aiS e a0l
9203l 0518 (658 g ylien 55 DAl S 4 pe 9
y9as (pl 6l SNRGye )ljme a5 09 0 odaline & S jo
3 ol aos piored Cawl K0 paal 90 o (5, l0de
OS] g p (sio YU Ho i pglal (6 dwslio
2wl SNRyye slrools Lawgs (oils p Jlasl 5l o jo8 oo

P9 s

Bogr alulld )0 cadJlesl Ailog Sl gwyp -Y-F
Sge

Ghgy weSie polal ;o Cgee oy olelil jslated
—awd gy opl Jleel b o Sl K-means gosaiws
robal (pl ol Jol> ol palal cesiin polal 4 gun
el oaools yioled VS o

(&)

(<)

- . K- b
ptnpe o (9njl Hy9ld
'va4 uL.u.a) 9 ).ul.\ ‘I“"M O)Lo...fa (P90 0,90



A

NONDPESTRLICTIVE TESTING TECHNOLOGY

—ay kel VIO 9 F Loy cod i 4 jo5 e polie iog:

Sip ol sy (Sl adsl peas on e sln edelians
SlasS 4 35 odmline BB 5 civie pglal 6 e alis b

YXY olal b cos (Bos (pyiion b cus (58565 oS

9l Brie ctin pgai )0 e Lot Gos j0 &Bly e e
sl yo o)l pglal plo Cond (6 5VL il @ 929 TSR

P g 5 Cgre Ay B3 alolid jslateay 3
Coin pglal 4 k-means sanaiws by, Ll olulis
Ve don a5 0l esuin 6yl polal awslie b .o Jlael

Jol e (6,01 nglal Bosbo 5l diga )3 oddosls )15 e

Orizmen g oo VY Lo gl gloosls o 8 on e Sl
Sk nglad (w)p 9 ogee adgl add prdls s o L
™19 e TSR Jgl $tine g 45 3905 onalin i o0
o s Ojle 4 ulalgo i ddes S5, L 1) Cgare
S R R R B B TS T

2y plsl VL Ll L aiges

&b -#

[1] Heidari-Rarani M, Rafiee-Afarani M and Zahedi A M
2019 Mechanical characterization of FDM 3D printing of
continuous carbon fiber reinforced PLA composites
Composites B, 175, pp.107-147.

[2] Sam-Daliri, O., Farahani, M., Faller, L. M., & Zangl, H.
(2020). Structural health monitoring of defective single
lap adhesive joints using graphene nanoplatelets. Journal
of Manufacturing Processes, 55, 119-130.

[3] Jin Y, Rao A, Brinkman W and Choi T-Y 2017 3D
printingassisted energy loss testing of artificial aortic heart
valves Eng. Sci. Technol.: Int. J. (ESTWJ),7, pp. 4-11.

[4] Ren H, Zhang H, Jin Y, Gu Y and Arigong B 2019 A
novel 2D 3 x 3 Nolen matrix for 2D beamforming
applications IEEE Trans. Microw. Theory Tech,67, pp.
22-31.

[5] Mobarakian, M., Safarabadi, M., & Farahani, M. (2020).
Investigating the effects of cooling rate on distortion of
asymmetric composite laminates. Composite Structures,
236, 111875.

[6] Sam-Daliri, O., Farahani, M., & Araei, A. (2019).
Condition monitoring of crack extension in the reinforced
adhesive joint by carbon nanotubes. Welding Technology
Review, 91(12), 7-15.

[7] Ghabezi, P., & Farahani, M. (2019). A cohesive model
with a multi-stage softening behavior to predict fracture in
nano composite joints. Engineering Fracture Mechanics,
219, 106611.

[8] Ghabezi, P., Farahani, M., Shahmirzaloo, A., Ghorbani,
H., & Harrison, N. M. (2020). Defect evaluation of the
honeycomb structures formed during the drilling process.
International Journal of Damage Mechanics, 29(3), 454-
466.

[9] Rahmatabadi, D., Shahmirzaloo, A., Hashemi, R., &
Farahani, M. (2019). Using digital image correlation for

Dgd oo H55 3 cue andeid (o s cel g9090 ol as
‘) u,u)‘.)).v Jj‘ M uM LSLQO.)L) Q‘B"QSA 3)@‘)‘
e Geh nl 5o cse olull gly az e on e
2 @l ol 5SS e Qluld BB Cge sl oS

s nolai 50 Lol LB Cgae olas -Y g

((ARWIN olaws gl
Voo v ol Jsl e
) - S5 o3 Gt
10 4 O pom B
Ve Vf adsl ol el on e

S S 45 -0
St 5355 lulid Sl Gl jlieas gl nl
Oh9y A 0abdSlu (6 peudy diged 5l oad &l @)‘f’ polas
b ogee olass g (pl 0085 &jpe tal¥l 0y
Al ool 13 6 ey diges jo il sl Ges [0 g ol
Vool Ol b oyg p9Shen oSS 4 cgene diged
Oo9 QJ’“’B) Ml) VO o)l.: 5o 4\.19.44 6[.@& W ﬁ)f A_:‘59LS
005 Sl 5l 4l T Uy (6)98 (20 )l ke
e Bl e sl S (Sl myee g e
B SzsS oge &5 ab osalive o )l adyl pglal o3
ol BB o5ew a4 o Jao XY ol b conls o0ld
OS] 55 e o ¥ Gas ;0 adly Coue (ioren i
O POt A e ) AT Bl dey b peS je ol
500 Ggms s oo i sl olal 2alS b Cgae (auseis
oili8l el Wl 5 Cgre (o y5 ol BT 58l
r9bal Je50id g pians Lags Cgee 5095 olulid el
il p oadaiS bl (g 9)cnlil edon 6 ol 5 b
XD 310 pabas (n e (o n nl e B Jol Slitive
O yiol38l e oo anglae jglateay aias Slolis
oolatwl 5 <y 525 SNR 2l il cgune g plles (>lgi 98 ool
sstas SNR(:Sike (e Jol> @bs ulal 20
obas a5 0g VL (Sl adgl gl on e slead sl
sCJLu u.s‘ uql.wl).w | OMJLA.C‘ u.d)‘\))d Cudo ).ul.s oD
4 b Joles SNR 1. 55ls L TSR g0 5 Jsl 3iio pglas
00)5—‘ Cowds ‘) UKM J.ubl.a.n UJJJYLJ VAN 9 VO/FA w).i

tape S yonjl Hy9ld
YW ol 9 5wl PCET o Lot (R3S 099



£

NONDPESTRLICTIVE TESTING TECHNOLOGY

[24] Liu, J., Yang, W. and Dai, J., 2010. Research on thermal
wave processing of lock-in thermography based on
analyzing image sequences for NDT. Infrared Physics &
Technology, 53(5), pp.348-357.

[25] Bartlett, J.L., Heim, F.M., Murty, Y.V. and Li, X., 2018.
In situ defect detection in selective laser melting via full-
field infrared thermography. Additive Manufacturing, 24,
pp.595-605.

[26] Seppala, J.E. and Migler, K.D., 2016. Infrared
thermography of welding zones produced by polymer
extrusion additive manufacturing. Additive
manufacturing, 12, pp.71-76.

[27] Montinaro, N., Cerniglia, D. and Pitarresi, G., 2018.
Defect detection in additively manufactured titanium
prosthesis by flying laser scanning thermography.
Procedia Structural Integrity, 12, pp.165-172.

[28] Mireles, J., Ridwan, S., Morton, P.A., Hinojos, A. and
Wicker, R.B., 2015. Analysis and correction of defects
within parts fabricated using powder bed fusion.
technology. Surface Topography: Metrology and
Properties, 3(3), p.034002.

[29] Maldague, X., & Marinetti, S. (1996). Pulse phase
infrared thermography. Journal of applied physics, 79(5),
2694-2698.

[30] Cadelano, G., Bortolin, A., Ferrarini, G., Molinas, B.,
Giantin, D., Zonta, P. and Bison, P., 2016. Corrosion
detection in pipelines using infrared thermography:
experiments and data processing methods. Journal of
Nondestructive Evaluation, 35(3), p.49.

[31] Shahmirzaloo, A., Farahani, M., & Farhang, M. (2020).
Evaluation of local constitutive properties of Al2024
friction stir-welded joints using digital image correlation
method. The Journal of Strain Analysis for Engineering
Design, 0309324720981201.

[32] Sam-Daliri, O., Faller, L. M., Farahani, M., & Zangl, H.
(2021). Structural health monitoring of adhesive joints
under pure mode | loading using the electrical impedance
measurement. Engineering Fracture Mechanics, 245,
107585.

[33] Singh, G., Kumar, T.C.A. and Naikan, V.N.A., 2016.
Induction motor inter turn fault detection using infrared
thermographic analysis. Infrared Physics & Technology,
77, pp.277-282.

[34] Balageas, D.L., Roche, J.M., Leroy, F.H., Liu, W.M. and
Gorbach, AM., 2015. The thermographic signal
reconstruction method: a powerful tool for the enhancement
of transient thermographic images. Biocybernetics and
biomedical engineering, 35(1), pp.1-9.

[35] Poudel, A., Mitchell, K.R., Chu, T.P., Neidigk, S. and
Jacques, C., 2016. Non-destructive evaluation of
composite repairs by using infrared thermography.
Journal of Composite Materials, 50(3), pp.351-363.

[36] Ayech, M.W. and Ziou, D., 2016. Terahertz image
segmentation using k-means clustering based on weighted
feature learning and random pixel sampling.
Neurocomputing, 175, pp.243-264.

[37] Lu, X., He, Z., Su, L., Fan, M., Liu, F., Liao, G. and Shi,
T., 2018. Detection of micro solder balls using active
thermography technology and K-Means algorithm. IEEE
Transactions on Industrial Informatics, 14(12), pp.5620-
5628.

[38] Gong, J., Liu, J., Qin, L. and Wang, Y., 2014.
Investigation of carbon fiber reinforced polymer (CFRP)
sheet with subsurface defects inspection using thermal-
wave radar imaging (TWRI) based on the multi-transform
technique. Ndt & E International, 62, pp.130-136.

characterizing the elastic and plastic parameters of
ultrafine-grained Al 1050 strips fabricated via
accumulative roll bonding process. Materials Research
Express, 6(8), 086542.

[10] Sabokrouh, M., & Farahani, M. (2019). Correlation
between the Weld Residual Stresses and its Tensile and
Impact Strength. Journal of Applied and Computational
Mechanics, 5(4), 727-734.

[11] Safari, A., Farahani, M., & Ghabezi, P. (2020).
Experimental study on the influences of different surface
treatment processes and adhesive type on the aluminum
adhesive-bonded joint strength. Mechanics Based Design
of Structures and Machines, 1-14.

[12] Ramezani, N. M., Davoodi, B., Farahani, M., & Khanli,
A. H. (2019). Surface integrity of metal matrix
nanocomposite produced by friction stir processing (FSP).
Journal of the Brazilian Society of Mechanical Sciences
and Engineering, 41(11), 1-11.

[13] Sanjayan J G, Nematollahi B, Xia M and Marchment T
2018 Effect of surface moisture on inter-layer strength of
3D printed concrete Constr. Build. Mater, 172, pp. 468-75.

[14] El-Hajje A, Kolos E C, Wang J K, Maleksaeedi S, He Z,
Wiria F E, Choong C and Ruys A J 2014 Physical and
mechanical characterisation of 3D-printed porous
titanium for biomedical applications J. Mater. Sci., Mater.
Med, 25, pp. 2471-80.

[15] Chua C K, Wong C H and Yeong W Y 2017 Standards,
quality control, and measurement sciences in 3D printing
and additive manufacturing (New York: Academic).

[16] Otten W, Pajor R, Schmidt S, Baveye P C, Hague R and
Falconer R E 2012 Combining x-ray CT and 3D printing
technology to produce microcosms with replicable,
complex pore geometries Soil Biol. Biochem, 51, pp. 53-5.

[17] Miller B W, Moore J W, Barrett H H, Fryé T, Adler S,
Sery J and Furenlid L R 2011 3D printing in x-ray
andgamma-ray imaging: A novel method for fabricating
highdensity imaging apertures Nucl. Instrum. Methods
Phys. Res A, 659, pp. 262-8.

[18] Huber C et al 2016 3D print of polymer bonded rare-earth
magnets, and 3D magnetic field scanning with an end-
user3D printer Appl. Phys. Lett, 109, pp. 162-170

[19] Strantza, M., Aggelis, D.G., De Baere, D., Guillaume, P.
and Van Hemelrijck, D., 2015. Evaluation of SHM system
produced by additive manufacturing via acoustic emission
and other NDT methods. Sensors, 15(10), pp.26709-
26725.

Lo jaesme o a3 gl 16T shemme ol o ysdeme e, M [¥-]
303l b 58 o5 0 6,505 sla JUIS 0 ppee é b, (0TAR)
T alr o prant slapgesl 6yslid (sole 4,83 i pgsd ) Siles g,
OY-FF amio Fo Lo

w5y 6y s emizma odu e old) Lo jsee , Slal b e sel; (i (Y]
St polaedy ()l polal (B3l (slagsts; (65554 (1VAR) e
ole a5 (ol Sl (g, 4 sadads Slakd g olulis
OF-YF aman & o,leds ¥ ol v ro s Lgl.bo’cj S0k

L 6,550, O YAA) s 46 ol Lo yoazmo o ol 3 L sl oo [¥Y]
Wi s (el Gla dteg o Fend Sl )3 (b Su S
VWY domis ) oyl ¥ ala o jhen i sloygesl 55l ool

S5 . (0YAQ) Lo el sl Lo joemma , Slal 3 Lo e gl [YY]
63V slagyg o (5,55 wme )l s e )T Bl S5
azas ¥ oojleds b Al ol pl adg g Sl pwdige Lol sele dle
YY-ve

tape S yonjl Hy9ld
YW ol 9 5wl PCET o Lot (R3S 099



