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Abstract. A thermal imaging apparatus is described for the nondestructive
detection of subsurface defects in materials that would not usually lend
themselves to thermal imaging because of their low emissivity and high
susceptibility to background reflection noise. This is accomplished by
transferring the thermal image produced by surface temperature pertur-
bation of the workpiece material to a high emissivity material with which
it is continuously brought in contact. The transferred thermal image may
be observed by a suitable infrared device, resulting in a high radiance
image with minimum reflectivity or variable emissivity noise. Numerical
simulations, as well as experimental results, are presented.
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1. INTRODUCTION

Hidden subsurface defects, such as an inclusion, a delamination,
or a lack of bonding in a laminated structure, must be detected
during or after manufacturing to avoid risks of in-service failure.
Thermography]"5 is an attractive technique for such nonde-
structive testing (NDT) of laminar materials. The standard ap-
proach for subsurface defect detection relies on the detection of
temperature discontinuities on the inspected surface above the
defects after heat injection over a wide area through the work-
piece. In the case of a reflective approach, both the detection
pickup and the thermal perturbation source are located on the
same side of the workpiece. The surface temperature of the part
to inspect falls rapidly after the initial heat input as heat diffuses
into the material. The presence of a defect reduces the diffusion
rate so that its position is revealed by a higher surface temper-
ature above its location after the thermal front has reached the
defect interface. In a transmissive configuration, heat is injected
on the workpiece side opposite the surface to be inspected, and
again internal defects will locally perturb heat propagation through
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the workpiece thickness, introducing temperature nonuniform-
ities on the inspected side.

Heat may be injected into the workpiece by means of radia-
tors, infrared lamps, flash lamps, or hot air guns. Alternatively,
the previously heated or naturally hot material may be surface
cooled by a cool-air or water jet (e.g., see Ref. 5, Fig. 10), in
which case a thermal discontinuity over the defect will develop
when the cold thermal front reaches the subsurface flaw. In a
modern thermal imaging system, an infrared camera is used to
continuously display the surface temperature of the thermally
excited workpiece for inspecting relatively wide areas at a fast
pace. The resulting images showing the workpiece surface tem-
perature history may be observed readily or recorded for later
(computer) analysis and archival purposes.

Infrared inspection systems are difficult to apply to the non-
destructive testing of materials having reflective surfaces, such
as metallic sheets or aluminum-to-aluminum adhesively bonded
panels of the kind used in the transportation and aeronautical
industries. Metallic surfaces have a low IR absorptivity and thus
a low emissivity coefficient, typically 5% of the emissivity of
ablackbody. The IR power radiated by the heated metallic work-
piece is exceedingly low, giving a faint thermal image. Even
worse, the presence of grease patches or slightly oxidized areas
on the metal surface may easily change the local surface emis-
sivity from 5% to 10% or 20% of the blackbody emissivity,
creating apparent ‘‘hot spots’’ on the IR image that may be
interpreted as defective areas. Moreover, the high reflectivity of
the metallic surfaces introduces a reflection noise problem, whereby
infrared radiation emitted by warm bodies in the background is
reflected by the metal surface, which acts as a smooth mirror in
the long-wavelength IR region. The reflected image superposes
to the IR emission image, introducing further spurious ‘‘hot
spots’’ and thus further complicating the interpretation of the
thermal image provided by the IR camera.

One possible approach to overcome these problems requires
painting the metallic surface black prior to inspection. The black
painted surface has a uniformly high emissivity independent of
the presence of grease patches, while its reflectivity and thus
the interference problems from nearby warm bodies is exceed-
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Fig. 1. Thermal transfer imaging system using a compliant roller
and (a) a transmissive or (b) a reflective configuration for the detec-
tion of defects of known depth in a laminar workpiece.

ingly low. However, the introduction of a painting procedure
and of a cleaning step after inspection is quite inconvenient for
a technique whose main advantage, when compared to com-
petitive nondestructive testing methods, is the high inspection
speed.

Another method for reducing low emissivity problems is the
use of a reflective cavity.6 By introducing a reflective structure,
such as a hemisphere, above the surface whose temperature is
to be monitored, the effective emissivity is increased by multiple
reflections within the cavity to near-blackbody values. Although
appropriate for the average temperature sensing of a given area,
this approach is inadequate for thermal imaging because multiple
reflections within the cavity tend to average out the IR radiation
emitted by the whole surface enclosed by the cavity. The spatial
resolution required to delimit the defects would thus be lost by
using such an approach.

Another possible approach to deal with the emissivity problem
makes use of a surface heat transfer step.” The inspected surface
is quickly put in contact with an intermediary medium such as
a high emissivity blanket, to which the surface temperature dis-
tribution is transferred. The high emissivity medium can sub-
sequently be inspected without the low emissivity problems men-
tioned above. However, good thermal image transfer and
postcontact retention requirements during the inspection period
place conflicting demands on the transfer medium properties.

In this paper we describe a thermal transfer technique that is
particularly well adapted to a continuous NDT inspection. A
compliant roller provides a transfer medium that is well suited
to on-line applications. Materials having pressure-dependent
thermal propagation properties are investigated in order to ef-
ficiently transfer the thermal image on contact and to reduce
image fading after contact. Different experimental configura-
tions are described and the results are discussed with reference
to a thermal propagation model.

2. QUALITATIVE DESCRIPTION OF THE METHOD

The present device is adapted to the high-rate inspection of large
metallic sheets or otherwise highly reflective materials. The main
objective is to obtain high spatial resolution without needing any
previous sample preparation or postcleaning steps. This is ac-
complished by introducing a back or front surface thermal per-
turbation on the structure to be inspected, transferring the re-
sulting thermal image to a high emissivity material continuously
brought in contact with the inspected workpiece, and imaging
the temperature distribution on the high emissivity material by
an infrared camera.
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2.1. Fixed thermal propagation time configuration

Figure 1 shows a schematic diagram of a first configuration. The
continuous sheets that must be inspected, typically an assembly
of layers adhesively bonded between the top and bottom metallic
surfaces, may contain hidden flaws in the form of delaminations
between adjacent layers. The sheet is driven through the con-
tinuous nondestructive inspection station, including a series of
rollers as well as a heating lamp, extending across the sheet in
a direction perpendicular to the plane of Fig. 1.

In a transmissive configuration [Fig. 1(a)], as the lower sur-
face of the sheet is heated when passing over the heat source,
heat flows from the lower surface to the upper surface. If this
heat flow encounters along its path low thermal conductivity
defects, the heat flow lines will deviate to circumvent the defects,
leaving a relatively cooler area on the regions of the upper surface
above the defects. In a conventional IR nondestructive system,
an IR camera is used to display the temperature distribution
across the upper surface of the sheet, and the observation of
“‘cold spots’’ is related to the presence of defects immediately
below the cooler region. Alternatively [Fig. 1(b)], in a reflective
configuration both the IR camera and the heat source may be
located on the upper surface of the sheet; defects will manifest
themselves in this case by relatively warmer areas (‘‘hot spots’’)
over the low thermal conductivity defects, as mentioned in the
introduction. The reflective configuration is generally preferable
when defects close to the upper surface are to be detected in a
thick sheet, or in general when the lower surface is not easily
accessible.

The difficulty in detecting hidden defects in metallic struc-
tures using the approach described is apparent if one considers
that the temperature differentials that develop between defect-
related hot or cold spots as compared to defect-free areas are
usually in the range of a fraction of 1°C. Although modern IR
cameras have sensitivities of the order of 0.1°C when pointing
toward high emissivity surfaces such as black painted materials,
their sensitivity degrades substantially when a low emissivity
bare metal surface is inspected. Moreover, apparent temperature
fluctuations by several degrees may be introduced when the IR
radiation from the surrounding background is reflected by the
metallic surface toward the camera.

Such problems are reduced by inserting along the inspection
line a high emissivity soft roller that is freely rotating so as to
be in continuous good thermal contact with the upper surface of
the sheet to be thermally inspected. Heat flows from this surface
to the compliant cylinder so that after the contact the temperature
distribution over the surface of the compliant cylinder reproduces
the temperature distribution over the surface of the metallic sheet.
This temperature distribution can be conveniently observed by
pointing the IR camera toward the surface of the compliant roller
either directly or through a reflection from the highly reflective
metallic surface (whose reflectivity is assumed to be close to
unity and thus relatively constant). Because of the high IR emis-
sivity of the compliant roller, preferably made of a black rubber
or foam material, the displayed thermal image observed on the
black roller has a high intensity and is unaffected by background
reflections because of the low reflectivity of the black roller
surface.

More precisely, the compliant roller may be made of a carbon-
powder-filled foam polymer, whose internal porosity ensures a
good compliance and a relatively small thermal conductivity. In
the region of the roller in contact with the sheet surface, the gas
bubbles inside the foam material are mainly collapsed by the
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Fig. 2. Thermal transfer imaging using the same basic principles as
the configuration of Fig. 1, shown in the reflective approach, with a
closed-loop membrane for reduced head encumbrance and a more
convenient erasure of the transferred images.

action of the applied pressure. This results in a good thermal
flow from the sheet within the cylinder during the relatively
short contact time period. After contact, the air bubbles in the
foam are reestablished at their original size, thus reducing ther-
mal flow inside the roller material. As a consequence, the trans-
ferred thermal image will remain for a relatively long time and
with good contrast on the surface of the roller, where it can be
observed at ease by the IR camera.

An auxiliary roller, preferably made of a highly conductive
metal such as copper and cooled through water circulation, is
brought into contact with the compliant roller to effectively erase
the thermal image on the surface. This auxiliary roller could be
replaced with an air-jet curtain, but the use of a contact roller
is preferred because it ensures a better temperature uniformity
along the compliant roller.

It should be noticed that in the configuration shown in Fig. 1,
the imaged temperature distribution corresponds to a fixed ther-
mal propagation time, corresponding to the ratio of the heater-
to-roller distance and the sheet speed. After transfer to the roller,
such a distribution is ‘‘frozen’’ during the imaging step. Con-
sequently, the distance between the thermal source and the roller
must be appropriately chosen in relation to the sheet geometry,
the line speed, and the thermal diffusivity of the sheet material.
In the transmission configuration, Fig. 1(a), the time delay be-
tween heating and contact with the roller for a given sheet section
must be close to the thermal propagation time ¢ ~ d/a through
the sheet, where d is the sheet thickness and a is its thermal
diffusivity. The reflection configuration, Fig. 1(b), is most ef-
fective when the above-mentioned time delay corresponds to the
thermal propagation time Zla to the depth z of the expected
defects below the heated surface. This implies that the depth of
the defects is already known, as in the case where delaminations
are to be detected below a layer of known thickness such as a
coating or a bonded metal skin. A more general configuration
is discussed in the next section.

A further point to be mentioned concerns heating uniformity.
If the low-emissivity workpiece surface presents emissivity var-
iations across its surface, it will correspondingly absorb the heat
lamp energy with different absorptivities, inducing false hot
spots. Such a problem can be avoided by backing the heating
lamp with a parabolic reflector, as shown in Fig. 1. This results
in multiple reflections between the sheet surface and the reflector,
which increase the effective absorptivity to near-blackbody val-
ues independently of the actual surface absorptivity, as discussed
above.

closed-loop
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/ \ Camera
U \

water spray heater / \
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Fig. 3. Thermal transfer imaging system using a closed-loop mem-
brane applied on the workpiece surface for the detection of defects
of unknown depth.

Figure 2 presents a possible variation of the basic configu-
ration of Fig. 1. In this case a closed-loop membrane connects
the compliant and auxiliary rollers together, thus reducing the
space required by the thermal transfer imaging head on the work-
piece surface. Another possible benefit of this modification is
the ease with which the thermal image can be erased on the
membrane because of its length.

2.2. Variable propagation time configuration

The systems shown in Figs. 1 or 2 are mainly useful for the
inspection, in a transmission configuration, of relatively thin,
sheet-like materials or else for the detection, in a reflection
configuration, of shallow defects within a known depth range
in a massive workpiece. When a predetermined defect depth
range cannot be fixed, a different configuration may be used,
as illustrated in Fig. 3. In this case, a closed-loop membrane,
preferably a thin black plastic sheet, is kept in close contact with
the surface of the sheet to be inspected by a system of stretching
rollers. A modest-flow water jet is used to produce by capillarity
a thin liquid film between the pellicle and the workpiece to ensure
a good thermal contact at the interface. After surface perturbation
by the thermal source, heat flows within the workpiece and is
eventually distorted by the presence of subsurface defects leaving
hot spots (or cold spots, for cool thermal perturbation) on the
membrane surface, which are observed by an IR camera.

In contrast to the configurations shown in Figs. 1 and 2, the
thermal distribution seen by the camera in Fig. 3 evolves as the
surface advances. Consequently, the camera, which is neces-
sarily a 2-D camera here, as opposed to Figs. 1 and 2 where a
simple line-scanning device can be used, can detect defects of
progressively larger depth as a given portion of the material
moves across the camera field of view. The depth range of the
defects is thus larger in the case of Fig. 3, while the actual depth
of a given defect can be estimated from its maximum visibility
position across the camera image. Furthermore, the eventual
presence of air bubbles or other thermal discontinuities at the
interface between the membrane and the workpiece may be dif-
ferentiated from internal defects by observing that the visibility
of interface defects does not increase during the advancement
of the workpiece.

3. THEORETICAL ASPECTS OF THE THERMAL
TRANSFER PROCESS

To understand the thermal transfer technique used in an IR non-
destructive testing system, the related heat transfer problem has
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Fig. 4. The three phases of the thermal process.

to be analyzed; relevant physical parameters and optical config-
urations are thus pointed out. A realistic thermal flow model
should be two or even three dimensional to take lateral diffusion
into account, but when the lateral dimensions of the defect are
large enough compared to the specimen thickness, a one-
dimensional approach provides good insight on the thermal phe-
nomena.”’

The model corresponding to the configuration depicted in
Fig. 1(a) will be further simplified in this way: (1) The sound
parts of the tested material have a thickness that is sufficiently
higher than the depth z; of the defect to be considered semi-
infinite (0<z<<®0). (2) The defect has infinite resistance. In other
words, the defective area has a thickness limited to z;. (3) The
compliant roller that takes the surface thermal print has a contact
area large enough to produce a one-dimensional transfer between
the two materials. Furthermore, the low conductivity of the roller
makes it possible to ignore its finite diameter (roller material
extending over —©0<z<0).

The thermal process can be divided into three phases (see
Fig. 4): (1) the surface temperature of the sample is heated by
a Dirac energy pulse at time ¢+ = O and thereafter cools down
(internal diffusion, absence of convection); (2) from time #; to
t1 + 1, the foam roller is brought in contact with the specimen
and is more or less compressed; (3) at time #;+1,, the two
materials are separated and the foam is correspondingly decom-
pressed.

3.1. Temperature field during the first phase

The temperature increase distributions in finite and semi-infinite
layers following a Dirac pulse at the surface z =0 are well known
(Ref. 10, pp. 259 and 361). Within the tested material, one can
write

T o . ( 22) n
sou = — — —€X - . >

t pCV mat P 4at

, _ 0 n’n’at nmz
T’ defect; = oC, 1 + ZZexp 2z cos - S 2)

where p 1s the densny (kg/m3) C is the SpeClﬁC heat
d- kg ‘K™Y, a = kipC is the thermal dlffuswlty (m?%s), k is
the thermal conduct1v1ty (W/mK), and Q is the absorbed energy
per unit area (J/m?).

The quantity Q/pCz; is equal to the final equilibrium tem-
perature above the defect and will be used to normalize the
temperatures to concentrate on the shape rather than the absolute
levels of the temperature evolutlon curves (distances will be
normalized by z; and times by zi/a). The new notations will be
T = T'pCz/Q for the normallzed temperature, z for the nor-
malized distance, and Fo = at/21 for the Fourier number in the
specimen; therefore,
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1 2
TS] = Tsoundl = —_\/-TI’TFBCXP _E 5 (3)
Tp, = Taefeery, = 1 + ZZlexp(—nzfrzFo)cos(m-rz) . 4)

The physical meaning of the Fourier number will be clearer
when we consider that a Fourier number Fo=1 corresponds to
a thermal propagation time 7= z1/a of the thermal front to the
depth z; of the defect.

3.2. Temperature field during the second phase

The temperature distribution in the sound region and in the foam
above it may easily be found from the Green functions related
to this configuration and presented in Ref. 10, p. 364.

The Green functions at zE& [ —o,00] for an instantaneous unit
source at z' are expressed by

Gs(2=0) = — {ex [—(Z——ZX]
SAE=0 = Ao TP T 4Fo
b—b; (z' +2)?
+ b+bfe"p[_ 4Fo ]} ’ )
2
1 b (z' —zV a/af)
Gs(z=0) = \/m P bfexp[— 4Fo s 6)

where b = VkpC is the sample effusivity (J-m ™~ *K~ Ls™"
and ayand by are the foam diffusivity and effusivity. The physical
meaning of thermal effusivity, whose square is usually referred
to as thermal inertia,” can be understood by noticing that when
a given heat power is absorbed at the surface of a material, its
surface temperature rise is inversely proportional to its thermal
effusivity.

By integrating these expressions, one obtains an interesting
result for the case when two semi-infinite isothermal layers are
brought in contact: the interface remains at a constant temper-
ature that equates the mean of the initial temperatures weighted
by the two material effusivities (this provides an explanation for
the cooler sensation on our skin when it is brought in contact
with a high effusivity cold metal piece as compared with an
equally cold piece of wood of lower effusivity). In the present
case, the foam layer is initially isothermal at the ambient tem-
perature, but the sample layer has a temperature distribution as
established at the end of the first phase (Fo=Fo).

The proper integration provides
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1 22
Ts(z=20) = ——— exp| ———
s2=0) 2\/n(Fo + Fo;) p[ 4(Fo+Fo.)]

1h
Fo,
X (erfc{_z[4Fo(Fo+Fo.)] }

1h
FO]
+ “erfC{z [4F0(F0+Fo|)] } ) ’ ™

1 2
(1+B) V/n(Fo + Fop) exP[ _4A(F0+Fol)]

1
FO]
x erfe {_Z[4AF0(F0+F01)] } ’ ®

where A = af/a, B = by/b, and a = (1—B)/(1+B).

The temperature calculation for the defective region and for
the foam above it necessitates a prior evaluation of the Green
functions associated with the present problem (instantaneous unit
source atz' € [0, 1]). By using the Laplace transform, the Green
functions will be searched in the form

Ts(z=0) =

G_DZ(ZZO) = 2\1/’_’ {exp(-\/;|z' -z))

+ expl-VpQ2 - 2’ - )]}

+ Ech(Vpz) + Fsh(\pz) , ©)
Goiz=0) = Hexp(Vpz) | (10)

where p is the Laplace variable. Constants E,F, and H will be
provided by the boundary conditions at z = 1 (no heat flow)
and at z = 0 (continuity of temperature and flow; thermal re-
sistance at the contact interface is neglected). After some cal-
culations and a Laplace inversion, one obtains

Gpy(z=0) =

1 (ex [_ (z' — 2) ]
2V/wFo P 4Fo

Q -z - 27
+exp| = T

S _@n+ 7 + z)?
+ Ea {exp[ —4F0

n=0
+ _(2n+4—z'—z)2
exp 4Fo
N _@n+ 2+ 2 —z)
exp 4Fo
_ (2” +2 -z + 2)2 (11)
o] - B2 )
G (2=0) = i { [ @n+ 7z — z/\/,Z)z]
T a B)\/'— o 4Fo
Qn+ 2 -z — AP
+ exp| — 4Fo . (12)

Subsequent calculations will be simplified if the assumption is
made that the first phase is sufficiently long compared to the
thermal propagation time to the defect. If Fo;>0.7, the layer
above the defect is nearly isothermal and one can therefore
assume that Tgefect; (Fo=Fo;) = 1. This makes the integrations
of the Green functions (11) and (12) easier to perform and pro-
vides

2-z
Tp(z=0) = =1 erf|
2220 {e (2\/F_o> rf(2\/F_o)
+ s an+,[erf(2n+4—z> _ el{(Zn + z)
n=0 2‘\/F_0 2\/F_0
2n+2+z 2n + 2 — z
fl — | — erff| ————— , (13)
+e<2\/F_o> "(z\/F—o )]}

hd 2n + 2 — z/VA
> a{%#)
B 5 2v/Fo

2n — z/\/Z
- °‘f(z—w—o>] ' 9

3.3. Temperature field during the third phase

When the sample and the foam are joined, the foam is com-
pressed with a rate w = py(phase 2)/ps(phase 3); therefore, the
effusivity of the foam may differ between phase 2 and phase 3.
One notes that By = by(phase 3)/bs(phase 2) and A’ =
ar(phase 3)/a. For the last phase, only the thermal evolution in
the foam is relevant since the infrared camera will record its
surface temperature.

The combination of the distributions (8) and (14) at Fo =
Fo, with the Green function in an isolated semi-infinite medium
leads to the expressions

1
2%w(1+ B)\VFo(Fo, +Fo,)

x [forg| - VAR [_ﬂ
b 1P 4Fo exp 4Fo

TDz( z=0) =

Ts((2<0) =

12
_ sz'2 , BfFo, ,
x e"p[ (For + Foz)] erfc{z [4F02(F01 + Foz)] }dz ' (15)
Tp(z<0) = ——+
b3 2(1+B)\/7Fo

N Jm B (2’ +2/VA')? B (z' —2IVA')?
b 1P 4Fo exp 4Fo

d n+142z'\VBs2 n+z'\/B;2
> a"[erf(—z—f) - erf(z—\/—f)] &'
Foz VFo,

(16)
One can notice that the foam surface temperature depends only
on B, Foy, and Fo for the second phase and on B, By, Foy, Foa,

and Fo for the third one. The diffusivity ratios A and A’ are
conditioning only the internal foam temperature.

3.4. Numerical simulations

For the experimental tests, which are presented in Sec. 5, the
foam roller had been pressed to the tested samples so that the
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Fig. 5. Thermograms depicting the thermal transfer process for (a) high and (b) moderate ef-
fusivity materials.
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Fig. 6. Thermograms for the same materials as in Fig. 5, but for various second phase durations.

compression ratio reached about 2.5 within a layer more than
10 mm thick (e.g., 25 mm before compression and 10 mm after).
Diffusivity and density measurements lead to the following re-
sults:  pr(phase 2) ~ 12 kg/m ,  pr(phase 3) ~ 30 kg/m
Cr = 1650 J-kg~ "K', and kr = 0.1 W/mK (which did not
change substantially between the two phases).

The simulations reported in Fig. 5 are intended to describe
the interface temperature evolution (z = 0) when high effusivity
[5(a)] and moderate effusivity [S(b)] samples are tested In the
first case, in SI units, b = 2.4 X 10* (B =3xX10" ), which
corresponds to alumlnum whereas in the second case b = 1.1
x10*(B = 6.3x10~ 2) and can correspond to graphite-epoxy.

During the first phase (Fo; = 1), the normalized temperature
tends toward 1 above the defect and toward O away from it.
When the foam is pressed against the sample, one notices a step
that becomes less pronounced as B gets smaller, and the tem-
perature starts slowly to decay again above the defect. After the
separation (Fo, = 1), the temperature abruptly decreases since
no flow enters the foam anymore.
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In Fig. 6 similar thermograms are reported but the second
phase duration takes the values 1, 3.2, 10, 32, whereas Fo; =
1 and Fo; = 10. By comparing the third phase portion curves,
one can easily see that the contrast between defective and sound
regions will improve if the second phase is longer.

Those contrasts may be analyzed with respect to Fig. 7. The
contrast, which could be observed directly on the surface of the
sample if its emissivity were high, is represented by a dotted
curve. Other contrasts corresponding to a noncompressed foam
(B =1.9%x10"2 and B = 0.04, respectively) are also re-
ported. A few remarks should be made as to the high Fourier
number part of the curves: finite resistance and lateral size of a
real defect lead to a decrease of the ‘‘direct imaging contrast’’
after a peak near Fo ~ 1 to 10. The curves are therefore less
and less representative of the ones describing a real defect as
Fo exceeds 10. Nevertheless, one can conclude that thermal
transfer imaging is less effective than direct imaging unless there
is an emissivity problem, which hinders direct imaging. In that
case, images should be picked up as soon as possible after the
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Fig. 7. Contrasts obtained with different imaging methods for the same materials as in Fig. 5.

separation. This makes the setup configuration of Fig. 2 more
attractive than the configuration of Fig. 1. Noncompressed foam
appears to give better results (B is lower), but this advantage
vanishes shortly after the separation. Furthermore, at longer
times, which are more convenient for image recordings, the
compressed foam exhibits higher contrast and is thus more ad-
vantageous (Br<B).

4. EXPERIMENTAL RESULTS

The thermal transfer imaging methods exposed in the previous
sections were tested for the inspection of aluminum-to-foam
laminates used in the transportation industry, in which potential
defects are found in the epoxy layer that bonds the aluminum
skin to the foam core. Furthermore, Plexiglas panels in which
artificial defects were drilled on the back surface were tested.
A 2500 W quartz IR lamp with a parabolic back reflector was
used as a heat perturbation source. An AGEMA 782SW IR
camera linked to our thermal inspection station'! was used to
pick up temperature images on the workpiece surface.

Figure 8(a) shows the compliant roller configuration in a
reflective approach (heating and detection on the same side of
the sample). Figure 8(b) shows some results obtained on the
aluminum panel over a 2.5 cm diameter, 1 mm depth (aluminum
skin) defect (artificially induced lack of epoxy at the foam in-
terface) and on the Plexiglas plate (drilled hole 1 cm in diameter
and 1.6 mm in depth). Three images are shown. On the left the
black painted sample was tested in a reflective configuration
with the IR camera pointed directly at the sample surface as the
panel moves in the field of view after being heated by the lamp.
The sample is mounted on a slide and moves at a speed of about
10 cm/s. Because of the high emissivity of the paint (e ~ 0.9),
the defect is clearly visible. The bright left bar is due to some
edge effects during heating. A test done with the same but
unpainted sample, directly imaged by the IR camera, did not
reveal the defect because of the emissivity and reflectivity prob-
lems we mentioned previously. The right image shows the same
sample but using the compliant roller configuration of Fig. 1 for
transfer imaging [experimental apparatus of Fig. 8(a)]. This time,
the IR camera was pointed at the roller surface. Although the
thermal contrast is lower than in the previous case, where the
camera picked up directly the thermal response of the defect,

its appearance is still visible. In this latter case, we painted the
sample black not for the transfer of the thermal contrasts to the
roller but just for convenience, in order for the sample to be
sufficiently stimulated by the heat source. Nevertheless, the transfer
imaging process is demonstrated. The bright bar at the bottom
is a direct view of the hotter black-painted sample, viewed by
the camera positioned at an angle with respect to the roller-
sample assembly. Figure 8(b) bottom shows an image from a
test performed on the black-painted Plexiglas plate. The image
transferred on the compliant roller shows the presence of the
drilled hole. The plate was painted black to ensure surface heat-
ing on the transparent plate. An alternative to radiative heaters
may be provided by contact heaters, air jets, or water sprays. '?
In this experiment, a foam roller 25 cm in diameter was pressed
against the sample surface so that contact was established over
an 11 cm length. In this trial it was unnecessary to cool the
roller to erase the thermal printings on its surface because its
circumference was shorter than the total sample length.

Figure 9(a) shows the experimental apparatus using the con-
figuration of Fig. 2, where a closed-loop membrane (here made
of rubber, 1.5 mm thick) serves to pick up the thermal contrasts.
Figure 9(b) shows a reconstructed image'' of a defect in the
case of the aluminum laminate. The total setup size (heater,
screen mask, and roller) over the workpiece surface was of the
order of 10 cm, which is significantly less than the 30 cm in the
case of the apparatus of Fig. 8. This space savings allowed, in
the case of Fig. 9, detection of the defect even on the unpainted
aluminum sample. This is because the heat flow propagation
time in the aluminum surface layer is very small and the larger
compliant roller configuration restricts the possibility of picking
up the thermal contrast when it is already declining, thus pre-
venting the detection unless stronger stimulation of the sample
is performed. An air jet curtain was used to erase the thermal
printings on the membrane.

Figure 10 presents results obtained on the aluminum panel
with the configuration of Fig. 3. A high emissivity membrane
is brought in contact with the high reflectivity sample surface
to increase its emissivity. In this case, a thin (50 wm) black
polyurethane film was brought in good thermal contact with the
sample surface by water capillarity. The testing was done as
explained for Fig. 8(b) left, resulting in the binary image shown
in Fig. 10(a) after proper thresholding. No paint was applied on
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Fig. 8. (a) Experimental apparatus using the configuration of Fig. 1.
The IR camera, compliant black roller, lamp heater, as well as the
aluminum laminate mounted on a slide are visible. (b) Experimental
results.

the surface. In Fig. 10(b) the same defect was detected but with
the sample painted black and without using the polyurethane
film. Comparison of Figs. 10(a) and 10(b) indicates a loss of
thermal contrast. The time delay ¢ of maximum defect visibility
after thermal perturbation may be used to evaluate the depth z
of the defect following the above-mentioned relation
z=(at)”2. This is possible, in this case, because the whole
temperature history of the sample is available, which was not
the case for the previous configurations, where the thermal con-
trast was obtained at a given time only. For that reason, this
configuration allows the detection of defects at various depths.
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(b)

Fig. 9. (a) Experimental apparatus using the configuration of Fig. 2.
The IR camera, compliant black roller and closed-loop membrane,
lamp heater, as well as the aluminum laminate with white foam core
mounted on a slide are visible. (b) Binary images of a defect.

(b)

Fig. 10. (a) Binary image of a defect obtained with thermal-transfer
imaging of Fig. 3. (b) Reference image of the same defect with black-
painted sample and no membrane. Sample of Fig. 7.



SUBSURFACE FLAW DETECTION IN REFLECTIVE MATERIALS BY THERMAL TRANSFER IMAGING

5. CONCLUSION

Novel techniques for the nondestructive testing of highly re-
flective material by infrared thermography are proposed. Al-
though yet at an early stage of development, these techniques
of thermal transfer imaging are shown to have a strong potential
because they address some of the main problems of thermog-
raphy, namely, low emissivity and spurious reflections without
being too complex to be deployed.
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