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Abstract

This paper will describe and compare the capabilities ofowsr non-destructive
thermographic procedures for evaluating defects in airc@ftposite materials. The
information is derived from joint projects between HS#nd NTU.

Lockin thermography is used by RSAF and other aircraftpeones. It involves actively
applying sinusoidal thermographic waves to the specimen asdrnatg phase and
amplitude changes at the specimen surface in order to tvatractural information
below the surface. Experiments were performed to evallefect characteristics such as
depth, size and shape. The specimen contained very wige o delamination defect
sizes and depths. Finite Element and theoretical mod#lgh included convection
current considerations, were developed and will be predenthese showed good
correlation with the experimental results. These rsodeable optimum frequencies and
avoidance of blind frequencies to be predicted.

Also experimental results will be presented using lakerntography which involves
controlled heating of the structure surface using a las®t analysis using a
thermographic camera.

Finally experimental results will be presented compariegctpabilities of lockin, pulse
reflection thermography, though transmission thermografagsger thermography and
ultrasonic C scan will be presented.
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1. INTRODUCTION

This paper describes experiments conducted using variousoipeqphic non-destructive
testing procedures on a carbon fibre composite specinterd@lamination defects
embedded in it. Lockin thermography evaluations are destuithich involve
experimental, finite element and theoretical modelskwbhnis technique is currently
being used by RSAF. Other techniques include pulse reflecting adamp and a laser
for heating the specimen. Ultrasonic “C’ scan resaflésalso presented. All techniques
are compared.

2. SPECIMEN



Carbon-fibre-reinforced plastic (CFRP) specimen

A bi-directional graphite composite specimen with in-pgaindefects was fabricated and
cured in an autoclave.

Size of specimen :0.3mx0.3m
Number of layers in the specimen  : 30
The laminae orientations were 0°/90° crossply throughwuthickness of the specimen.
The thickness of each layer was approximately 0.15 mmgaitotal specimen
thickness of about 4.5 mm.
Defect locations between: a) 2nd and 3rd layer (depth 0.3mm)
b) 4th and 5th layer (depth 0.6mm)
c) 6th and 7th layer (depth 0.9mm)
d) 8th and 9th layer (depth 1.2mm)
e)10th and 11th layer (depth 1.5mm)
f) 15th and 16th layer (depth 2.25mm)
g) 20th and 21st layer (depth 3.0mm)
( As shown in Figure 1)

N. B. In this paper a defect between the 2nd and 3rd lalldyendentified as a 2nd layer
defect and so on. Therefore defects of sizes 1,2,6,8 anoh 11 diameter were inserted
at each of the above mentioned layers.

Defect material : 3 layefgeel ply
The defects were made by laying the 3 layers of peel plioprof each other at the

appropriate positions during the production of the specimbea.total thickness of the 3
layers together was 0.2mm.
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Figure 1. CFRP specimen with in-planted defects of various sizes and locations
(Dimensionsin mm)

The same specimen was used all for all tests and heogeate comparisons could be
made between the capabilities of the test procedures.

3. EQUIPMENT
3.1 Lock-in thermography equipment
The lock-in thermography system used in this work is &@EKA Thermovision 900

system. It consists of an infrared camera, a systamroller (a computer), a heat source
(1 kW-halogen lamp with an infrared filter) and a lock-iadule (Figure 2).



TH% 900
IR Scanner

Halegen lamp

@—%‘

e
LOCKIN

Thermal
Mif ave Source

| LOCKIN hadule

T3 m

AGEMA

Thermovision
800

N N .
e, e

: THW Q00
WA Manit
| Syetem Controller

Figure 2. Lock-in system

The heat source is driven by the lock-in module tlatantrolled by the system
controller. As the heat source is modulated digitdhg intensity of the heat source is an
approximate sine function. The lock-in module controts ittspection frequency which
ranges from 0.0037Hz to 3.75Hz.

During the inspection, the IR camera is used to recordsbdlating surface temperature
of the inspected object. The image recording is symihed with the modulation
frequency and the IR camera takes 4 images within orle gygure 3). The lock-in



system gets 4 signal values S1, S2, S3 and S4 in everyptkel image the indices refer

to recording time. From these values the system cédsutaphased() image according
to the following basic equation:

(1)

p= arcta{ﬁ}
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Figure 3. Signal acquisition during thermal wave cycle

All results shown subsequently in this paper concerrptiase value which is computed
and displayed by the thermographic lockin camera. Anatméable magnitude which

can also be computed and displayed by the camera. Thisdiémom the square root of

the sum of (8— S)*- (S — S)2 The procedure is called lockin magnitude. These are not
shown in this paper but some discussion of the datanelotaire described in section 5.3.

3.2 Laser system

A general pictorial view shown in Figure 4.




Figure 4. M odu-laser system

The Stella-Pro is the most compact and powerful lasés class. With the laser tube,
power supply, and cooling fans integrated into a single package Stellar-Pro is
completely self-contained making it extremely compaxtt efficient. The Stella-Pro has
a multi-line outputs delivering up to 230mW of power.

4. EXPERIMENTAL PROCEDURE
4.1 L ock-in thermography

The experiments were performed in a large room ancbthra temperature was about
23°C. The infrared camera of the lock-in system wasiposi at 0.6 metre and
perpendicular to the test specimen. The heat sourceas#tfoned at 0.5 metro from the
specimen. The lens was then focused on the specimesp&benen was heated to about
80°C with maximum power to shorten the time required &xhhehe steady state.
Subsequently, the specimen was heated periodically aetbeted frequency. A steady
state was established when the variation of the peak wdlithe oscillating temperature
of the specimen surface was less thaA@.9he thermal wave data of the object surface
was then collected to produce phase images. The specirseatetemted at different
modulation frequencies ranging from 0.0037 Hz to 0.93 Hz.

In the room, there was no obvious airflow. Hencecttravection occurred at the
specimen surface was approximately considered as freeatmmven steady state, the
average temperature of the front surface was about 7s°@amverage temperature of
the rear surface was about 71°C. In this situation, @bioveand radiation occurred
simultaneously at the surface of the specimen.

4.2 Pulse reflection thermography

This involves heating the specimen with a heat pulse fhensame lamp as used for
lockin thermography. The same camera is then used to manigahanges in
temperature of the surface of specimen. Any subsudefeets present may reflect the
pulse of heat energy back to the surface. This heatutfece above the defect and
hence the presence of the defect is detected.

4.3 Laser thermography

The argon laser beam is directly at the CFRP speciamehthe surface temperature
monitored with the thermographic camera. Only a smadllioed area is heated and
hence only this small area is assessed. The laserib¢hem moved to an adjacent area
to monitor this area. If the temperature of the surfeses this is indicative of the
presence of a defect for the same reason as mentimsedtion 4.2. The camera was
fixed at a distance of 1000 mm from the specimen. Thendisthetween the laser and
specimen was 150 mm. Only the 11 mm defect at a depth of 0 \8amsraxamined.



5. RESULTS AND DISCUSSION

5.1  Lock-in thermography - effect of modulation frequency on phase difference
produced by defects

Figure 5 shows some phase images (left) and phase pptifte (right) of the 11 mm
defects of the specimen. In the phase images, eaehrppresents a phase value related to
the phase difference between the oscillating surfacgérature and the heat source. From
left to right, the depths of the defects are 1.4 mm, mi® 0.84 mm, 0.56 mm and 0.28
mm, respectively. The right side images of Figure 5 pietghase values of a line, which
crosses the central points of the 11 mm defect imagéeeileft side phase image. It can be
seen that there are phase differences between teetidefareas and non-defective areas.
Hence the subsurface defects can be detected.
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Figure 5. Thermograms and phase profile plots of 11 mncidefe

Figure 6 (a) - (c) show the differences between tirakepoint phase values of the 11 mm
defects and the average phase values of the non-defactas. The figures plot both the
results obtained from the photothermal model (See Apggradid the experiment. The
figures indicate that the theoretical and experimemtgllts have similar trends. The phase
differences obtained experimentally are larger tham thdained theoretically. This is
because that there are some air holes in the epsiy between the Teflon films. During
the fabrication of the specimen, although the autocla® maintained at high vacuum and
the specimen was under high pressure, the air betweedfen films could not
completely escape from the melt epoxy resin. The wffechermal conductivity and
density of the epoxy resin with air bubbles are lowen that of pure epoxy.
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(a) Defect depth=0.56 mm
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(b) Defect depth=0.84 mm
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(c) Defect depth=1.4 mm

Figure 6. Phase differences between defective areas and non-defective areas produced
by 11 mm defects (theoretical results and experimental resultsfor defects with
different depths)

From Figure 6, it can be observed that there existequéncy for a specific defect at a
certain depth such that there is no phase differenca wery small phase difference
produced by the defect. Therefore the defect cannot beetcthis frequency, which can
be called ‘the blind frequency’. There are another tweaigp&equencies at which a certain
defect produces maximum positive or negative phase diffese The two frequencies are



named as the ‘optimum frequencies’. Figure 6 also indicdiat the blind frequencies and
optimum frequencies change with the defect depths. Tlepedethe defect depth, the
smaller the blind frequency and optimum frequency are.

In practical inspection, the blind frequency should bedaaiand the optimum frequencies
should be selected. The ‘blind frequencies’ and ‘optimunqguieecies’ obtained

theoretically are very close to those obtained exparially. Also, when the size of a
laminate shape defect is much larger than the therrfasidin length, the defect size does
not affect the blind frequency and optimum frequency. Hetioe,photothermal model

described in the Appendix can be used to predict the optidfmrequency and blind

frequency.

It can also be observed from Figure 6 that the maximlase differences produced by the
defects with the same size decrease with the defeth.dgpth the experimental result and
theoretical results indicate that the maximum diffeee produced by an 11-mm defect,
which is at a depth of 1.4 mm below the surface, istless 5 degrees. When the defect
depth increases further, the defect cannot be detected.

Finite Element Modeling was also conducted to suppotthinaretical model. Figure 7

shows the close correlation between the two procedoré&M provides an effective
modeling procedure for Lock-in thermography.

10 4

OA¢

1
0.5000

Phase difference (deg)

T T T T T T T
0.000¢ 0.0500 0. —0.1500 0.2000 0.2500 0.3000 0.3500 0.4000 0.4500
-2 4
-4

-10 -

Frequency (Hz)

‘—><— Theoretical result 4 FEA result‘

Figure 7. Comparison between the theoretical and finite element plot
Defect depth=1.4 mm (ref. Figure 8 (c))
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Figure 8 shows the result for a non-defective aredh®rdmposite specimen. The laser was
directed at the specimen heating up just a small arde gpbecimen. The temperature
reaches an equilibrium value of about 54°C after abouts8 Begure 9 shows the result by
directing the laser beam directly at the known ceottte 11 mm diameter and 0.3 mm
deep defect. The temperature reaches an euilibrium vhal®mat 66 °C after about 12 secs.
The detected hotter area over the defect clearly itetidae detectability of the defect. A
disadavantage is that it takes 12 secs before a readirigedaken.

Figure 10 shows the surface temperatures of the specsiba &ser is moved across the
specimen. At each point, the laser was stopped for Joséue the temperature was taken.
A good temperature contrast is seen for the defediafta?0°C (68 — 48). The defect was
also sized quite accurately with the sizing procedure efraing the edge of the defect
just before the temperature drops down to the average@iective area temperature.

Figure 11 shows variation of the surface temperaturetbeerentre of the defect with time
using laser and then lamp heating. The heating was startétisecs and switched off at
“12” secs in both cases. The laser reaches a coablgdiigher temperature and contrast
than the lamp indicating that the laser procedure hadegreensitivity than conventional
lamp heated pulse reflection thermography.

Figure 12 shows the surface temperatures of the specsiba &ser is moved across the
specimen and also the temperatures using a lamp. The defgtias a contrast of about
3°C compared with the laser of 20 °C again indicating dhsiderable enhancement of
sensivity using the laser.
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Figure 8. Surface temperature of specimen vs. recording time for a non-defective area
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Figure 9. Surface temperature of specimen vs. recording time for a defective area
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Peak contrast for 11mm defect using lamp
and stationary laser
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Figure 11. Temperaturevs Time for the 11 mm diameter defect using alamp and
stationary laser
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Analysing 11 mm defect using moving laser and lamp
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Figure 12. Temperaturevs Time for the 11 mm diameter defect using a lamp and
stationary laser

5.3 A COMPARISON OF VARIOUS NON-DESTRUCTIVE TESTING
TECHNIQUES

Figure 13 shows a comparison of various non-destructitieagéschniques on the

specimen. The chart shows an approximate experimemtglareson only based on whether
a defect was detectable or not. The smaller and deepérch idethe more difficult it is to
detect. Ultrasonic "C" scan is still the most sensitaehnique followed by lockin phase
thermography, shearography, lockin magnitude and then coomahpiulse thermography.
The shearography test procedure and results are descrileddrance 4. The reflection
results refer to the procedure which applied a heat puldetspecimen surface and the
defect detected by the heat profile above it. Only thg Ineated pulse reflection are shown
since only one defect (the 11mm diameter at 0.3mm) veessad using laser thermography.
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Figure 13. A comparison of various non-destructive testing techniques
6. CONCLUSIONS

Generally the order of defect sensitivity found wa$ $€an ultrasonics, lock-in
thermography and then shearography. However for near sutédects and for testing
thin materials, the latter two techniques are approachirgsalind’s sensitivity. They
have the additional advantage of being remote fastenigues and also would be able to
test specimens with some slight contours, as imadirstructures, more effectively.

A theoretical model, finite element modeling and experialeesults of lock-in phase
thermography showed reasonable close correlation withaaer,

The model developed for lock-in phase thermography enablélselmtimum frequency
for an application to be predicted (i.e. the frequencingithe maximum defect contrast).
The blind frequency when no defect can be detected alsed&ted. This removes the
current trial and error process involved to determinefgtenum frequency for testing.

The laser thermography technique was shown to have coalsiglgreater sensitivity for
a large defect than the conventional lamp pulse therapbgr The disadvantage is the
considerably longer time needed for the latter technique sinly a small area can be
tested at once and a testing time of 3 secs is neededdbrsmall area test.
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APPENDIX: THEORY FOR LOCKIN PHASE THERMOGRAPHY 2

An infinitely large multi-layer plate with finite thkmess is considered. The plate consists of
n thermally different media 1 to n and it is surroundedably The different media are
separated by planar interfaces (at x;xxX..%,-1). The thermal properties of the system are
labeled: kthermal conductivityp; density, ¢ specific heat and; thermal diffusivity with
i=1, 2[I n. A modulated planar heat source is applied to the dteface of medium 1.
Medium 1 is the opaque front surface of the plate. Theilolited heat fluof the heat
source is (Q2)[1+cosfx)], where Q is the intensity of the heat soureejs the angular
modulation frequency and t is time.

In each layer, the temperature distribution obeys thergéheat transfer equation
2°T, pc dT,
d?x kot
where T is the temperature in medium i; the parameter x ipgreicular distance from the
front surface and at the front surface x equals to O.

=0 X2 X2 X1 and i=1ton (A1)

The front surface is heated by the heat source. At thet front surface and the rear surface
convection and radiation occur due to the surface temperaturhigher than the
environment temperature. Hence, at the two surfaces threlaoy conditions are:

1 9T _ Qo _ _
k, X 2 [L+cos(wt)] —h (T, -T,)
= Re{%[1+ exp(jat)l} —=h, (T, -T.) x=0, t>0 (A2)
—kn%: h (T, -T,) X=X >0 (A3)

T; = the temperature of the front surface

T, = the temperature of the rear surface

T.. = the air temperature measured at a point far aveawy the surfaces
hs = the heat transfer coefficient of the front suefac

h, = the heat transfer coefficient of the rear surface

At the interfaces between two media, the heat 8ucontinuous and there exist a thermal
contact resistance between the two media. As suchptinedary conditions are:
oT. 748

vl Ch v X=X (A42)
_ 0T, .
Tau-T =R ,i+lki+1 a—X (i=1,20h-1) (Adb)

where, R+ is the thermal contact resistance between medamd medium i+1.

The heat flux is divided into two parts,/@ and (Q/2)exp(pxt), which produce a dc
temperature increase and an ac thermal modulation tegdecWhen a steady state is
reached, the solution of Equation (1A) has the form:

Tt =T, (x) +T,()exp(jat)  i=12,A ,n (A5
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where Ti(x) and Ti(X)exp(jut) are the dc component and the ac component of the
temperature in layer i, respectively. In practical inspectthe variation of surface
temperature is seldom larger than 10°C. Hence, it iomabte to assume the heat transfer
coefficient as a constant.

As the dc component of the temperature does not changéimé, it obeys the following
equation:

dZT%i ) _q
d“x
(A6)
subject to the boundary conditions:
dT (X
—k gx(_) = % -h, (T, -T.) x=0 (A7)
EPRLPLCY Ry S X=X (A8)
_ daT, .
DL L TE) x=% (i=1,2Mh-1) (A9a)
dx dx

T =T =Rk, STt i=1,2Mh-1 A9b
d (i+1) i T NN dx =X (" 20N ) ( )
Tq = the dc temperature component of the front sarfac
Tqr = the dc temperature component of the rear surface
Because only the ac temperature components areiruseck-in thermography, the primar
interest is in the ac component. Substituting BquabA) and Equation (6A) into Equation
(1A) and omitting the dc component, the followirguation is obtained:

exp( jwt){m— PLad (x)} =0

d?x k

X, 2 X2X_,, X, =0 (A10

and the boundary conditions of equation are:

—k dT . (X) _ Qo

Y o hT X = 0, (A11)
“k, dTan(X) = hT, X=X (A12)
X
_ dT .
K _dJa. _ kiﬂ% x=x,i=LA ,n- 1 (Al3a)
X X
_ dTa(i+l) — H—
Ta(i+l) -Ty = Ri,i+lki+l dx X=X, =2NA ,n-1 (Al3b)
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where

Tar = the spatial dependence of the ac temperature compoiiet front surface
Tar = the spatial dependence of the ac temperature compaoiritet rear surface
The solution of Equation 10A has the following form:

T, (x) = A exp(-0,x) + B, exp( 7, x) (A14)
o= @1+ j)(LJ . i=12A .n
2a,

Considering the boundary conditions Equation (1icAEquation (13A), Aand B can be
obtained from the following equation:

kg g+ 0 0 A 0 0 0 0 ]
% & (4kgRe® (1kaRe%A 0 0 0 0
kae™ Kage®  KaE™ kae® A 0 0 0 0
0 0 e e A 0 0 0 0
0 0 ko™ KaE® A 0 0 0 0
M M o) o) M o) o) M M o
0 0 0 0 A (_:HﬁrlUmJerrﬂeﬂﬂm (Krlarrl_]erZrﬂéhm 0 0
0 0 0 0 A Kggim k g &% 0 0
o 0 0 0o A g Sl Mk aRye™ (kg-IR,€™
0 0 0 0 A kgge *.. G £ Kae™ Kae™
L0 o0 0 0o A 0 0 kahle™ kg™ |
T
/A B ABAAEB, A, B A E%]T{%OOOOOOOOOO}
(A15)
At the heated surface (front surface), the spdealendence of ac temperature component is:
T.=Ta0=A+B (A16)
® = Arg(A +B)) (A17)

Here, A+B; is a complex quantity®d is the phase angle of 1#ABy, i.e. the phase difference
between the surface temperature and heat source.
For a plate that only has one layer, Equation (1somes

(hf + klal)Al + (hf - klal)Bl = QO / 2 A18
[(=h, +k,0,) exp(=0 XA, - [(h, + k,0,) exp(0,x,)]B, = O (A18)
- & D (hr + klal) [exp( 201)(1) (Alg)
2 (hf + klal)(hr + klal) EEXp( 20X1) - (hf - klal)(hr - klal)
B, =2 (0, =) (A20)

2 (hy +ko,)(h +ko,)exp(20,% - (h; - ko,)(h -k0,)
and the phase difference between the surface tatoperand the heat source is:
(h, + ko)) exp(20,%,) - (h; —k,0,)

A S a(h, + ko) Exp(20,0,) - (h, —kay)(h — ko) 2D

This model can be used to predict the phase vaused by a laminate defect. In a plate
the area without defect can be considered as a demeous plate and the phase value of

19



non-defective areaon-defective Can be calculated with Equation (21A). On the other hand,
the area with a laminate defect can be considered adtidager structure. The internal
layers can be air gaps or other inclusions. The phdge ghthe defective are®({eseciive)
can be calculated with Equation (17A). The phase difterdetween the defective area and
non-defective area is:

AP = D ive ~ P ron-detective (A22)

ht, the heat transfer coefficient of the front surface h, the heat transfer coefficient of the
rear surface are assumed to be equal for the specintiis paper and its determination is
described in reference (3).

ACKNOWLEDGEMENTS

All the lockin thermography work was conducted by Dr BaiWn
The laser thermography work was conducted by Mr Lim Qingwei

REFERENCES

1. Wong, B. S., Tui, C. G., Low, B. S. and Bai, W. “Tinegraphic and Ultrasonic
Evaluation of Composite Materials”, Insight, UK, VdlL, No. 8, pp. 504-509, 1999.

2. Bai. W, and Wong, B. S. "Evaluation of defects in posite plates under convective
environments using lock-in thermography", Measurement Scemtd echnology, UK,
Vol. 12, pp. 142-150, 2000.

3. Bai. W., and Wong, B. S. "Photothermal models fordmcthermographic evaluation
of plates with finite thickness under convection caadg”, Journal of Applied Physics,
USA, Vol. 89, No. 6, pp. 3275-3282, 2001.

4. Bai. W., Tui, C. G.. Wong, B.S. and Murukeshan V. Mqgckin Thermographic
Evaluation Of Composite Materials”, European Confereffidéom-Destructive Testing,
Barcelona, Spain, 2002.

5. Lim, Q. “Laser and Thermographic Evaluation of MatefjdFinal Year Project,
Nanyang Technological University, MAE, 2007/2008.

20



