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In this paper, performing the thermal defectoscopy of a steel solid body by apply-
ing the thermovision camera, finite element method and method of filtering ex-
perimental data is proposed and implemented. Defect thickness, depth and size
are analysed by defined temperature reference levels and simplified methodolo-
gy. The thermal image processing is based on the proposed method. The applica-
bility of this method can be confirmed by comparing analysis of obtained results
with already known methods. The conducted experiment indicates that contact-
less method is efficient in the defects detection of thin non-complex prismatic
parts.
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Introduction

The product control is a significant phase of the serial production. The human visual
control, which is represented in the greater part of industry, presents the roughest form of
elimination of defected produced pieces. The need for creating new and more precise forms of
control and safety of products, considering the development of science and technology, has
evolved and the demands for accuracy have increased. In the last few decades, the method of
non-destructive testing has stood out as the primary method of examination and testing of de-
fects in materials [1-5].

The thermovision methods are contactless measuring methods and, as such, they
have become the basic, necessary methods for controlling most of the production and exploi-
tation phases. They enable the detection of defects in a material on a wide surface in a very
short period of time. This type of testing has become a standard during the testing in high-tech
systems, aerospace and aeronautics. The requirement to use the thermovision methods is the
existence of a specific thermal difference between the object which is being tested and its en-
vironment. The thermovision methods are defined as passive or active, depending on the ex-
istence of an additional source of infrared radiation.

Passive methods enable the recording of the material surfaces and structures, whose
temperatures are significantly different from those of the environment and that, do not require
an additional source of infrared radiation [6]. The applications of the passive methods are
multiple; the most important areas where they can be applied are: control of industrial pro-

* Corresponding author; e-mail: bandjel@masfak.ni.ac.rs


mailto:bandjel@masfak.ni.ac.rs

Andjelkovic¢, B. R., et al.: Modeling Steady-State Thermal Defectoscopy of ...
S1334 THERMAL SCIENCE, Year 2016, Vol. 20, Suppl. 5, pp. S1333-S1343

cesses [7], maintenance of machines and equipment, traffic monitoring, detection of forest
fires [8], applications in medicine, biology and agriculture, detection of gases and non-des-
tructive testing of electronic printed circuit boards, etc.

Active methods of the thermovision examining require the use of additional sources
of infrared radiation in order to achieve a specific thermal contrast. Based on the knowledge
of the parameters of the outer impulse, the quantitative estimation of the temperature of the
tested object is accomplished [9]. In [10], the implementation of a measurement system for
thermovision examining of solar cells and modules during the period of their exploitation is
shown, which is included in the methods of active thermovision. One method for examining
defects in a solid made of glass is described in [11].

Known solutions

In the 1980s, Vavilov and Taylor [1] took into consideration the non-destructive
thermal methods (TNDT) for material testing and pointed out their ability to provide quantita-
tive information about the hidden defects in the material. There are several significant thermal
and spectral features of the materials which need to be considered during the testing of the
compactness of their structure and the detection of a possible defect. If a solid material has a
defect in its structure in the form of a cavity, delamination, disbond or damage of any shape,
the density of the material changes at that very place. The density change affects the process
of thermal transmission and thermal conductivity of the material. These changes cause surface
discontinuity, which is possible to record with a thermovision camera. The functional depend-
ence of the specified values is described by eq. (1):

o= L (1)
PCp

Thermal effusivity is the parameter that represents the characteristics of the material
and it can be calculated with eq. (2):
e=/kpc, (2)

The materials of the lower thermal resistance value will heat up more and have
higher temperatures, compared to the materials with higher thermal resistance values. The
thermal difference is defined with eq. (3):

Q
N

The inner and outer defects of the material are capable of easily transmitting heat
because of the lower thermal resistance values. By heating, a higher thermal difference com-
pared to the environment can be achieved in these areas. The result of that effect is that de-
fects on the thermovision image will be warmer surfaces.

3)

Theoretical basis

The transient temperature distribution T(x, y, z, t) throughout the domain is obtained
by solving the 3-D heat conduction equation in the substrate along with appropriate initial and
boundary conditions. For a function T(x, v, z, t) of three spatial variables (x, y, z), and the time
variable t, the heat equation is (4):
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All material properties are considered temperature dependent. Problem can be de-
scribed like eq. (5):

2 2 2
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For precise determination of a temperature field it is necessary to have all thermal
characteristics of the material and boundary conditions, thermal characteristics of the envi-
ronment and its' influence on the defect detection process. For temperature field recording a
thermal imaging camera — IR camera is most frequently used.

A thermal imaging camera is a non-contact measurement device which is able to de-
tect the intensity of radiation in the infrared part of the electromagnetic spectrum and converts
it to a thermal crisp real-time high-resolution picture. From these images, temperatures can be
read on a screen in real time, and can likewise be sent to a digital storage device for further
analysis [12-14]. Infrared radiation (IR) is located between the visible light and microwaves
of the electromagnetic spectrum within the wavelength, A, of 0.7-1000 um. Only IR wave-
lengths between 0.7 pm and 20 pm are used for practical, everyday temperature measurement
[15]. The human eye cannot see IR radiation, so the thermal imaging camera acquires IR radi-
ation and transform it into a visible image of radiation emitted from objects because of their
temperature and nature of the surface materials [16]. The result is a false — color image, called
a thermogram. Thermogram is thermal map of surface where the distribution of thermal ener-
gy is represented with different colors [17]. Thermal energy represents total IR energy, which
can be reflected, refracted, absorbed and emitted.

The intensity of emitted radiation by an object is a function of its temperature, wave-
length, and emissivity. Thermal energy does not radiate similarly for all objects and materials.
Emissivity of the surface materials is a term describing its effectiveness in emitting energy as
thermal radiation [18]. A perfect emitter, also known as a blackbody, has an emissivity of
1 and radiates the maximum thermal energy possible at each wavelength. The surface of an
object whose emissivity is absolute zero (-273.16 °C) emits no IR radiation. Most objects and
materials that are used in practical applications, which have constant emissivity values be-
tween 0 and 1, are called grey bodies. The lower emissivity of most materials studied in prac-
tical applications reduced the intensity of radiation from the theoretical predictions of
Planck’s Law. This law describes the relationship between spectral emissivity, temperature
and radiant energy from a black body. The radiation caused by the temperature T of an object
is described by Planck's wavelength distribution function eq. (6):

2
Egp (1 T) =200 ©)
T _q

e

Wien's displacement law is obtained by differentiating the Planck’s law, eq. (6),
with respect to A, at which the peak occurs for a specified temperature eq. (7):

Amax | = 2898 (7
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The relationship between total energy radiation intensity (all wavelengths) and tem-
perature is defined by the Stefan-Boltzmann law (8):

When radiation contacts a surface a Emited Transmited Reflected
. . . radiation radiation radiation
portion of the energy received will be ab- A
sorbed (A), a portion will be reflected (R) and
the remaining part, if any, is transmitted (T),
as illustrated in fig. 1. The fraction of radia-
tion absorbed by the surface is called the ab-
sorptivity, the fraction reflected by the sur-
face is called the reflectivity, and the fraction
transmitted is called the transmissivity [19].
The total sum of the three individual parts must always add up to the initial value of radia-
tion which left the source.

These three types of energy have a very important role in thermal analysis. The
thermal equipment detects all types of energy, but not all indicate the true temperature of the
object. These energy types produce three of the four apparent sources of temperature differ-
ence (emitted radiation, reflected radiation, transmitted radiation). Reflected radiation is re-
lating to the variations in shape of the target object, its surface texture, and if there are natu-
ral cavities created due to the shape of the object. Temperature differences must be taken in-
to consideration so that accurate measurement and comparison of emitted radiation is de-
termined [16].

Tix,yzt)

Figure 1. The reflection and transmission of
incident radiation by a target surface

Thermal properties — conductivity and effusivity

Thermal diffusivity is defined as the ratio between the thermal conductivity, k, and
the volumetric thermal capacity, pcp, the effusivity, e, is related to their product, as in egs. (1)
and (2). Those two expressions contain the same parameters, but diffusivity and effusivity are
very different. Diffusivity is related to the speed at which thermal equilibrium can be reached.
Effusivity (or the heat penetration coefficient), is the rate at which a material can absorb heat.
It is the property that determines the contact temperature of two bodies. The thermal diffusivi-
ty is related to time-dependent heat transfer. The contact temperature is time-invariant as long
as the two materials may be considered infinite. The controlling parameter of many industrial
applications is often effusivity, not the diffusivity.

According to Fourier’s law eq. (9):

_ kAT
)
in a controlled environment known variables are the temperature value of heating Tcon, heat

flux gcon, and the thickness of experimental specimen, dspec, Meaning deon = KAT con/Ispec.
Thermal conductivity, k, can determined as eq. (10):

©)

)
K = Gop A;ﬁ’“ (10)

con
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Therefore it is possible to determine the thickness of the solid steel body based on
the temperature field of the upper side of the solid steel body, eq. (11). This temperature field,
however, is a result of IR camera recordings.

o= é‘spec i-ll—- qcoa (11)
con

Reduction of thickness shows a manifestation of defects in the material. If the cali-
bration phase is skipped, the resulted values of AT and ¢ in a metric system based on this
principle will be inaccurate, but defect locations will be easily observed presented as devia-
tions of equivalent thickness.

Simulation analysis

In the interior of the solid steel body, unknown objects and impurities can be detect-
ed. Also the discontinuity of the material density can be spotted as a result of disturbance of
the production process. The external defects come in the form of physical damage of various
shapes.

For a steady state analysis solid steel body with a centered hole shaped defect is
used. Analysis shows that the inspected influence of a varying intensity heat flux and different
thickness values between the defect location and the upper side to the possibility of locating
defect presence in the material. The material of the specimen is plain carbon steel with fol-
lowing properties: elastic modulus E = 2.1e11 N/mm?, Poisson's ratio p = 0.28, mass density
p = 7800 kg/m?, and thermal conductivity k = 55 W/mK.

Geometric model finite element analysis is created as solid body that consists of 3-D
tetrahedral finite elements. The global geometry has been simplified by removing less im-
portant areas. The DC3-D4 a 4-node linear heat transfer

tetrahedron element is used for a steady state analyses, Defect /T(x. ¥z,
simplified model is shown in fig. 2. oP su’mef

After completion of the finite element model, it was | Iil )
necessary to apply constraints, loads and interactions to
the model. The steady state analyzed specimen was sub- T T T T T T T T T
jected to the constant heat flux from the bottom side of g

Heat flux Bottom surface

the solid steel body (fig. 2). Environmental interaction is
defined as the radiation of all other surfaces, except bot-
tom side, in a 20°C temperature span.

This type of static simulation is used for its’ simplicity and simple required equip-
ment operation. Other forms of measure, for example a dynamic, would require equipment
more expensive and complicated equipment.

Results of finite element model analysis are temperature fields presented in figs.
3-10. Temperature fields are determined for different values of heat flux and material thick-
ness above the hole shaped defect. Temperature field in a longitudinal and transverse direc-
tion is presented on figs. 9 and 10. For cases with deeply imbedded defects, confirming defect
presence by using the temperature field is impossible. Temperature decrease or a deviation of
equivalent thickness has low value and thus might be misinterpreted as disturbance instead of
a defect presence (fig. 7). Increasing the heat flux value does not contribute to result readabil-
ity. These cases require inspection based on a varying heat flux that also requires more com-
plicated equipment.

Figure 2. Simplified model for finite
element analysis
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Experiment

The goal of the research is to confirm the possibility of applying non-destructive
methods of examining and detecting material defects of thin non-complex prismatic parts. The
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conducted experiment employs a thermovision system in combination with a personal comput-
er. The material of the used samples is steel. Such a manner of testing allows for the detection
of defects in the material on a big surface and in a relatively short period of time. The system is

designed in order to perform the process of product control
without human presence. The used samples (fig. 11) are rec-
tangular in shape. The samples were degreased and coated
with protective paint so that the emissivity is spread uniform-
ly over the entire surface. This is a simple procedure and al-
lows an accurate analysis of the issue at hand.

The applied method belongs to the group of active
methods because it requires an additional source of energy
in order to achieve the needed thermal difference between
the object and its environment. The constant thermal flux is
used for that purpose. It provides the needed amount of heat
for the samples, and thus enables thermovision camera re-
cording. The constant thermal flux is positioned below the
specimen (fig. 12).

Once the object is recorded, the signal is transmitted
from the thermovision camera to the computer where it gets
adequately transformed. The transformed signal is then be-
ing processed by means of appropriate software and a ther-
mogram is formed. The obtained results can be displayed on
the screen in the form of a 3-D presentation or a 2-D dia-
gram. With the aim of detecting possible defects in the ma-
terial, first the recording of the reference sample without de-
fects is performed in the state of inaction. The analysis of

Figure 11. Specimen for IR

analysis
o
= R
camera

Heat
flux

Figure 12. Disposition of
measuring equipment

the reference model thermogram yields the values of temperature dilatations which are caused
by surface roughness. By recording the unexamined object, forming its thermogram and ana-
lyzing it in comparison to the previously obtained thermograms of the reference model, one

can observe the existence of a defect in the material.

The heat that is emitted by the object after its passing through the atmosphere and
camera lens reaches the detector. The detector transforms the received signal into an electrical
signal and sends it to the computer system. The same signal is shown on the screen as a color-
ful image — thermogram. The camera registers the simultaneous radiation off of the object sur-
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face as well as the atmospheric radiation. Since only the energy emitted by the object itself is
important for the research, it is necessary to compensate for the influence of the atmospheric
radiation. This compensation is achieved with the help of the correctional parameters that in-
clude distance between the object and the camera, relative environment humidity and envi-
ronment temperature. In order to minimize the atmospheric effects, the experiment is carried
out in the laboratory conditions.

The difference and discontinuity in the model of the examined sample is observed
when it is compared to the reference model thermogram. It is assumed that the structure of
sample, thin, non-complex prismatic parts is homogeneous. For the thermogram analysis soft-
ware package MATLAB was used. The filtering process is carried out in the direction of the x-
axis, y-axis as well as in both directions simultaneously. Low result values of the test model
indicate the structure is homogeneous. With the analysis of obtained results the maximal value
has been determined and taken as a reference parameter. The reference sample as well as the
test sample is exposed to the same environmental conditions. The existence of defects is de-
ducted from the comparison of obtained results with referent parameters (figs. 13-16).
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Figure 13. Thermal image of heated sample Figure 14. The IR thermogram of sample with defect

(for color image see journal web-site) (for color image see journal web-site)
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Figure 15. Position of defect — x-axis Figure 16. Position of defect — y-axis
(for color image see journal web-site) (for color image see journal web-site)

Filtering is performed in two mutually perpendicular directions. The obtained results
show the presence or absence of defects. A defect can be detected if its shape and direction of
distribution are at a random angle or match the direction of the filter kernel movement. If the
defect is in the direction perpendicular to the direction of the filter kernel movement, there is
no possibility for it to be detected. With the aim of solving this problem, filtering is conducted
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in both directions simultaneously. This enables the detection of defects regardless of their
shape and position.

For the estimation of the parameters of the reference model the filtering in two per-
pendicular directions is conducted. Figure 17 presents 3-D example of the referent sample
thermal dilatation. A relatively even distribution is noted, due to its homogeneous structure
and the deviations are the result of the surface
roughness. A reliable detection of defects, re-
gardless of their shape and size, can be real-
ized by using the simultaneous filtering in two ~ §s
perpendicular directions. The most reliable re- 3§71~
sults are obtained by applying the filtering 32
kernel with dimensions (3 pix. x 3 pix.). 12

The change in the numerical values of
the 2-D filtering results is in the dependence
of the current filtering kernel position. This Figure 17. Reference model — sample without
change is the result of surface roughness of the  any defect (for color image see journal web-site)
reference sample. The criterion in the process
of defect detection is the maximal value of thermal deviation. This value is considered to be
the threshold value. By analyzing the thermogram of the untested object and comparing its pa-
rameters with the approved threshold value, the data about the existence of defects on the ob-
ject can be obtained. If thermal deviations are greater than the threshold value in some points
that implicates that the distribution of the heat in those points are significantly increased. Dis-
continuity of the thermal distribution is the direct result of the existence of defects. Figure 13
shows a sample with the defect. The heat distribution is presented in figs. 14-16. A significant
deviation can be seen in certain domain, which is the result of the defect in the structure.
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Figure 18. The 2-D filtering of the thermogram of a sample (for color image see journal web-site)

The defects in both directions are detected by 2-D filtering of the thermogram in x-y
plane. A comparison of the obtained results with the reference values is enabled by applying the
same filtering kernel which was used for the filtering of the reference model. The results of the
analysis indicate the existence of defects. The 3-D presentation of the obtained results is shown
in fig. 18(a). The distribution of the thermal changes in x-z plane is presented in fig. 18(b), and
the distribution of these changes in y-z plane is presented in fig. 18(c). The position of the largest
detected defect on the tested object is determined by using appropriate algorithms.

The system proposed for practical use

The suggested system consists of test sample, thermovision camera and computing
system for the data processing. The sample is affected by evenly distributed surface thermal
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flux. Heat source as well as thermovision camera are positioned on the opposite sides of the
sample. After the recording, the signal is led from the thermovision camera to the computing
system, transformed, and then presented on screen. The analysis of the thermogram is carried
out by applying the software package, which consists of five sequential processes. First pro-
cess is to upload and pre-processing image of the heated sample without defects. Then filter-
ing process in two perpendicular directions and analysis of the filtering results with estimation
of the allowed thermal dilatation value is done. After uploading image of the defected object,
filtering is carried out in both directions simultaneously. Result of heated sample without de-
fects and defected object are compared.

Conclusions

The presented principle of thermography, the procedure for testing, and the ob-
tained results indicates that method of indirect testing is very useful when it comes to as-
sessing and discovering defects with the possibility of monitoring the development of de-
fects. Determination of the defects, existence and the location in products after a certain ex-
ploitation period is the subject of numerus experimental research. The presence of defects
causes undesirable changes in product features. Defects most often occur during the produc-
tion or exploitation processes. The implemented system presents an original solution that
increases the possibilities of a steady-state testing and product quality control in exploita-
tion. Presented research results imply possibility in increase in efficiency and expand the
basic application of the thermovision system. The research presented in this paper, is foun-
dation for the contactless determination of defects or the presence of thin non-complex
prismatic objects in the structure of a product.

The measuring system consists of a heat source at the bottom and infra-red camera
at the top of the tested specimen. System can be used in production lines for detecting defects
in material rolling mill. It is optimal for exploitation in industrial conditions since the lower
accuracy isn't suitable for laboratory applications. The measuring system is able to detect the
cavities, delamination and variation of material density that are located in vicinage of top sur-
face. For defects located deep in the material, it is impossible to determine their existence
with certainty. Therefore, application of these a steady state method is recommended for of
thin non-complex prismatic objects, as sheets in rolling mills. In many cases, the standards al-
low the presence of cavities or defects of certain dimensions and frequency.

The results demonstrated that the proposed method has exploitation potential, espe-
cially in rolling mill industry, although further refinements are needed in order to apply the
method industry.

Nomenclature

¢ - velocity of light (= 3-10%), [ms™}] t  —time, [s]
¢, - specific heat capacity, [Jkg™K™]

Egs — spectral radiant emittance, [Wm2um™] Greek symbols

e —effusivity, [Ws¥?m2K™] a — thermal diffusivity, [m?%s™]
h  —Planck’s constant (= 6,625-107%), [Js] o —thickness, [mm]

k  —thermal conductivity, [WmK™] A —wavelength, [um]

ks — Boltzmann’s constant (= 1,38-107%), [JK™] p —density, [kgm™]

Q —heat source or sink, [J] o — Stefan-Boltzmann constant
AT - temperature increase or decrease, [K] (5, 6697-1078), [WmK*]

T — temperature, [K]
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