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USE OF PULSED IR THERMOGRAPHY FOR DETERMINATION OF SIZE AND DEPTH OF SUBSURFACE DEFECT TAKING

INTO ACCOUNT THE SHAPE OF ITS CROSS-SECTION AREA

ZASTOSOWANIE IMPULSOWEJ TERMOGRAFII PODCZERWIENI DO SZACOWANIA WIELKOSCI I POLOZENIA DEFEKTOW

PODPOWIERZCHNIOWYCH Z UWZGLEDNIENIEM KSZTAETU ICH PRZEKROJOW POPRZECZNYCH

The paper is devoted to reconstruction of size and depth (distance from the tested surface) of artificial defects with
square and rectangular cross-section areas using the pulsed IR thermography. Defects in form of flat-bottom holes were
made in austenitic steel plate. The defect size was estimated on the basis of surface distribution of the time derivative of
the temperature. In order to asses the depth of defects with considered geometries on the basis of calibration relations (i.e.
dependence of time of contrast maximum vs. defect depth for given defect diameter) obtained for circular defects, the ‘equivalent
diameter’ describing not only the defect cross-section area but also its shape was assigned. It has been shown that presented

approach gives satisfactory results.
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Praca dotyczy wyznaczania wielkosci i glebokosci (odlegtosci od badanej powierzchni) symulowanych defektéw o prze-
kroju kwadratowym i prostokatnym przy uzyciu impulsowe]j termografii podczerwieni. Defekty, w formie nieprzelotowych
otworéw o ptaskim dnie, wykonano w blasze ze stali austenitycznej. Wielko$¢ defektow okreslano analizujgc powierzchniowy

rozklad pochodnej temperatury wzgledem czasu.

Aby wykorzysta¢ zalezno$ci kalibracyjne (zaleznosci czasu odpowiadajgcemu maksimum kontrastu temperatury od gle-
bokosci defektu o danej Srednicy) dla defektéw o przekroju kotowym do oszacowania glebokosci defektow kwadratowych i
prostokatnych, przyporzadkowano im ,.,ekwiwalentng Srednicg” uwzgledniajaca nie tylko pole przekroju defektu, ale takze ksztalt
defektu. Pokazano, ze dla rozpatrywanych geometrii defektéw, zaproponowane podejscie daje satysfakcjonujgce rezultaty.

1. Introduction

Pulsed infrared (IR) thermography is one of active IR
techniques in which a surface of tested material is stimulated
by a short heat pulse and the thermal response of the ma-
terial is analysed [1-11]. The response contains information
about subsurface material defects. After the heat pulse the
temperature decrease rate is different on surface over defect in
comparison to that over the sound material. It is caused by a
difference between values of thermal effusivity of the defected
region and the sound one. The thermal effusivity of the given
material is defined as:

e = kpc, 9]

where: k is thermal conductivity, p is a mass density and c is
specific heat of the material. If the thermal effusivity of defect
is lower than the effusivity of the matrix, the surface temper-
ature over defect will be higher comparing to that over the
sound material. As the quantitative measure of the difference
between values of the surface temperature over defected zone

and over the sound material the standard thermal contrast C (¢)
is used [9]:

Taer (1) = Tyer (20)
Ts (t) - T.r (tO)
where T4 is the surface temperature over defect, T is the
surface temperature over the sound material, 7, is the time just
before pulse heating and ¢ is the current time of the cooling

process.

It has been shown that the relation of thermal contrast
vs. cooling time has a maximum [1, 7-15, 18-20]. But, the
time related to the thermal contrast maximum is dependent
on both size of defect and its depth [10-12]. In the literature,
the time corresponding to thermal contrast maximum is often
used for the defect depth determination [1, 7, 10-13, 15-20].
However, in most papers authors concern only defects of the
same size located at the different depths [12-17, 19]. Such
problem is easy to solve because it is not taking into account
the conjugated effect of defect depth and size on the time of
thermal contrast maximum. Nevertheless, our previous works
have shown that the time of thermal contrast maximum can
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be the same for different depths and sizes of defects [10, 11].
It means that in order to determine the defect depth on the ba-
sis of the time of thermal contrast maximum, it is necessary
to know the defect size. In our previous works, the experi-
mental methods of defect size and depth determination were
proposed [10, 11]. The defect size was estimated on the basis
of surface distribution of the time derivative of temperature,
whereas the defect depth was assessed from the dependence
of surface thermal contrast vs. cooling time. To reconstruct
the defect depth using this method, the calibration relations
are needed. These are relations between defect depth and the
time of thermal contrast maximum for given defect diameters.
Such calibration relations for subsurface defects in austenitic
steel plate are presented in Fig. 1 [10, 11]. On the basis of
these relations, the depth of defect of reconstructed diameter
can be estimated.
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Fig. 1. Dependence of defect depth vs. time of thermal contrast max-
imum (the calibration relations)

However, the experiments have been performed, as in
most other papers [1-4, 7, 8, 13, 15-20], on the specimen
with artificial defects in form of the circular flat-bottom holes.
Therefore, the question is: Whether the calibration relations
obtained for circular defects could be used for depth determi-
nation of defects with different shape? In order to answer the
question the experiments for square and rectangular defects
were performed. Thus, the objective of this work is to recon-
struct depth of square and rectangular defects on the basis of
calibration relations obtained for circular defects.

2. Experimental procedure

The specimen made of 316L austenitic steel plate (190
mm x 290 mm x 6 mm) with square and rectangular artificial
defects was prepared (Fig. 2).
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Fig. 2. The geometry of the steel plate with square and rectangular
defects

The specimen was coated by graphite paint in order to
ensure high and homogeneous surface emissivity. The surface
of the specimen was uniformly heated using the halogen lamp
of the pulse energy of 6 kJ. Pulse duration was 3 ms and
the lamp to specimen distance was equal to 0.5 m. The sur-
face temperature distribution vs. cooling time was measured
by ThermaCam Phoenix infrared thermographic system with
InSb detector. The spectral range of the detector was 3-5 mm.
The thermal sensitivity of the system at 25°C is 20 mK. The
thermal images (320x256 pixels) were recorded with the fre-
quency 346 Hz. The IR camera and stimulating lamp were
located at the same side of the specimen (Fig. 3).

Fig. 3. Experimental set-up for pulsed thermography: 1 — IR camera,
2 — flash lamp, 3 — tested specimen, 4 — interface between IR camera
and excitation lamp, 5 — computer

Both the material of the specimen and experimental con-
ditions were the same as in case of the previous experiments
performed for circular cross-sections of defects, for which the
calibration relations were obtained [10].

3. Results

3.1. The standard thermal contrast determination

Using the procedure described in our previous work, the
thermal contrasts (Eq. 2) vs. cooling time for artificial defects



of different size and depth were calculated on the basis of
time dependence of temperature distribution [10]. It should
be noticed that the obtained results are reliable only when the
temperature distribution on the tested surface is not influenced
by the opposite surface of the specimen. The range of cooling
time, when there is no such influence, was obtained [10]. It
has been shown that non-defected austenitic plate (thickness
of 6 mm) can be treated as semi-infinite body up to the cool-
ing time of 3 s. In other words, in this period the thermal
contrast on the tested surface is not influenced by the opposite
surface. In the present work, only these artificial defects were
taken into account for which the time of the thermal contrast
maximum was not greater then 3 s.
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Fig. 4. Time evolution of the standard thermal contrast. Defect size
is equal to 8.8 mmx8.8 mm
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Fig. 5. Time evolution of the standard thermal contrast. Defect size
is equal to 15 mmx5 mm

In Figs.: 4 and 5 the thermal contrast vs. cooling time
for the defects size of 8.8 mmx8.8 mm and 15 mmx5 mm
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located at the different depths are presented. It is seen that
the smaller depth of the defect corresponds to higher value of
thermal contrast maximum and the shorter time to reach the
maximum.

3.2. The defect size and depth determination

It was mentioned, that in order to determine the defect
depth on the basis of calibration relations it is necessary to
know the defect size. Using the procedure presented in our
previous work, the size of square and rectangular defects was
determined from the surface distribution of the time derivative
of the temperature [10, 11]. An example of such distribution
is presented in form of a gray field in Fig. 6. The grey lev-
els (from O to 255 conventional dimensionless units) were
assigned to the particular values of time derivative of tem-
perature. Level O corresponds to black and the 255 to white
colour. The distribution of gray level along horizontal and
vertical axis pass through the centre of the visible trace of
selected defect is presented in Figs: 7-8.

Fig. 6. Surface distribution of the time derivative of temperature, at
the 0.67 s after heat pulse

Defect size d = 8.8 mm x 8.8 mm
depth: 0.7 mm

*

cooling time 0.97 s

o
£
s

07
50 —f
100 —f
150 —f

200

250 I 4=89mm

250 d=88mm

60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
Distance [mm]

Temperature derivative in dimensionless units
o
g

Temperature derivative in dimensionless units

60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90
Distance [mm]

Fig. 7. Line profile of the time derivative of the temperature along
a) horizontal axis and b) vertical axis, pass through the centre of the
visible trace of defect size 8.8 mmx8.8 mm located at the depth 0.7
mm
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Defect size d = 15 mm x 5 mm
depth 0.7 mm
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cooling time 0.67 s
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Fig. 8. Line profile of the time derivative of the temperature along
a) horizontal axis and b) vertical axis, pass through the centre of the
visible trace of defect size 15 mmx5 mm located at the depth 0.7
mm

TABLE 1
Comparison of reconstructed defect sizes with real ones

Defect depth ch?nmu.med Real defect
[mm] [;;C;r:;g size [mmxmm)]
0.3 4.4x4.4
0.6 4.4x4.5
0.9 4.5%4.4
1.2 4.5%4.3 daxad
1.3 4.3%4.3
1.5 4.3%4.3
0.3 8.8%8.8
0.5 8.9x8.9
0.7 8.9x8.8 8.8x8.8
1.0 8.9x8.9
2.0 9.0x9.0
0.3 7.5%2.5
0.6 7.5%2.6
0.9 7.6x2.6 7.5%2.5
1.2 7.45%2.6
1.5 -

0.3 15.0x5.1
0.5 15.0x5.1
0.7 14.7x4.7 15.0x5.0
1.0 14.9x5.2
2.0 14.8%4.9

Taking into account the IR camera to specimen distance
and lens parameters, the horizontal and vertical pixel size were
calculated. In order to determine the defect size the tangents
to the both profile arms at the half of its height were drawn
(see Figs.: 7 and 8). The distance between intersection points
of these tangents with the lines related to the average values
of temperature derivative over the sound material was taken
as the defect size. Linear profiles of the time derivative of

temperature were determined for the time corresponding to
thermal contrast maximum. This time is different for different
sizes and depths of defects. The comparison of the recon-
structed values of defect size with real ones is presented in
Table 1.

It should be noticed that, the reconstruction of the de-
fect size is impossible if the increase in thermal contrast is
unnoticeable.

It has been shown that in case of circular defect of known
diameter, the defect depth can be easily estimated from ade-
quate calibration relation, i.e. dependence of time of thermal
contrast maximum on defect depth for given diameter [10,
11]. In order to use such calibration relations for non-circular
defects, it is necessary to assign them some diameter. Howev-
er, the comparison of results obtained for circular, square and
rectangular defects with almost equal cross-section areas has
shown that use of equivalent diameter (calculated from defect
cross-section area) gives not satisfactory results (Fig. 9). It is
seen that time of thermal contrast maximum depends not only
on defect cross section area but also on its shape. It means that
calibration relations obtained for circular defects can not be
used for equivalent diameter of non-circular ones. Therefore,
it is necessary to take into account the defect shape. In order
to do that the following procedure was proposed. At first, the
circle was inscribed and circumscribed in a given defect.
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Fig. 9. Different times of thermal contrast maximum for exemplary
non-circular defects with equal equivalent diameters. The calibration
relation for circular defects is marked

Then, the average area of both circles were calculated
and multiplied by the ratio of inscribed and circumscribed
circle radius: [(%) . %] This term, describing area of a
new circle, allows taking into account not only the defect
cross-section area but also the defect shape. Then, for such

area, the corresponding diameter ¢ was assigned:

ar?+nR?\ . r
(=) 7] 27r i = 1/z(r2+Rz)-}%. 3)

$=2



The diameter ¢ for rectangular defect is schematically shown
in Fig. 10.
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Fig. 10. Circles inscribed and circumscribed in the rectangular defect.
The diameter ¢, taking into account both the defect cross-section area
and its shape, is marked

Using presented method the diameters ¢ for all square and
rectangular defects were determined. Then, using obtained val-
ues of ¢ the depths of the square and rectangular defects were
determined from calibration relations for defects of circular
cross-sections. An example of depth estimation for rectangular
defect (15 mmx5 mm) is presented in Fig 11.
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Fig. 11. An example of determination the depth of rectangular defect
(15 mmx5 mm) on the basis of calibration relations obtained for
defects of circular cross-section

2.5

For this defect, the obtained value of ¢ is equal to
6.68 mm and the time corresponding to maximum of thermal
contrast is equal to 0.57 s. The depth estimated on the basis
of calibration relations is equal to 0.5 mm. As it is seen, the
obtained value is equal to real defect depth (Fig. 11). Results
for all defects compared with real defect depths are presented
in Table 2. It is seen that presented approach gives satisfactory
results.
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TABLE 2
Comparison of reconstructed defect depths with real ones
et | o | Rl | et e

[mmXxmm)] [mm] [mmXxmm)] [mm]
44x4.4 4.53 0.30 0.3
4.4x4.5 4.54 0.60 0.6
4.5x4.4 4.54 0.90 0.9
4.5x4.3 4.45 1.35 1.2
4.3%x4.3 443 1.50 1.3
4.3x4.3 4.43 1.75 1.5
8.8x8.8 9.06 0.37 0.3
8.9x8.9 9.17 0.50 0.5
8.9x8.8 9.07 0.90 0.7
8.9x8.9 9.17 1.30 1.0
9.0x9.0 9.27 2.30 2.0
7.5%2.5 3.30 0.25 0.3
7.5%2.6 3.38 0.47 0.6
7.6%x2.6 3.40 0.80 0.9
7.45%2.6 3.37 1.39 1.2
- - - 1.5
15.0x5.1 6.68 0.32 0.3
15.0%5.1 6.68 0.50 0.5
14.7x4.7 6.29 0.74 0.7
14.9%x5.2 6.74 1.28 1.0
14.8x4.9 6.47 2.53 2.0

4. Conclusion

Determination of the defect depth from calibration rela-
tions (dependences between defect depth and time of thermal
contrast maximum for given defect diameters) require to know
the defect size and the time of thermal contrast maximum. The
size of square and rectangular defects was assessed from the
surface distribution of the time derivative of the temperature.

To use the calibration relations obtained for defects of
circular cross-section to estimate the depth of defects of dif-
ferent cross-section should be introduce the quantity taking
into account the cross-section shape of defect. This quantity

is defined as:
-
2(r2+R?) - —.
20+ R) L

The values of ¢ has been used to reconstruct the depth of
square and rectangular defect with different sizes and depths
made in austenitic steel plate. It has been shown that presented
approach gives satisfactory results.

The presented experimental results may be helpful to val-
idate numerical heat transfer model for specimen with sub-
surface defects. Such numerical models allow to analysis of
defects of different geometries and orientations with respect to
the tested surface without performing expensive and laborious
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experiments. The obtained experimental results may also be
used to solve the inverse problem by the numerical approach.
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