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Abstract: Problem statement: Many NDT systems used for damage detection in cmitgs are
difficult to apply to complex geometric structuredso, they are time-consuming. As a solution ® th
problems associated with NDT applications, an light analysis system that supports a portable
testing environment, which allowed various typesplits and provided sufficient data regarding leve
of damage in a tested structure was designed astddteThe developed technique was a novel
approach that allowed locating defects with goodueacy. Approach: This research presented a
novel approach to fast NDT using intelligent imagealysis through a specifically developed
algorithm that checks the integrity of compositeistures. Such a novel approach allowed not anly t
determine the level of damage, but also, to caieedamage detected by one imaging technique using
available instruments and methods to results thatildvbe obtained using other instruments and
techniques.Results: Using the developed ICA algorithm, accurate cfasdion was achieved using C-
Scan and Low Temperature Thermal imaging (LTT).hBechniques agreed on damage classification
and structural integrity.Conclusion: This very successful approach to damage detectind
classification is further supported by its abititycorrelate different NDT technologies and predttiers.
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INTRODUCTION to tailor and optimize the manufacturing procesthwi
tools able to inspect defects that most often @areta
Carbon fiber composites are now fairly widely marked effect on the component performance and

used in civiian and miltary applications. functionality. Two main areas of concern in insp&tt
Delaminations are common defects found in thes@nd damage classification:
materials. Their presence leads to structural
weaknesses, which cause failure of used componiénts.e  During manufacturing
is important to develop effective nondestructivetitey « |n-service
procedures to identify these defects and to inerdlas

safety early enough to avoid catastrophic failure. A developed  inspection  technique  and

Hence, all methods for fast and reliable inspectiongsification algorithm should cover two main area
deserve special attention (Wdalfal., 2004; Gupta and

Breitenstein, 2007; Gralewicz and Owczarek, 2005» Critical damage identification and detection
Bohmet al., 2006; Montanini and Aliquo, 2009; «  Analysis and monitoring of damage progression
Shahet al., 2006; Colvin, 2005; Tohget al., 2009).

Composite materia_ls dep_end on their structgral Impact damage is a key issue in the design of
arrangement to obtain their desired mechanicatomposite structures where the impact event arehext
properties. The fibers are generally of little gieal use  gre of importance. Damage occurs progressivelynduri
but with a well deSign8d combination of fibers andan impact and is a function of the impact event and
matrix a reliable component with optimal performanc structure resistance that is affected by material
is produced. Integrity of a material is based omlitys  properties. Local and global effects need to be
of fabrication as the designed specifications avé n considered which gives an indication regarding the
only determined by the best available structuralstructure dynamic response. Method of impacting is
properties, but also any other combination of proge  also a factor where supported frames respond
for a particular application. So, it is importaatite able  differently to impact compared to unsupported ones,
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indicating that boundary conditions significantlffeat MATERIALSAND METHODS
structure response and extent of damage. .

The application of an impact can result in a  Figure la represents a model of a damaged
dynamic stress which when established can induce §°Mposite sample. The Fig. 1 illustrates directiohs
damage that propagates at a number of sites vtitein VaVve _travels through thg tested sample once exposed
material thickness. Composites with their low & €Sting source. Such signals are captured arigzada

transverse tensile strength can be prone to tpis of by the developed ICA algorithm below.

effect. N . . ~Integrity Classification Algorithm (ICA): This novel
structure are bound to their respective potenésels  and color intermixing as illustrated in the followi
with relative stability. As impact energy is applie steps:

shock waves (impulses) may cause damage such as

fiber breakage or cracks (that can propagate awex)t <+ Before format conversion, the captured image is
When a defect is induced, the original energy  allocated a map as shown in Fig. 1b

distribution would be affected, hence, new energy The primary colors for each obtained image are

levels and pockets of energy sub-levels will berfed. intermixed according to and the results are stored
This energy re-mapping can be correlated to théiexpp and then converted to data using a purposely
force of impact and classified through the devetbpe  developed search through algorithm _
classification system (Mouritet al., 2009; Liet al., * The conversion of a searched through image will
2009; Breitzmanet al., 2009: Kim et al., 2009: result in a text file that holds the necessary
Hayman, 2007; Stoiket al., 2009) information regarding the state of the tested
Predictive and classification analysis is an ingatr component _ _ o

tool. In developing such system (Zangahial., 2007; * All resulted data files per image are then divided
Williams et al., 2008; Zhang and Richardson, 2004: into strings of data each as a sequence stored in a
Goebelet al 5006a' ’2006b' Het al. 2006 Ek’Iund ' specific file using our developed Matrix-Column
and Goebel,, 2005: ’Verdegéﬁal., é008; bhinnam Algorithm (MCA) before being correlated to

and Baruah, 2007; Jenab and Rashidi, 2009), certain produce a decision regarding component health

things have to be considered to enable criteria for
classification and ranking for tested structures:

Co mposite structure

Damaged area

 Defects arrangement on the basis failure
contribution Source

e« Tested components arrangement in terms of a
theoretical possibility of failure in certain
applications

» Untested components arrangement in terms of their
tendency to fail in certain applications

» Classification of known test results into categerie Fig. 1a: Model for a damaged sample under test

e Classification model development

* Manufacturing and testing process modification
based on the established model

* New components test and model modification

 Use of probability to predict defect effect on
component failure

Orthogonal

Lateral

Pixely;, [ Pixel;, | Pixely,
Pixely, | Pixels, | Pixels,
T

In this study a novel classification algorithm &ads
on searching an image for pixel re-distributioruged
for damage classification. The proposed technicue i
suitable for high volume monitoring and inspectimi
safety critical components non-destructively. Fig. 1b: Image color intermixing
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In the MCA algorithm, the converted image is Strrer
filtered into sequences S, containing vectors of s,
individual column matrices extracted from the N 5)
converted source image data file. The overall ekt Ref ™~
matrix consists of discrete combination of all ¢ohu
sequences as in Eq. 1: Sirret
r's S s, With a damaged sample image given by:
b 8pl, By Sirpam
Bl Bl Bpbn S,roam
Wy - (6)
_anl T Q.o Ay 'I;ml SmTDam
Where: For damaged/undamaged decision and using (5)
a; = Original matrix elements and (6) we obtain:
ry = Amplitude factor Sirrer = Sorond
From (1) we obtain: [Serrer = Serou @)
R=
A B X
Al2 Bl2 Xl2 ‘SmTRei - SmTDarJ
S= 'S = R ) The resulting values are substituted in a pre-
decision matrix P:
An BI‘I xn
A
. )\2
From (2) we obtain: p= ®)
n A n B n x
=38 5,238 5 =% © A
i= i=1 i=1

For a perfectly undamaged composite structure,
P = 0. For damaged components, each element in P
contributes by its values to the overall classtfaa of
level of damage. Using Eq. 3 and 8, we obtain:

where,0 is a normalizing factor.
As the original matrix is simplified in (3), theath
classification column matrix is represented in &£q.

S A
Sor S
D= (4) JZ:;, JT Ref )
Sur A,
. . . . . €= iSjTRef (9)
The designed classification algorithm takes into i=1

account reference, undamaged sample images in its
operations to achieve a decision regarding stractur
integrity as a function of required application.

Considering Eq. 4, the required decision functiam c — As
be derived as follows. D Sirrer
For a reference sample image, (4) becomes: L\ = J
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For practical applications, each element in Eqg. 9
should not exceed a certain vaidor the component
to be acceptable. Hence, the final decision pemtes
technique is based on matrix F given by:

By
B,
F= (10)

B

For an over all correlated decision, a hybrid iratr
is used as in Eq.11:

Bu Ba oo B Fig. 3: Post-impact (28.6 J) C-Scan image for 5 mm
B, By - Bna woven glass component
Hybrid = (11)
Bui Bmz - B
RESULTS

Figure 2 and 3 show C-Scan images obtained for
5 mm Woven Glass before and after an impact at 28.6
while Figure 4 and 5 show Low Temperature Thermal
imaging (LTT) for the same component. Table 1 and 2
show the MCA algorithm results for C-Scan and LTT
images, while Table 3 and 4 show same resultinas
Table 1 and 2 but re-grouped to show the MCAltgsu
before impact and after impact for both C-Scan and
LTT.
Fig. 4: Pre-impact LTT image for 5 mm woven glass
component

Fig. 2: Pre-Impact C-Scan image for 5 mm wovenFig. 5: Post-impact (28.6 J) LTT image for 5 mm
glass component woven glass component
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Table 1: C-Scan sequences for 5 mm woven glass

Sl Ref SJ. Dam & Ref Sz Dam & Ref & Dam S4 Ref St Dam SS Ref S;': Dam
0 7 0 37 0 0 0 8 0 0
0 21 0 14 0 0 0 1 0 0
0 0 1250 2831 0 0 0 0 0 0
0 0 0 0 0 0 0 2 0 0
578 623 0 32 0 2 1 4 0 0
0 0 0 36 0 0 0 1 0 0
0 0 0 0 0 6 0 0 0 0
0 1 1 21 0 6 0 0 0 0
0 1 0 19 0 0 0 5 0 12
0 1 0 12 0 5 0 0 0 0
0 7 0 0 0 4 0 0 0 1
0 0 0 0 0 1 0 3 0 1
0 0 0 0 0 4 0 5 0 0
0 0 0 0 0 0 0 0 0 0
0 10 0 0 0 5 0 0 0 1
0 0 0 0 0 6 0 0 0 0
0 12 0 0 0 0 0 4 0 21
0 0 0 0 0 2 0 1 0 0
0 6 26969 23306 0 4 0 0 0 0
0 11 0 0 0 1 0 0 0 0
0 0 0 172 0 2 0 5 0 0
0 17 0 125 0 0 0 8 0 0
0 39 0 0 0 4 0 0 0 1
0 10 0 24 0 0 0 0 0 0
0 3 2 18 0 0 0 0 0 0
0 0 0 10 0 1 0 0 0 0
0 8 10102 8785 0 5 0 0 0 0
0 4 0 0 0 2 0 0 0 0
0 0 0 129 0 0 0 0 0 0
0 10 0 61 0 0 0 0 0 0
1 10 0 0 0 23 0 1 0 0
0 5 0 25 0 12 0 0 0 0
0 0 0 14 0 0 0 5 0 14
0 0 0 2 0 3 0 4 0 0
0 0 152 1073 1 14 0 0 0 0
0 0 0 0 0 14 0 7 0 7
0 0 0 21 0 0 0 19 0 0
0 0 0 14 0 0 0 9 0 0
0 0 0 0 0 0 0 2 0 6
0 0 0 2 0 0 0 0 0 4
0 1 0 2 0 0 0 6 0 5
0 0 0 6 0 0 0 8 0 0
0 3 0 1 0 0 0 0 0 2
1 2 0 0 0 0 0 4 0 0
0 0 0 0 943 1906 0 2 0 0
0 2 0 0 0 0 0 6 0 1
0 2 0 0 0 27 0 0 0 1
0 4 0 0 0 21 0 0 0 23
0 5 0 1 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 18
0 0 0 0 0 0 0 0 0 37
0 0 0 0 0 0 0 0 0 7
0 0 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0 11
0 0 0 0 0 0 0 0 0 5
580 825 38476 36794 944 2080 1 120 0 182
DISCUSSION e The ability to construct a full spectrum of

sequences that each set,[SS,] represents a type
of image resulted from a different NDT testing
technique and as some techniques are better in
detecting certain defects than others, Intelligent
algorithms can be used to predict the response
* The difference in pixel occupation between pre and using a technique from the response of others
post damaged images « It is easily noticeable from applying the above
e The difference in pixel concentration between C- expressions that C-Scan Complements LTT and
Scan and LTT images for pre and post impact can be used as a second confirmation to the state
damaged components of the tested structure
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Table 2: LTT sequences for 5 mm woven glass

Sl Ref

£
©
a
Sf

SZ Ref SZ Dam & Ref & Dam S4 Ref S4 Dam Ss Ref

Sl Dam

CO0O0CO0O00000OWONT—HOOMMOG ATO00000O0ONOOONNNOOOMoR
™ N~ o»© ——

5
1
9 O
— [e¢]

™

[¢)]
N -

~N~N~oNooY Moo 0COo0COTOOMOONINWOOOO
5 20&9 9m cooooooy BNOB%IS 23

CO000000000000OO0000000000000000000000000000000000000000o®

cocococococoof

COO0ONONRONRVAHMOHOONMOOOOOOOOOO0ONOMOOOO0O0O0OO0O0O0ONOM
MM N N - © <

~
< —
—

CO0O000000000000O00000000000000000000000000000000000000000°

o

OCOOANOOOOOO0OO0OO0OOMNO—TOO10O00O0OOO0OOOONO®
N — - i I

oNNOwWONMO—ToOoooo0o0o0ooo0olR
— N+ —N

COO0O0O0000O0000000O0O00O000O0O0O0O00O0O00000000O000000O0O00O0C0000O0O0O0O00OO
OTOO0ONOOMAVOOOO—HONOMITOMNNOOONTOMOOOOOO0OO0O0O0OWONNONDOOMOOOOO0OON
— ~AW — A — - — N

[{e}{e)
<

elejolosjolojolojolololololojolololojololololololololololololololololololololololololololololololololololololols o]

LTT image for reference and damaged composite

C-5can image for reference and damaged composite
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Fig. 6: Extent of damage in a 5 mm woven glassgusinFig. 7: Extent of damage in a 5 mm woven glassgusin

LTT and ICA

C-Scan and ICA
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Table 3: C-Scan and LTT reference sequences fanSwoven glass

Sequence numbers
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Fig. 8: Relationship between sequences in C-Scdn an Fig. 9: Relationship between sequences in C-Scan an
LTT Pre-impact images of 5 mm woven glass
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Table 4: C-Scan and LTT reference sequences fanSwoven glass

Sl Dam LTT Sl Dam CScan SZ Dam LTT SZ Dam CScan & Dam LTT & Dam CScan 84 Dam LTT 54 Dam CScan S:—) Dam LTT S:—) Dam CScan
0 7 26 37 0 0 47 8 0 0
4 21 16 14 0 0 7 1 0 0
0 0 0 2831 0 0 27 0 0 0
0 0 1 0 0 0 0 2 0 0
19 623 2 32 2 2 122 4 0 0
0 0 0 36 0 0 98 1 0 0
0 0 0 0 32 6 0 0 0 0
73 1 0 21 39 6 94 0 0 0
29 1 0 19 0 0 103 5 0 12
58 1 0 12 29 5 6 0 0 0
0 7 0 0 18 4 0 0 0 1
0 0 0 0 1 1 0 3 0 1
0 0 0 0 3 4 0 5 5 0
0 0 0 0 0 0 0 0 0 0
1 10 7 0 21 5 0 0 2 1
0 0 0 0 8 6 0 0 4 0
12 12 1 0 0 0 0 4 1 21
0 0 0 0 5 2 0 1 0 0
13 6 0 23306 3 4 14 0 0 0
14 11 1 0 0 1 0 0 3 0
0 0 0 172 0 2 150 5 3 0
7 17 0 125 0 0 173 8 0 0
5 39 0 0 0 4 0 0 4 1
0 10 0 24 0 0 156 0 31 0
10 3 0 18 0 0 337 0 4 0
0 0 0 10 0 1 15 0 0 0
9 8 0 8785 0 5 8 0 0 0
14 4 0 0 0 2 0 0 0 0
0 0 0 129 0 0 70 0 0 0
3 10 0 61 0 0 90 0 0 0
0 10 12 0 2 23 0 1 0 0
0 5 0 25 9 12 288 0 0 0
0 0 18 14 0 0 130 5 0 14
0 0 21 2 3 3 7 4 2 0
0 0 0 1073 10 14 0 0 0 0
0 0 12 0 0 14 0 7 8 7
0 0 7 21 0 0 5 19 20 0
0 0 0 14 0 0 0 9 0 0
0 0 6 0 0 0 0 2 82 6
0 0 0 2 0 0 3 0 99 4
8 1 22 2 0 0 0 6 69 5
0 0 13 6 0 0 0 8 0 0
62 3 0 1 0 0 0 0 0 2
65 2 11 0 0 0 0 4 10 0
0 0 29 0 42 1906 0 2 13 0
17 2 0 0 0 0 0 6 0 1
9 2 0 0 69 27 0 0 88 1
0 4 0 0 117 21 0 0 1580 23
3 5 0 1 0 0 0 0 233 0
0 0 0 1 0 0 0 0 0 18
0 0 0 0 0 0 0 0 61 37
0 0 0 0 0 0 0 0 0 7
0 0 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0 2
0 0 0 0 0 0 0 0 0 11
0 0 0 0 0 0 0 0 34684 5
427 825 205 36794 413 2080 1950 120 37006 182

« Figure 6 show the extent of damage occurred by regarding the severity of damage compared to the
28.6 J to the 5 mm thick woven glass component  C-Scan one
when tested by C-Scan and LTT. The LTTe Thedeveloped classification algorithm providedacle
technique and image contained better information  and accurate decision regarding component usability
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with acceptability tolerance values. Such algorithm 00427
is novel with its unique feature of determining the 00205
required margin for composite structure application P =| 00413
before a components deemed unusable M

» Same size images used for both C-Scan and LTT to 01950
enable correct comparison and correlation 02995

* The ICA algorithm is based on the Energy Band
Model, which assumes that image pixel values and The classification matrix Percentage tolerance
distribution in energy levels is modified and values are given by:
modulated due to impact damage. Such energy

level change is a function of the Impact energy and 0.600
tensile strength of the material. 4.200
F(C—Scan): 2800
Applying derived expressions to experimental 0.450
images gives: 0.300
00580 1.100
38476 0.500
Dref (c- scamy= | 00944 Fum =|1.000
00001 4.900
| 00000 7.500
r00825] For 1-4% damage tolerance, C-Scan technique
judge the component as damaged. For 1-7%, LTT
36794 . .
b - | 02080 technique judges the component damaged. Such values
Dam(C- Scan)™ and others related to different testing technigaes
00182 associated with their respective testing data spe of
00120 composite structure in a database that is used in
conjunction with the ICA algorithm as an expertteys
for missing data classification and damage level
00245 prediction. The classification matrix percentage
01682 tolerance can be combined in a hybrid matrix giving
Pe-scan) =| 0113
00181 0.600 1.10
00120 4.200 0.50
F =[2.800 1.00
Hybrid
00000 0.450 4.90
0.300 7.50
00000
D =| 00000 . . .
Ref(LTD) The Hybrid Matrix can house as many testing
00000 techniques as required with ability for matrix
| 40001 manipulation to be carried out to consolidate ICA
decision making.
00427] CONCLUSION
00205
D -1 00413 The developed ICA algorithm unifies through
pam(tT) ion th tracted information from irrelevan
01950 conversion the extra _
background with ability to correlate obtained data
[ 37006 level of damage and it is effect on the structurerall
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performance. Also, the known difficulty in the Gralewicz, G. and G. Owczarek, 2005. Investigatioins
interpretation of the damage data is solved throagh single and multilayer structures using lock-in
specialized analysis and interpretation algorithm  thermography-possible  applications. Int.  J.
(MCA) specifically developed to indicate the seteri Occupat. ~ Safe.  Ergon.,  11:  211-215.
of the damage and its effect on the general http:/www.ciop.pl/13341

performance of the component. This very successfufupta, R. and O. Breitenstein, 2007. Unsteady-state
approach to damage detection and classification is |0ck-in thermography-Application to shunts in

further supported by its ability to correlate diffat solar cells. QIRT J., 4: 85-105. http://www.mpi-
; ; halle.de/mpi/publi/pdf/7456_07.pdf
NDT technologies and predict others. Hayman, B., 2007. Approaches to damage assessment

and damage tolerance for FRP sandwich structures.
J. Sandwich Struct. Mater., 9: 571-596. DOI:
Bohm, S., M. Hellmanns, A. Backes and K. Dilger, 10.1177/1099636207070853

2006. Lock-In thermography based NDT of partsHu, X., N. Eklund and K. Goebel, 2006. Using rank
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