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Emissivity variation introduces illusory temperature inhomogeneity and results in false alarms in
infrared thermography, thus, it is important to separate the influence of surface emissivity
variation. This letter experimentally demonstrates the advantages of phase information to reduce or
enlarge the effect of surface emissivity variation with inductive pulsed phase thermography, where
inductive excitation is emissivity-independent and avoids the effect of emissivity variation in heat-
ing process. The directly heated area and the indirectly heated area are divided in the phasegrams.
The emissivity variation is removed or enlarged perfectly at the specific frequency and defect
detectability is improved remarkably. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901531]

Infrared (IR) thermography based on diffusion wave
fields is a non-contact and non-destructive measurement and
detection technique with an increasing span of applica-
tions.' Inductive thermography is an emerging IR thermog-
raphy for conductive material, which combines the
advantages of eddy current testing and IR thermography
such as non-contact, fast, and high resolution.*> In previous
works, inductive thermography has been used for damage
detection in metallic alloy® and carbon fibre reinforced plas-
tic.”® Defects were indicated by a high/low temperature
spots in the 2D thermograms. In the in-situ application, the
materials under test (MUT) always have oil, coating, or an
oxidation layer on the surface, which changes the thermal
emissivity significantly. The variation can be used to detect
the surface damage like rust or corrosion.” However, the var-
iation sometimes introduces illusory temperature, inhomoge-
neity, and results in false alarms.'” To remove or separate
the influence of surface emissivity variation in IR, thermog-
raphy testing is important and several methods have been
attempted in previous studies. The first is spraying water or
black paint on aluminium samples to eliminate high reflec-
tance and raise emissivity.'' The method can improve the
homogeneity of the surface emissivity, however, water or
black paint not only pollutes the sample but also increases
the cost and complexity of the test procedure. The second is
the logarithmic analysis based on the 1D heat conduction.
Shepard proposed thermographic signal reconstruction
(TSR) to reduce the influence of low thermal emissivity.12
The third is the normalization technique. Lugin normalized
the temperature curves based on thermal equilibrium to com-
pare quantitative evolutions of the curves.'® The last but not
the least is the phase information by using a Fourier transfor-
mation, which attracts a widely applications in flash
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thermography,'* lock-in thermography,'® and pulse phase
thermography.'® In addition, Mandelis proposed an
emissivity-normalized, higher-dynamic-range contrast pa-
rameter known as cross-correlation phase in thermal-wave
radar (TWR)."!” Speaking of inductive thermography, in-
ductive excitation is an emissivity-independent way of sub-
surface heating depending on the induction frequency and
the electrical properties of MUT, which remove the effect of
emissivity variation in heating process. Yang and He pro-
posed the logarithmic analysis of temperature response for
steel detection but did not mention the separation of emissiv-
ity variation.'® Bai er al. proposed a two heat balance
states-based normalization method to remove the influence
of surface emissivity variation.'® Gao et al. proposed a non-
negative pattern separation model to automatically extract
large differences in surface emissivity.'® However, the phase
information has not been applied to remove or enlarge the
emissivity variation in inductive thermography. Combining
eddy current excitation, infrared imaging and phase analysis,
inductive pulsed phase thermography (IPPT) technique was
proposed in previous work®” and used to quantify the subsur-
face defects.?! This letter proposed phase information in
IPPT to reduce or enlarge the effect of emissivity variation
and experimental studies were presented to validate the pro-
posed method.

The basic principle of IPPT has been provided in previ-
ous work.?’ A small period of high frequency current is
driven to generate the resistive heat in the conductive mate-
rial. Consequently, the surface temperature distribution is
captured by IR camera and the sequence of infrared images
is transmitted to PC. For each pixel, the temperature
sequence is normalized by the following equation:'*"?

_ T(@) —T(n)
Tnorm(t) - W’T(f())’ (l)
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where T(¢) is the temperature at the time ¢, T(#y) and 7(¢,) are
the temperatures at the beginning of heating (frame 1) and at
the end of temperature sequence, respectively. And then, the
Discrete Fourier Transform (DFT) is computed for each tem-
perature responses according to the well-known formula

N-1

F(f) = At T(nAtje ™ = R(f) +il(f),  (2)

n=0

where Ar is the sampling time step, R(f) and I(f) are,
respectively, the real and imaginary components of F(f).
Then, the phase spectra are computed using the following
equation:

o(f) = tan™! L%] 3)

At last, the phases at some specific frequency are
extracted from phase spectra and to construct the 2D phase-
grams, which can be used to indicate the defects by abnormal
area.

The developed IPPT system is shown in previous
work.”® An Easyheat 224 from Cheltenham Induction
Heating is used for coil excitation, which has a maximum ex-
citation power of 2.4kW, a maximum current of 400A,,,,
and an excitation frequency range of 150—400kHz. A rec-
tangular coil is constructed from 6.35 mm high-conductivity
hollow copper tube. Water is pumped through the coil during
operation to aid in cooling. The IR camera is Flir SC7500,
which is a Stirling cooled camera with a 320 x 256 array of
1.5-5 um InSb detectors. This camera has a sensitivity of
<20mK and a maximum full frame rate of 383 Hz. A PC is
used to implement the DFT.

A steel sample (0.24 x 45 x 100mm?) with a slot of
10mm length, 2mm width was prepared, as shown in Fig.
1(a). Thermal conductivity of the stainless steel is
14Wm 'K~ There are equally spaced shinning and black
stripes with 5 mm width on the sample surface. The shinning
strips are the polished area, while the black strips are the
area sprayed with black painting. They illustrate different
emissivity. The emissivity of the black region is 1, which is
the same for a blackbody. While, the emissivity of the shin-
ning stainless steel surface is about 0.16. The inductive exci-
tation is an emissivity-independent way of sub-surface
heating depending on the induction frequency and the elec-
trical properties (conductivity and permeability) of MUT.

FIG. 1. (a) Steel sample with slot; (b) relative position of coil and steel
sample.
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FIG. 2. Original thermograms at (a) 0.1 s and (b) 1.3s.

(b) 135

P :,( o

B

El

C
00

FIG. 3. Thermograms after normalization at (a) 0.1 s and (b) 1.3 s.
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Ferromagnetic metals with high permeability have a much
smaller skin depth (about 0.04 mm at 100kHz and 0.03 mm
at 200kHz).?® Thus, the emissivity variation on the sample
does not affect heating process. In the experiments, coil and
IR camera were placed on the opposite side, presenting
transmission mode.® The coil was perpendicular to the slot
and across the slot centre. Only one edge of the rectangular
coil was used to stimulate eddy current in the sample, as
shown in Fig. 1(b). A 0.1 s heating duration was selected for
inspection, which was long enough to elicit an observable
heat pattern. The cooling time after heating was 1.9 s, which
was long enough to ensure the sample reaching a new ther-
mal equilibrium state. The total recorded time was 2 s, and
the sampling frequency was 383 Hz.

During inductive thermography testing, when an eddy
current encounters a discontinuity, e.g., a slot or a notch,
they are forced to divert, leading to areas of increased and
decreased eddy current density resulting in relatively hotter
and cooler areas due to Joule heating. Fig. 2(a) shows the
thermogram at the end of heating (0.1s). Due to the high
emissivity of the black area, there is no obvious high temper-
ature region around the slot tips. The high temperature can
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FIG. 4. Original transient responses for different positions.
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FIG. 5. (a) Phasegram at 2.99 Hz; (b) phasegram after adjustment at 2.99 Hz; and (c) phasegram at 36.65 Hz.

only be observed at the black area above the coil. In addition,
Fig. 2(b) shows the thermogram at the cooling phase (1.3 s).
The high temperature still can only be observed at the black
strip area because of both high emissivity and heat diffusion.

The method known as normalization technique was
evaluated first.'® By setting 7, as 2, all transient responses
were normalized using Eq. (1). The corrected thermograms
at 0.1s and 1.3s are shown in Figs. 3(a) and 3(b), respec-
tively. Comparing with thermograms in Fig. 2, the black
stripes were reduced but still can be observed, especially in
Fig. 3(b). And the hot temperature area directly heated by
coil is still interference for identifying the defects. This
means that the non-uniform heating is there. The results
using non-negative pattern separation model can be found
out in previous work.'? The same problem can be observed.

The transient temperature response at different positions
is shown in Fig. 4. As marked in Figs. 2(a) and 3(a), point A
is at the defect-free area with black strip (high emissivity),
point B at the defect-free area with shinning strip (low emis-
sivity), point C is at the crack tip with the shinning strip,
point D is at the crack side with shinning strip above the
coil, and point E is at the black strip where the area is far
away from the excitation. The transient response at point C
is four times higher than that at point B at the end of heating,
which is indicative of the crack. However, because of high
emissivity, the transient response at point A is also several
times higher than at point B. Therefore, due to emissivity
variation, hot spots cannot be taken as an indicator of
defects.

Using the IPPT, all transient responses in cooling phase
were processed using Egs. (2) and (3), and the phasegrams at

(b)

specific frequency were obtained. Fig. 5(a) presents the pha-
segram at 2.99 Hz. The black stripes are almost invisible.
Point C at the tip of defect has the highest temperature,
whereas point D at the defect side has the lowest tempera-
ture. These are in line with the results in the previous
works.>>?* The related phase spectra for five points are
shown in Fig. 6(a). Obviously, phase spectra for point C are
different from that for point B, especially at the low fre-
quency from O to 20 Hz. It is noticed that instead of a large
difference between the transient responses of point A and
point B in Fig. 4, the two responses are roughly approxi-
mated in Fig. 6(a). This demonstrates that the influence of
surface emissivity variation is removed. In addition, the
phase spectra for point E are obviously different from point
A, although they are on the same defect-free area with black
strip. The reason is that point A is at the heat source area,
which is directly heated by eddy current, while point E is at
the area where heat is obtained from lateral heat conduction,
as marked in Fig. 5(a). This phenomenon can be observed
from Fig. 4. The temperature response for point E arrives at
its maximal value at 0.8 s but not 0.1s. In other words, the
temperature response for the directly heated area is a
decreasing process after 0.1 s, while for the indirectly heated
area there is a rising process after 0.1 s. Therefore, tempera-
ture responses for points A and E are in a counter trend
move (anti-phase). We can find from Fig. 6(a) that the phase
spectra for point E are greater than point A by exact one ©
(3.14). If we subtract 3.14 from phase spectra for point E,
their spectra are similar, as shown in Fig. 6(b). Fig. 5(b)
shows the phasegram after adjustment at 2.99 Hz. As the
same in Fig. 5(a), there is an obvious boundary between
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FIG. 6. (a) Phase spectra for five points; (b) phase spectra after adjustment for five points; and (c) phase spectra for four points from 0 to 50 Hz.
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directly heated area and indirectly heated area. In Figs. 5(a)
and 5(b), the emissivity variation can be removed in directly
heated area or indirectly heated area. And the non-uniform
heating can also be removed. This is an immerse improve-
ment and the defect area could be identified more accurately
in directly heated area. In previous work,?' the subsurface
defect area could be identified in indirectly heated area.
Thus, the ability of reducing emissivity variation means that
the detectability of both surface defect and subsurface defect
will be improved remarkably.

Fig. 6(c) shows the phase spectra for four points from 0
to 50 Hz. The phase spectra for point C are biggest and that
for point D are smallest at low frequency. There trends are
agreed with the previous results.”>>* After 25 Hz, the phase
spectra for points B and D at the directly heated area of pol-
ished strip present great fluctuations, while phase spectra for
point A at the directly heated area of black strip area have
small fluctuations. This indicates that the phasegram at rela-
tive high frequency can be used to show the variation of
emissivity between polished and black strips. Fig. 5(c) shows
the phasegram at 36.65 Hz. Obviously, the polished strips
with variation of emissivity and defect area are visible. This
can be used to detect the corrosion or rust, which makes the
emissivity different from material under test.’

In this letter, phase information was extracted using
IPPT to reduce or enlarge the effect of surface emissivity
variation. For each pixel, the phase spectra were obtained by
DFT after normalization. A verified experiment was carried
out on a steel sample having both polished and black strips.
The phasegrams at low frequency were used to remove the
emissivity variation, and the phasegrams at relative high fre-
quency were used to enlarge the emissivity variation. The
heat of indirectly heated area is from the directly heated area
and the temperature responses for these two areas are in an
opposite trend (anti-phase), thus their phase spectra have a
difference (one ). There is an obvious boundary between
these two areas in the phasegrams. The emissivity variation
can be perfectly removed in directly heated area or indirectly
heated area. The experimental results showed that image

Appl. Phys. Lett. 105, 184103 (2014)

quality was improved significantly, which is particularly use-
ful to indicate the defect correctly.

The work was supported by National Natural Science
Foundation of China (Grant Nos. 51377015 and 51408071).
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