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An innovative NDT (non-destructive testing) technique for interrogating materials for
their defects has been developed successfully. The technique has a novel approach to
data analysis by employing intensity, RGB signal re-mix and wavelength variation of a
thermally generated IR-beam onto the specimen under test which can be sensed and
displayed on a computer screen as an image. Specimen inspection and data analysis are
carried out through pixel level re-ordering and shelving techniques within a transformed
image file using a sequence grouping and regrouping software system, which is specifically
developed for this work. The interaction between an impact damaged RIM composite
structure and thermal energy is recorded, analyzed, and modeled using an equivalent
Electronic circuit. Effect of impact damage on the integrity of the composite structure is
also discussed.

Keywords : Non-destructive testing; defect detection; thermal imaging; infrared,
image slicing.

1. Introduction

Most NDT techniques available at present suffer
from limitations imposed by detecting hardware,
interpreting software or both. These limitations
such as accuracy, resolution, depth of detection,
type of detected defect, instrument portability,
data repeatability, and material properties have
been under investigation for some considerable
time [Dillenz et al., 2003; Favro et al., 2000;
Galmiche et al., 2000; Maldague et al., 2002;
Huang et al., 2004].

The efforts were mainly directed towards
sophistication of the detecting devices and the
processing system. In addition, the most suc-
cessful NDT systems are extremely costly and
time consuming in the detection and analysis.

Thermal non-destructive testing can be
employed to detect inclusions and flaws in poly-
meric composite laminates by demonstrating the
difference in their heat transfer properties from
the undamaged structure. When external heat
is applied, the presence of defects affects the
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normal heat flow pattern of the structure. If
this heat propagation is altered sufficiently, a
temperature distribution profile can be realized.
This distribution is then related to the existence
of a flaw in the material. Infrared devices and
sensitive coatings (e.g. liquid crystals) are two
of the most practical temperature detecting sys-
tems that may be used in developing test devices
[Dillenz et al., 2003; Favro et al., 2000].

Thermography is essentially a technique
whereby infrared radiation from the sample is
captured and subsequently converted into an
electrical signal generating a real-time thermal
image.

Thermal imaging information can be ob-
tained regarding the following parameters:

(i) Thickness variation.
(ii) Material content homogeneity.
(iii) Porosity.
(iv) Defect dimensions.

In this paper, the process of using Time
Video Thermography (TVT) to detect impact
damage in composite structures is modeled. This
technique employs a low-energy pulse to strike
the structure under test over a period. An elec-
tronic model is presented to explain and account
for the response of the chosen composite struc-
ture to thermal energy.

2. Experimental Setup

2.1. System arrangement

The chosen composite was a laminate made
by resin injection molding (RIM) to produce

5mm thick samples that contain five layers of
U750/450 Vetrotex continuous mat glass fiber
impregnated with 65.4% 1153/72/A epoxy resin
from SHELL mixed with 50 g of 1153/172/B
hardener at 4:1 ratio.

The testing set-up for RIM samples are
shown in Fig. 1. The equipment used comprised
a tungsten filament light bulb rated at 125 watts
with an AGEMA 870 Infrared Camera. Images
are captured in digitally real time and ana-
lyzed using MICROEYE IC MK2 hardware and
software.

2.2. Data acquisition system

2.2.1. Background

Composites are increasingly being used as struc-
tural materials. One of the major advantages of
composite materials is their ability to be tailored
to meet certain applications. Thus, a particular
type of fiber and matrix can be used to produce
components acquiring different lay-ups, thick-
nesses, and volume fractions. This implies that
a defect, which is considered critical in one com-
ponent, might be totally acceptable in another.
Hence, setting quality control and inspection
standards is a very complex task, and is not
made any simpler or economical due to the dif-
ferent NDT techniques, each of which is capa-
ble of detecting certain defects. Together with
employing standard but variable interpretation
methods, efforts have been directed towards bal-
ancing the cost and complexity of an inspec-
tion technique against the quality of information

Fig. 1. TVT testing system.
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obtained its flexibility in detecting various types
of defects.

As a solution to the problems associated
with NDT applications, there is a need to estab-
lish an intelligent analysis system coupled to a
portable detection environment that unifies all
different types of inputs and automatically con-
siders various fiber/matrix combinations which
leads to elimination of any ambiguity regarding
defect severity and its effect on the component
under consideration. This suggests the use of an
imaging system together with smart classifica-
tion techniques.

The automated image capturing system pos-
sesses the following main characteristics:

(i) The ability to extract important infor-
mation from a background of irrelevant
details.

(ii) The capacity to learn from experience and
apply its knowledge to new situations.

(iii) Capable of correlating and predicting from
distorted or lost data files.

2.2.2. System design

Based on the characteristics described above,
a smart classification system with intelligent
knowledge base is designed. This system oper-
ates on the principles of image slicing and near-
est neighbor classifier [Spicer et al., 1999; Busse
et al., 1992; Busse, 1994; Wu et al., 1996;
Balageas & Levesque, 1998]. Our classifier dif-
fers from the known classifiers in that it oper-
ates on the wavelength of the converted image
pixels and their intensities, as shown in Fig. 2.

2.2.3. System processing and
interpretation

Figure 3 illustrates the process that the image
goes through from the capturing stage into

Fig. 2. Block diagram of the image acquisition system.

Fig. 3. Overall image analysis and interpretation system.
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interpretation after re-mixing its RGB signal by
first converting it to numerical format before
passing it through various windows or software
gates, each of which will extract information
from the converted image within a particular
wavelength range which the principle of group-
ing is based on pixel value that occupies a
certain level (Microstates). The data is then
grouped into five main sequences per wavelength
and image pixel values are stacked relative to
their amplitude and phase. Such a grouping
will statistically gather equivalent pixel values
(neighborhood grouping) and will place pixel
numbers within the five main sequences in what
we call Macro states. The five main Macro states
are divided as follows:

(i) Sequence 0–49,
(ii) Sequence 50–100,
(iii) Sequence 101–150,
(iv) Sequence 151–200,
(v) Sequence 201–250.

This operation is followed by a re-grouping
process within each of the five sequences and
a comparison of re-grouped values are estab-
lished with ratios to establish the level and
type of damage taking into considerations the
theoretical and mathematical model that will
measure how close the obtained results to theo-
retical considerations. Such a process of group-
ing and re-grouping comes after a process of
remixing of the RGB signal in order to obtain
the optimum ratios of RGB colors so that to
easily unmask the existence, location, and effect
of a damage on the integrity of the composite
structure.

It is worth mentioning that in our TVT sys-
tem the capturing of the signal is time bounded
to avoid the swamping effect that would result
from subjecting the composite structure under
test to an excess of energy which would result
in masking the existence of damage within the
structure.

3. Mathematical Modeling

Based on the previous discussion, a model is
developed to account for the response of such
composite structure to thermal pulses.

Figure 4 illustrates this model, which is
based on a closed loop feedback control system.

From the diagram, we have:

e = x − β · y, (1)
y = α · e, (2)(

x

y

)
=

(
1 + α · β

α

)
=

(
1
k

)
· (3)

Assuming minimum loss, α → 1:

k =
(

1
1 + β

)
, (4)

where

β =
(

td
tr

)
. (5)

By back substitution, we obtain:

k =
(

tr
td + tr

)
, (6)

where

tr: Reference response time,
td: Defect (damaged area) response time,
k: Response factor.

Fig. 4. Closed loop feedback diagram representing component response to thermal pulses.
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Equation (6) indicates that the response fac-
tor for a composite structure can be used and
correlated to the number of regrouped pixels
to judge the state of the structure under test.
Three specific cases can be realized and verified.

tr � td.

Here the structure is either non-defective or the
level of damage is will below the detectable one
for which the impact energy is much below the
structure threshold. Hence

lim
td→0

k = 1. (7)

This limit of one is an absolute maximum
and if reached (not possible in practice) means
a perfect component structure.

tr
∼= td.

Here the structure is defective with the
introduced time delay equivalent to the compo-
nent original response; hence, it is not critical
(localized damage) as to compromise the overall
integrity of the component, so

lim
td→tr

k = 0.5. (8)

tr � td

In this case, the tested composite is severally
damaged and it is serious or critical level, hence

lim
td→∞ k =

(
tr
td

)
. (9)

Equation (9) clearly indicates a total struc-
tural failure whereby the excessive damage that
is caused to the composite resulted in a very
long response time (defect response time, td).
Such a slow response time when compared to
the standard, non-damaged composite response
time and as a ratio will result in a near zero
response factor (k).

4. Results

Figures 5–8 show the obtained results from
a TVT test carried out on 5 mm thick RIM
samples. Figure 5 presents the results of an
undamaged sample called the reference sample.
Figures 6 and 7 show the results of 42 J and
55.6 J impacts on this composite. The images
clearly illustrate the concept of energy storage
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Fig. 5. TVT of an undamaged reference RIM
composite.
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Fig. 6. A thermally charged 5mm RIM Sample
Impacted at 42.6 J.
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Fig. 7. 5 mm RIM (L1, L2 first two layers to be
charged).

42.6J

28.6J

Fig. 8. 5mm RIM subjected to two impacts.

by a defect or damaged part of the compos-
ite. In addition, the images show that for the
same thickness the larger the impact energy
the wider and deeper the affected area. This
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Table 1. RGB data for Fig. 5.

Color R B G Color R B G Color R B G Color R B G

0 8 16 4 64 24 48 28 128 72 16 252 192 8 240 12
1 136 16 4 65 40 16 180 129 136 16 84 193 8 16 180
2 0 0 128 66 136 240 148 130 248 48 140 194 72 16 236
3 128 0 128 67 248 48 60 131 8 16 52 195 248 112 60
4 0 128 0 68 40 16 172 132 56 240 188 196 248 48 100
5 128 128 0 69 216 240 236 133 216 16 12 197 248 144 236
6 0 128 128 70 56 16 252 134 248 144 100 198 248 144 244
7 192 192 192 71 200 16 4 135 248 16 228 199 8 208 20
8 200 208 220 72 56 16 204 136 72 240 84 200 56 240 84
9 168 240 204 73 248 80 68 137 248 112 132 201 200 16 28

10 8 16 132 74 8 240 4 138 8 176 12 202 248 48 236
11 136 16 132 75 184 16 156 139 24 16 44 203 24 16 252
12 8 144 4 76 248 80 92 140 40 16 204 204 40 16 164
13 136 144 4 77 56 16 212 141 248 80 116 205 248 48 108
14 8 144 132 78 248 80 84 142 248 48 124 206 248 144 148
15 200 208 196 79 248 80 100 143 248 48 228 207 248 112 220
16 8 16 12 80 248 16 236 144 8 80 28 208 248 112 228
17 24 16 12 81 72 240 76 145 152 16 76 209 248 176 236
18 24 16 20 82 72 16 204 146 8 80 12 210 248 48 252
19 8 16 20 83 184 16 148 147 248 16 132 211 88 240 172
20 232 240 236 84 248 80 108 148 248 l12 140 212 104 240 172
21 232 240 244 85 248 112 116 149 56 16 180 213 152 16 92
22 24 16 28 86 248 80 124 150 168 16 164 214 168 16 84
23 248 240 236 87 248 16 244 151 56 240 68 215 184 16 20
24 8 16 28 88 248 176 252 152 152 16 84 216 248 16 4
25 248 240 244 89 72 16 196 153 184 16 4 217 120 16 212
26 24 16 4 90 168 16 156 154 248 48 220 218 40 16 228
27 232 240 252 91 248 80 132 155 8 80 20 219 120 240 124
28 248 240 252 92 248 112 252 156 8 16 196 220 88 240 188
29 40 16 12 93 8 208 4 157 40 16 36 221 88 16 180
30 232 240 228 94 120 16 4 158 72 240 172 222 88 16 156
31 40 16 20 95 120 16 92 159 136 16 76 223 72 16 28
32 24 16 36 96 136 240 156 160 248 144 116 224 136 16 148
33 8 16 36 97 152 16 4 161 248 80 220 225 8 16 164
34 8 48 12 98 248 48 84 162 24 16 180 226 136 16 60
35 40 16 4 99 72 16 212 163 104 240 164 227 8 16 220
36 40 16 28 100 248 208 252 164 120 16 84 228 8 16 116
37 248 240 228 101 8 176 4 165 120 240 164 229 8 144 28
38 24 48 12 102 136 16 100 166 216 240 244 230 248 176 220
39 8 48 4 103 168 16 4 167 248 80 228 231 216 80 76
40 8 48 20 104 248 112 92 168 24 16 188 232 216 16 60
41 24 48 20 105 248 112 84 169 40 48 4 233 72 16 124
42 24 48 4 106 40 16 188 170 248 144 92 234 216 80 116
43 56 16 4 107 248 112 124 171 248 144 108 235 248 80 180
44 232 16 4 108 56 240 76 172 248 112 148 236 216 80 100
45 248 16 148 109 72 240 68 173 248 80 252 237 136 16 44
46 248 48 76 110 120 16 100 174 24 80 4 238 72 240 156
47 88 16 4 111 248 80 60 175 24 80 12 239 8 16 76
48 72 16 4 112 248 112 108 176 168 16 28 240 248 16 188
49 248 16 140 113 248 16 252 177 200 16 12 241 152 16 180
50 8 48 28 114 248 112 100 178 248 48 52 242 56 16 140
51 216 16 4 115 136 240 140 179 248 144 76 243 56 240 100
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Table 1. (Continued)

Color R B G Color R B G Color R B G Color R B G

52 248 48 68 116 168 16 148 180 248 144 84 244 216 48 132
53 104 16 4 117 40 16 196 181 248 144 132 245 200 16 84
54 248 144 252 118 40 16 212 182 248 48 204 246 8 16 148
55 136 16 92 119 120 240 156 183 120 240 148 247 248 16 172
56 8 112 4 120 184 16 164 184 168 16 68 248 216 16 196
57 8 16 44 121 248 208 236 185 8 16 204 249 40 80 172
58 248 16 156 122 56 240 180 186 56 16 172 250 248 112 164
59 248 208 244 123 56 16 196 187 120 16 108 251 216 16 180
60 8 80 4 124 248 112 76 188 232 208 244 252 184 16 44
61 248 80 76 125 248 48 132 189 248 80 52 253 248 112 196
62 40 16 252 126 248 80 140 190 248 48 92 254 216 16 164
63 248 176 244 127 8 48 36 191 8 208 12 255 248 176 60

work has identified a threshold for the composite
beyond, which it can suffer, sever damage and its
mechanical properties can be markedly affected.
Table 1 shows the effect of impact energy on the
tensile strength of the 5 mm thick RIM samples.
Figure 8 shows a doubly impacted RIM sam-
ple with 28.6 J and 42.6 J. This is carried out
to physically compare damaged propagation and
sample response to multiple inputs.

5. Discussion and Analysis

Time Video Thermography (TVT) consists of
heating the specimen and then recording the

temperature decay curve. Qualitatively, the phe-
nomenon is as follow. The material changes over
time after the initial thermal pulse because the
thermal front propagates, by diffusion, under the
surface and because of radiation and convection
losses. The presence of a defect reduces the dif-
fusion rate so that when observing the surface
temperature, defects appear as areas of different
temperatures with respect to surrounding sound
areas once the thermal front has reached them.
Consequently, deeper defects will be observed
later and with a reduced contrast.

Taking into consideration the discussed
mathematical and behavioral models, and
considering Tables 1–4, we can produce a

Table 2. RGB data for Fig. 6.

Color R B G Color R B G Color R B G Color R B G

0 8 16 4 64 184 16 4 128 72 16 44 192 88 80 68
1 136 16 4 65 8 80 20 129 72 80 52 193 88 112 100
2 0 0 128 66 200 16 4 130 104 144 108 194 104 16 76
3 128 0 128 67 40 48 20 131 136 176 124 195 104 144 92
4 0 128 0 68 168 16 4 132 248 208 220 196 104 80 148
5 128 128 0 69 24 80 4 133 248 176 244 197 104 144 148
6 0 128 128 70 8 16 60 134 8 16 76 198 120 112 116
7 192 192 192 71 248 208 244 135 24 144 4 199 120 112 140
8 200 208 220 72 248 208 236 136 40 80 12 200 136 16 12
9 168 240 204 73 24 48 36 137 40 48 44 201 136 16 52

10 8 16 132 74 40 80 4 138 56 112 20 202 136 144 108
11 136 16 132 75 8 112 20 139 56 16 44 203 136 176 132
12 8 144 4 76 216 240 236 140 56 16 52 204 152 16 52
13 136 144 4 77 216 16 4 141 56 48 60 205 152 144 156
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Table 2. (Continued)

Color R B G Color R B G Color R B G Color R B G

14 8 144 132 78 8 80 36 142 56 80 60 206 168 16 28
15 200 208 196 79 56 16 20 143 72 16 20 207 168 48 156
16 8 16 12 80 8 48 36 144 104 80 60 208 168 176 156
17 24 16 12 81 40 48 28 145 120 112 108 209 200 176 164
18 24 16 20 82 40 16 44 146 120 112 132 210 8 16 100
19 8 16 20 83 56 48 4 147 184 16 20 211 8 16 108
20 24 16 28 84 56 16 28 148 232 16 4 212 24 112 36
21 8 16 28 85 200 16 12 149 248 208 212 213 24 80 44
22 24 16 4 86 216 240 252 150 8 16 92 214 24 48 52
23 232 240 244 87 248 176 252 151 24 112 4 215 40 112 4
24 232 240 236 88 8 112 36 152 24 112 12 216 40 16 52
25 248 240 244 89 24 16 52 153 24 16 68 217 40 80 60
26 248 240 236 90 72 48 4 154 40 48 52 218 232 112 156
27 232 240 252 91 200 16 20 155 40 16 60 219 184 208 180
28 40 16 12 92 24 80 20 156 56 80 20 220 168 80 116
29 248 240 252 93 56 80 4 157 56 112 36 221 168 16 76
30 40 16 20 94 8 112 12 158 56 240 172 222 136 144 204
31 24 16 36 95 216 240 244 159 72 48 60 223 136 112 68
32 8 16 36 96 232 208 252 160 72 80 60 224 136 16 68
33 40 16 4 97 248 240 212 161 120 16 92 225 120 208 100
34 40 16 28 98 248 208 228 162 120 112 124 226 72 144 76
35 24 48 12 99 8 80 44 163 120 176 124 227 72 240 76
36 8 48 12 100 40 80 20 164 136 144 116 228 88 240 164
37 8 48 20 101 72 16 12 165 152 144 132 229 88 48 116
38 8 48 4 102 8 16 68 166 152 144 148 230 56 80 108
39 24 48 20 103 24 80 28 167 168 48 28 231 72 48 132
40 248 240 228 104 200 16 28 168 184 16 12 232 72 48 148
41 24 48 4 105 8 112 28 169 216 240 196 233 72 176 100
42 8 48 28 106 24 80 12 170 216 240 212 234 72 16 92
43 56 16 4 107 232 240 220 171 216 240 228 235 56 16 108
44 8 16 44 108 232 208 244 172 232 208 236 236 72 144 116
45 72 16 4 109 8 48 44 173 8 144 20 237 8 16 196
46 88 16 4 110 24 80 36 174 8 176 36 238 104 16 60
47 232 240 228 111 40 80 28 175 24 16 60 239 104 144 60
48 24 48 28 112 40 48 36 176 40 80 52 240 120 80 92
49 8 80 4 113 40 80 44 177 40 80 68 241 248 176 68
50 24 16 44 114 56 16 36 178 40 16 76 242 248 48 68
51 40 16 36 115 72 16 68 179 40 80 76 243 200 112 172
52 8 16 52 116 88 16 20 180 56 48 36 244 184 144 140
53 248 240 220 117 184 16 28 181 56 112 44 245 184 144 124
54 120 16 4 118 216 16 12 182 56 48 52 246 168 176 196
55 104 16 4 119 216 208 252 183 56 80 52 247 168 112 188
56 152 16 4 120 248 240 196 184 72 80 4 248 152 144 172
57 40 48 4 121 248 240 204 185 72 16 28 249 152 80 140
58 40 48 12 122 8 144 12 186 72 16 76 250 136 16 28
59 248 208 252 123 8 16 84 187 72 80 76 251 88 16 180
60 8 112 4 124 24 48 44 188 72 80 92 252 56 48 164
61 8 80 12 125 40 80 36 189 72 16 204 253 8 208 4
62 8 80 28 126 56 48 20 190 88 48 4 254 152 208 172
63 56 16 12 127 56 112 52 191 88 16 44 255 136 208 148
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Table 3. RGB data for Fig. 7.

Color R B G Color R B G Color R B G Color R B G

0 8 16 4 64 40 48 20 128 216 240 204 192 200 240 228
1 136 16 4 65 248 208 252 129 232 208 228 193 8 48 52
2 0 0 128 66 40 48 4 130 8 144 20 194 24 144 4
3 128 0 128 67 56 16 12 131 8 112 36 195 24 112 12
4 0 128 0 68 184 16 4 132 24 80 28 196 40 112 36
5 128 128 0 69 8 16 52 133 56 48 28 197 56 80 12
6 0 128 128 70 200 16 4 134 56 48 44 198 56 48 36
7 192 192 192 71 216 240 244 135 56 16 60 199 56 16 76
8 200 208 220 72 24 80 12 136 72 16 36 200 56 112 76
9 168 240 204 73 216 16 4 137 72 16 52 201 72 80 28

10 8 16 132 74 216 240 252 138 72 48 52 202 72 240 84
11 136 16 132 75 8 80 36 139 88 16 52 203 88 80 76
12 8 144 4 76 56 16 20 140 120 16 84 204 88 144 92
13 136 144 4 77 8 16 60 141 152 16 20 205 104 48 4
14 8 144 132 78 24 80 20 142 184 16 28 206 104 48 84
15 200 208 196 79 248 208 244 143 200 16 12 207 104 112 100
16 24 16 12 80 216 240 228 144 232 240 212 208 104 144 108
17 8 16 12 81 248 208 236 145 248 240 212 209 120 16 20
18 8 16 20 82 40 80 4 146 248 208 228 210 120 48 76
19 24 16 20 83 40 48 28 147 40 80 12 211 120 144 116
20 24 16 28 84 232 208 244 148 40 80 52 212 136 16 20
21 8 16 28 85 40 16 44 149 56 80 28 213 136 112 124
22 24 16 4 86 56 48 4 150 56 16 52 214 136 144 132
23 232 240 244 87 232 208 252 151 56 48 52 215 152 16 36
24 248 240 244 88 40 16 52 152 72 80 4 216 152 144 124
25 232 240 236 89 56 80 4 153 72 16 12 217 152 240 132
26 248 240 236 90 8 112 12 154 72 16 68 218 184 240 196
27 232 240 252 91 8 16 68 155 104 16 36 219 232 208 220
28 40 16 12 92 24 48 36 156 104 144 116 220 248 176 236
29 248 240 252 93 56 16 28 157 120 16 92 221 8 144 28
30 40 16 20 94 248 240 220 158 120 16 100 222 8 80 60
31 24 16 36 95 40 48 44 159 136 240 148 223 8 80 68
32 8 16 36 96 72 48 4 160 168 16 28 224 8 112 76
33 40 16 4 97 8 112 20 161 216 240 212 225 248 80 76
34 24 48 12 98 8 48 44 162 216 208 244 226 216 112 244
35 8 48 12 99 40 80 20 163 8 112 44 227 200 144 204
36 40 16 28 100 200 16 20 164 8 16 76 228 184 144 140
37 8 48 20 101 8 112 28 165 8 16 84 229 168 208 180
38 24 48 20 102 8 80 44 166 8 16 108 230 168 80 164
39 8 48 4 103 24 112 4 167 24 112 20 231 56 80 148
40 8 48 28 104 40 48 36 168 40 112 4 232 56 240 164
41 24 48 4 105 72 16 28 169 40 112 44 233 72 144 4
42 56 16 4 106 216 240 220 170 40 48 52 234 168 80 148
43 232 240 228 107 232 16 4 171 56 80 44 235 152 144 188
44 24 48 28 108 232 240 220 172 72 16 20 236 152 240 164
45 248 240 228 109 8 l44 12 173 72 48 44 237 152 176 108
46 8 80 4 110 24 80 44 174 72 80 68 238 152 16 68
47 72 16 4 111 40 80 36 175 72 240 68 239 88 240 164
48 8 16 44 112 216 16 12 176 72 240 76 240 136 144 172
49 88 16 4 113 8 80 52 177 88 16 20 241 136 112 76
50 24 16 44 114 56 48 20 178 88 112 92 242 120 176 156
51 8 80 20 115 184 16 12 179 104 16 12 243 104 80 60
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Table 3. (Continued)

Color R B G Color R B G Color R B G Color R B G

52 104 16 4 l16 248 176 252 180 104 16 20 244 88 112 140
53 8 48 36 117 24 16 52 181 104 80 116 245 72 16 100
54 168 16 4 118 40 80 28 182 104 112 116 246 88 16 180
55 8 80 12 119 56 16 36 183 120 112 92 247 56 48 244
56 40 48 12 120 56 16 44 184 120 80 108 248 8 208 20
57 40 16 36 121 216 208 252 185 120 176 132 249 8 208 4
58 8 80 28 122 232 208 236 186 136 16 44 250 248 144 84
59 152 16 4 123 24 80 36 187 136 48 92 251 184 144 188
60 8 112 4 124 24 16 60 188 152 112 116 252 168 176 156
61 24 80 4 125 56 48 12 189 200 16 28 253 168 16 52
62 120 16 4 126 56 80 60 190 200 240 196 254 152 144 92
63 216 240 236 127 72 112 108 191 200 240 220 255 136 112 156

Table 4. RGB data for Fig. 8.

Color R B G Color R B G Color R B G Color R B G

0 8 16 4 64 152 16 4 128 248 16 100 192 120 240 140
1 136 16 4 65 248 176 244 129 248 80 148 193 120 80 132
2 8 16 132 66 248 144 236 130 248 144 212 194 168 48 164
3 136 16 132 67 8 112 12 131 248 80 220 195 184 16 148
4 8 144 4 68 248 176 236 132 8 144 28 196 168 176 164
5 136 144 4 69 8 112 20 133 24 112 20 197 184 16 132
6 8 144 132 70 40 48 20 134 24 80 36 198 168 80 148
7 200 208 196 71 56 16 12 135 40 16 44 199 200 16 68
8 200 208 220 72 200 16 4 136 56 80 28 200 56 112 76
9 168 240 204 73 248 176 252 137 56 16 44 201 216 16 92

10 8 16 28 74 24 80 12 138 88 16 196 202 88 16 108
11 8 16 60 75 248 176 228 139 104 240 164 203 88 80 4
12 8 16 84 76 8 80 36 140 200 16 20 204 248 16 60
13 8 16 116 77 40 48 12 141 216 240 244 205 72 240 188
14 8 16 140 78 56 16 20 142 248 16 76 206 248 112 100
15 8 16 172 79 248 144 220 143 248 48 76 207 72 112 148
16 24 16 12 80 248 208 220 144 248 112 132 208 72 16 76
17 8 16 12 81 8 112 28 145 248 48 148 209 72 16 60
18 24 16 20 82 8 16 52 146 248 80 164 210 248 240 180
19 8 16 20 83 184 16 4 147 248 176 196 211 56 80 172
20 24 16 28 84 216 16 4 148 8 80 52 212 40 16 124
21 24 16 4 85 24 80 4 149 8 16 92 213 40 16 68
22 232 240 244 86 40 48 4 150 24 48 44 214 8 240 164
23 248 240 244 87 232 208 244 151 232 16 4 215 8 80 140
24 248 240 236 88 24 80 28 152 232 240 220 216 248 240 156
25 232 240 236 89 248 144 252 153 248 48 124 217 248 176 76
26 232 240 252 90 8 112 36 154 248 48 140 218 152 240 140
27 248 240 252 91 24 80 20 155 248 112 188 219 136 240 156
28 40 16 12 92 24 48 36 156 248 112 204 220 216 16 116
29 40 16 20 93 248 112 244 157 248 112 212 221 152 16 92
30 8 16 36 94 248 144 244 158 248 176 212 222 200 80 84
31 24 16 36 95 8 144 12 159 248 48 244 223 168 80 108
32 8 48 12 96 248 176 220 160 248 48 252 224 168 16 68
33 40 16 4 97 248 80 236 161 8 176 4 225 152 48 28
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Table 4. (Continued)

Color R B G Color R B G Color R B G Color R B G

34 8 48 20 98 8 80 44 162 8 176 12 226 136 16 164
35 24 48 12 99 248 112 236 163 8 16 76 227 248 80 60
36 24 48 20 100 24 16 52 164 40 80 12 228 136 48 68
37 40 16 28 101 248 240 212 165 56 16 36 229 104 16 132
38 8 48 4 102 40 48 28 166 104 16 156 230 104 112 108
39 8 48 28 103 200 16 12 167 120 16 92 231 88 80 212
40 248 240 228 104 8 48 44 168 120 144 148 232 88 16 212
41 8 80 4 105 8 16 68 169 152 16 148 233 248 16 196
42 56 16 4 106 56 16 28 170 200 16 28 234 88 16 172
43 24 48 4 107 248 80 212 171 248 80 84 235 72 176 100
44 8 80 20 108 248 80 228 172 248 80 124 236 72 176 84
45 72 16 4 109 248 112 228 173 248 48 156 237 56 240 164
46 8 16 44 110 8 144 36 174 248 112 156 238 8 80 68
47 24 48 28 111 88 80 76 175 248 80 180 239 8 240 28
48 248 208 236 112 88 80 84 176 248 48 212 240 248 176 172
49 8 80 12 113 232 208 252 177 248 16 220 241 200 16 52
50 88 16 4 114 248 240 204 178 248 48 228 242 184 16 100
51 8 112 4 115 8 144 20 179 248 144 228 243 168 112 132
52 248 208 244 116 72 80 76 180 248 80 244 244 168 16 116
53 232 240 228 117 248 208 212 181 8 176 20 245 136 12 172
54 104 16 4 118 8 112 44 182 8 176 28 246 136 16 44
55 248 208 252 119 24 112 4 183 40 80 28 247 56 48 92
56 8 80 28 120 40 80 4 184 40 48 36 248 72 16 156
57 8 48 36 121 56 80 4 185 40 80 36 249 72 240 76
58 120 16 4 122 72 16 12 186 56 48 4 250 8 144 68
59 40 16 36 123 72 16 28 187 72 80 68 251 216 16 164
60 248 208 228 124 216 240 252 188 72 240 148 252 88 240 124
61 24 16 44 125 232 208 236 189 104 80 148 253 216 16 140
62 168 16 4 126 232 176 244 190 104 112 60 254 120 16 28
63 248 240 220 127 248 48 92 191 120 16 108 255 104 144 124

Table 5. Relationship between pixel re-grouping and
impact damage.

Sample Number of
Re-grouped pixels

Reference (zero impact) 29 267
28.6 J impact 15 510
42.6 J impact 23 096
28.6 J & 42.6 J impacts 23 467
55.6 J impact (fiber breakage) 27 283

pixel-regrouping table (Table 5), is used to val-
idate the theoretical considerations:

From the obtained images and Table 5 the
following can be stated:

(i) The initial reference value indicates a near
perfect sample.

(ii) At low impact energy, the re-grouped pixels
represent a small damaged area.

(iii) As the impact energy increases, the dam-
age propagates such that the number of re-
grouped pixels that share common features
increases.

(iv) When the impact energy exceeds the sam-
ple threshold (function of sample thickness
and fiber orientation), the total number of
pixels sharing similar features (damaged)
will increase and start to approach the orig-
inal number of undamaged pixels.

From Table 5 and taking into consideration the
derived mathematical equations, we obtain the
following:

(i) When there is little or no damage:
Number of regrouped pixels will almost
equal to the original number 29 267/
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29 267 = 1 which is consistent with tr �
td and limtd→0 k = 1.

(ii) When there is damage and tr
∼= td:

15 510/29 267 = 0.53, and limtd→tr k = 0.5.
(iii) When the damage is severe then tr � td:

The response depends on both tr and td

and might approach one if total damage
occurs to the sample:
27 283/29 267 = 0.93.

These above observations are consistent with the
developed mathematical model.

From Table 5 we notice an initial decrease in
the pixel regrouping value due to 28.6 J impact.
This is expected, as the damaged area will serve
to decrease pixel regrouping for similar levels.
However, the regrouping number increases as
the impact energy increased using either mul-
tiple impacts (28.6 J and 42.6 J) or increase
the level of a single impact (42.5 J, 55.6 J).
This steady increase in the re-grouping num-
ber to reach comparable value to the reference
sample as the fiber starts to break is another
proof to the validity of the mathematical model,
which this work developed. When impact level
increases beyond a certain threshold and causes
total failure in the component, the pixel re-
grouping returns to a similar value to the ref-
erence non-damaged component as almost the
whole of the sample becomes damaged, which
reduces the differential between damaged and
undamaged areas significantly. This behavior is
realized and noted in this paper under what we
call Closed Ring model and shown in Fig. 9.
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Fig. 9. Closed ring model.

Table 6. Relationship between impact
energy and tensile strength for the tested
RIM composites

Impact Energy (J) Tensile Strength

(N/mm2)

Reference (Zero Impact) 208.29
14.3 206.82
28.6 205.68
42.6 180.91
55.6 153.48

Table 6 further supports our model and the
reviewed literature, as it shows a decrease in the
tensile strength due to increase in impact energy
to reach a very low level at 55.6 J.

6. Conclusion and Future Work

The TVT technique and the established Closed
Ring (CR) model can be used as a viable alter-
native or screening procedure for the traditional
NDT methods. It can detect the same type of
defects but does not require two-sided access,
typically has a fast area scan rate, and can be
non-contact. A test specimen is pulsed with a
low heat source to create a traveling tempera-
ture gradient within the test specimen. Flaws
or irregularities alter the flow of heat, produc-
ing temperature contrasts at the surface that
are video captured via computer. TVT tech-
nique can then be applied to the surface image
to characterize the flaw and predict performance
capability [Trétout et al., 1994; Hagan et al.,
1996; Santey & Almond 1997; Bison et al., 1998;
Maldague & Largouët, 1998].

The development of a TVT computer work-
station using off-the-shelf components would
have the benefits of low cost, ease of use, porta-
bility, and flexibility of application.

In this paper a new techniques and model
is provided and validated. This innovated tech-
nique is capable of fast analysis of captured TVT
images and other image formats, with smart
engine based on feature extraction and Neural
Networks adding the advantage of damage
prediction. Further development of the sys-
tem is possible to improve its accuracy and
widen its range of applications [Foucher, 1999;
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d’Ambrosio et al., 1995; Sakagami & Kubo,
1999].
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