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ABSTRACT

Thermal imaging has its own rapid change and development, both in theory and application. 
Starting from their military research extended to different real-life applications. This work rep-
resents the thermal topographical maps of the thermal image based on the direct projection 
for material thermal inspection. The test set here uses a square cross-sectional shaft that has 
been heated to around 200 o C and then measures 9 projections angle of 45o thermal images 
with an infrared (IR) thermal camera. The final thermal images were analyzed and rearranged 
to understand the thermal behavior of the shaft with the aid of cooling. The results show that 
a local slice C_22 indicates twice times in two different projections (2 and 9) with significant 
differences in temperature with respect to the real measured values. Also, layer C_28 shows 
the highest temperature difference before about 2.51 o C in projection 4 more than all the other 
layers. These represent an abnormal behavior for the slices or the local positions mentioned 
above, which may need more mechanical inspection to confirm the results. The mechanical 
topographical specifying the projection and slice position will increase the percentage of cor-
rectness of local and global assessments for test samples.
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INTRODUCTION

Innovation advancements in infrared imaging have 
encouraged the utilization of thermal imaging in an 
expanding number of fields [1, 2]. Thermal monitoring or 
the detection of the temperature profile for a surface during 
heating or cooling is one of a noninvasive, nondestructive, 
and very important remote thermal measurement [3]. This 

infrared (IR) thermal technique has been widely spread 
and developed in the last few years, after the huge changes 
happened with the manufacturing of the physical media 
used for temperature measurements [4]. Thermal imaging 
cameras are able to capture the IR radiation produced from 
the measured subject and to change it into a radiometric 
thermal imaging that is a digital map of the apparent tem-
perature distribution of the subject itself [5]. The latest IR 
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sensors, equally based on cooled and uncooled devices, 
have promises of high thermal resolution and accuracy. 
However, the remarkable spread of IR technology, together 
with the reduction in the size of IR sensors, directed the 
designers and companies to invent even mobile thermal 
cameras [6].

To overcome the restrictions of contact measuring 
devices, the IR thermography imaging has been used in 
multidisciplinary applications. Servais and Gerlach [7] 
developed a method to inspect the composite material of 
aircraft using an IR camera, where they use high sensitivity 
and digital signal processing to evaluate the aircraft edg-
ing condition. Sousa et al. [8] and Bagavathiappan et al. [9] 
presented the military applications of a thermal camera to 
detect unseen moving objects. Jaffery and Dubey [10] and 
Mclntoch [11], used IR camera images as an early defec-
tive warning strategy for electrical systems. In medical 
detection and diagnosis, Sousa et al. [12] and Joudi et al. 
[13], both used the IR camera once for the detection of the 
healthy condition of the human hand joints and the human 
cornea during laser eye surgery, respectively. Vardasca et al. 
[14] suggested a new connection between the IR camera 
images and machine learning, especially for biomedical 
applications. 

Cast-iron has become an engineering material with a 
wide range of applications used in pipes, machines, auto-
mobiles, and many small and large industrial parts. The 
thermal properties of such material represent a critical 
point of selection and use, especially when we are affected 
by a range of temperatures. This is the principal reason why 
thermal properties are considered as a guideline for cast-
iron applications [15]. Miha Pevec et al. [16] investigated 
the mechanical properties and low cycle fatigue (LCF) 
behavior of brake discs gray cast iron at room and elevated 
temperatures. Belhocine and Bouchetara [17] presented 
a numerical modeling in three dimensions to analyze the 
thermal behavior of the full and ventilated disc brake using 
code ANSYS 11. Mellouli et al. [18] presented a study on 
the thermal fatigue damages of four nodular cast irons 
which are formed by adding different elements. They had 
proposed to examine that, by the addition of different ele-
ments, had effect on the crack growth and oxidation, ther-
mal cycle of cast iron specimen.

Nondestructive testing strategies are extensively utilized 
for the primary recognition of possible failure of a mate-
rial, component, or system. These strategies do not modify 
or impair the object under examination and, intrinsically, 
deliver a respected device to increase protection while min-
imizing the related costs [19]. Infrared thermography or 
non–contact inspection has been extensively used in assess-
ing the conditions of different types and parts of machinery 
[20]. To prevent major mechanical failures and keep follow 
up conditions for different parts of machines like the rotor 
shaft, stator, bearings, and so on, monitoring thermography 
is a powerful suggestion [21]. 

Conversely, these tests are in generally having an initial 
assigned schedule and don not describe the performance 
of the components during the working load. On the other 
hand, the online healthy tests or inspections, which are 
mostly done during the operational workload, feedback the 
examiner with real potential safety and danger level, pre-
venting finally the hazard that may cause sudden damage 
and fail to serve [22].

In the present study, IR cameras were used to measure 
the cooling process of a hot square cross-sectional shaft 
by measuring the temperature of the four faces from nine 
different projections. These projections have an apartment 
of 45o angle. Each image carries a detail of approximately 
26 × 44 points of measurement. These values gave an indi-
cation of the material thermal behavior, and the fluctuation 
in some points inside the whole matrix of measurements 
looks to be an indication for local material deficiency.

MODELING OF IR THERMOGRAPHY 

Radiation Analysis
Everything at a temperature greater than the absolute 

zero (–273o C), radiates heat as an energy called infra-
red energy. This energy varies from one body to another 
depending on the type of material and its temperature. 
The radiated energy is classified into three parts: absorp-
tion, transmission, and reflection [23]. The absorptivity, 
transmissivity, and reflectivity are the three fractions of 
energy from the total radiant energy of any body. The spec-
tral absorptance (αλ), the spectral transmittance (τλ), and 
spectral reflectance (ρλ), which are the ratio of the spec-
tral radiant absorbed, transmitted, and reflected power by 
the surface [24]. The wavelength (λ) here is the indepen-
dent variable that affects directly the three ratios, the sum 
of which must be unity, as described by Kirchoff ’s law in 
equation (1):

 αλ+ τλ + ρλ = 1   (1)

Thermal cameras are considered most of the materials 
as nontransparent materials (black body) so that, the trans-
mission factor can be neglected and consider it equal to 
zero (τλ = 0). Hence eq. (1) is simplified to eq. (2).

 αλ + ρλ = 1 (2) 

 Opaque bodies and blackbodies are not transmitted 
and only absorbed energy bodies, respectively, are two spe-
cial cases of radiant energy body.

Plank’s law, used to calculate the blackbody radiation 
(Wλb) as in equation (3):
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transmittance values lead to different types of media used 
in the IR camera according to the useful range of detection.

The Tatm is commonly assumed close to one, while the 
Tamb is measured by a thermometer. Instead, εobj and Trefl have 
a very high influence on the temperature measurement.

NON-INVASIVE OR NON-DESTRUCTIVE TESTING

IR thermography has been used at the last few years 
intensively in the non-destructive measurements, by inter-
preting the temperature of the measured object surface. The 
temperature distribution appears upon the surface of the 
measured object is an important indication for the internal 
structure behavior toward the thermal energy. This is the 
main idea behind measuring the local temperature on the 
surface of the object, which reflects the defects of the mate-
rial. The possibility of detecting such faults on the internal 
structure of materials is increased when using data pro-
cessing techniques, especially with weak surface gradient 
temperatures. 

In general, there are passive or active approaches used 
in the nondestructive tests of materials. The difference 
between the two approaches that the passive the inspected 
body at a different temperature, while the active test done 
on the body at the same time where an external active moti-
vation was applied to the same body. The objective here 
is to create a thermal gradient and investigate the faults, 
defects, or structural problems. Thermography always deals 
with the propagated thermal waves by conduction, convec-
tion, or radiation, either from the surface to the surface or 
from the heat generation position to the surface through 
the tested object. The normal temperature distribution 
is an indication for the internal structure regular behaves 
and vice versa. In the present work, we introduce an active 
approach test by heating a shaft with a square cross-sec-
tional area and measuring the thermal energy dissipated 
from it by describing the temperature in the nine topo-
graphical positions. 

The test here is done during the cooling stage of the 
shaft, where the temperature started to decrease with time 
during image capture. Each image has a background or 
base temperature and projection side that we can identify 
the deficiencies during cooling from different sides of the 
material tested. 

 where, Wλb is the power per unit area per unit length, 
C1 and C2 are constants, λ is the wavelength, and T is the 
temperature.

 The emitted radiation and the temperature are related 
reversely, higher temperature object emitted a shorter 
wavelength. Wein’s law is used to find the maximum radia-
tion intensity, as in equation (4): 

 0.0029
peak T

λ =  (4)

To obtain the total radiation intensity of a blackbody 
using the Stefan – Boltzmann equation:

 Wb = σ.T4  (5)

While the emissivity of the real body is not constant or 
depends on the wavelength, the Stefan – Boltzmann equa-
tion this time will be:

 Wb = ε.σ.T4    (6)

 where σ is a Boltzmann constant and ε is the emissivity 
of the real body.

Temperature Measurement Using IR Camera
 The IR camera reads the IR thermal energy emitted 

from the object and converts this energy to the equivalent 
temperature value. The surrounding radiation energy and 
the other objects bother the read values and must be com-
pensated to reach the optimum measurement.

 Consider (Wtot) as the total radiation energy received, 
which represents three sources: (Eobj) the required object to 
be measured, (Erefl) the surrounding reflection, and (Eatm) 
atmospherically energy. Equation (7) describes the rela-
tionship between the energies (see Fig. 1):

 Wtot = Eobj + Erefl + Eatm  (7)

To find out the mean required temperature, which was 
measured by the IR camera for each surface (local posi-
tions), substitute equation (6) for each term in equation (7) 
and rearranging it to get the following equation:
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Tobj is the mean estimated value for the radiated surface. 
This value is used as a reference for the measurements along 
the surface done an IR camera. Equation (8) can be solved 
after defining the emissivity’s, transmittance, and tempera-
tures of the atmosphere and reference. The emissivity’s and 
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Figure 1. Three components of total radiation.
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EXPERIMENTAL WORK

 The present work has been done on Al-Khwarizmi 
Engineering College lab/University of Baghdad, the setting 
used is composed of the following:

1. Tested material, cast iron square shape with dimen-
sions of (11X11) mm, and length of 500mm.

2. Rotating holder for the specimen having a motor
with a five seconds increment of time per each
projection.

3. The FLIR® IR Camera T335 shown in Figure 2, have
specifications as given in Table 1.

4. Python 3.7, as an analysis program, after using the
number of modules.

The procedure of work for the experimental study can 
be explained as:

1. Heat the specimen from room temperature 23o C to
the 210o C using an electric furnace.

Figure 2. FLIR® IR camera T335.

Table1. Specifications of IR camera FLIR T335

No. Item Value

1 IR resolution 320 × 240 pixels
2 Thermal sensitivity/

NETD
< 0.05°C @ +30°C (+86°F) / 
50 mK

3 Field of view (FOV)/
Minimum focus 
distance

25° × 19° / 0.4 m (1.31 ft.)

4 Image frequency 9 Hz
5 Focus Automatic or manual
6 Zoom 1–4× continuous, digital zoom, 

including panning
7 Focal Plane Array 

(FPA)/Spectral range
Uncooled microbolometer/ 
7.5–13 μm

8 Display Built-in touch screen, 3.5 in. 
LCD, 320 × 240 pixels

9 Image modes IR image, visual image, picture 
in picture, thumbnail gallery

Test specimen 
Hol

r

11mm  

500 mm  

(a) 

IR Camera 

Test specimen  

1 m – Distance between camera and
specimen 

 
 

(b) 

Figure 3. Experimental settings (a) dimensions of specimen (b) distance between specimen and camera.

2. Connect the specimen using the holder, as shown in
fig. 3.

3. The IR camera is connected at a distance of 1m from
the measurement shaft fixation position.

4. Start to measure the temperature by capturing an
image where the shaft was in a normal position (this
surface will be considered as surface number 1), as
shown in fig. 4.

5. Rotate the shaft after five seconds counter-clockwise
(CCW) with 45o to capture image number 2.

6. Keep rotating the shaft CCW for five seconds at an
angle of 45o per each up to get nine projections with
the following angles: 0 (1st face of shaft), 45o, 90o (2nd

face of shaft), 135o, 180o (3rd face of shaft), 225o, 270o

(4th face of shaft), 315o, 360o (back to 1st face).
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variation (cooling rate) during the nine steps. The linear 
interpolation for the nine values to predict the maximum 
temperature during the cooling back with the following 
relation:

 T = –1.3433t + 210.14  (9)

where, T is the temperature in o C and t is the time in 
seconds. With a root mean square error (R2) is equal to 
0.9936. The heat rate of dissipation can be calculated by dif-

ferentiation of equation (9), then 1.3433dT
dt

=  which means 

a drop of about 1.34o C per second. 
Rate of changes in temperature is an indication for a 

local position defect. This defect will be confirmed more 
precisely in the multi projection temperature. 

Projection Analysis
Figure 6 shows the procedure, and the application 

programs need to read and draw the projections. Starting 
from the left, the image captured first using the IR camera, 
and then transferred to the computer where the analysis 
program was used to read the raw data. The data exported 
from the previous step in the csv file form that could be 
imported by Python 3.7 as an analysis program. Finally, 
the module matplotlib 3.1.2, as an interpretation tool for 
the heat map.

7. Total nine images of the specimen have been cap-
tured. Out of nine images, five represented direct 
faces and four represented the mix of two faces.

The final projection from each part projection that will 
be discussed in the result is the central part of the spec-
imen with a length of 200mm (10mm to each side from 
the center of the specimen), with a width of 13mm (1mm 
added from each side, above and below). This inspected 
area has a matrix size of (26 x 44) which represents 
approximately a cell of (0.5mm by 0.5mm) per each line 
from the heat map.

RESULTS

The collected results here are according to the practical 
inspection of the tested sample. No previous studies used 
such settings or conditions that could be used to validate 
the results. Finally, the results were manipulated and com-
pared with each section and slice with each other.

Cooling Rate 
Finally, nine projections were recorded from different 

angles as mentioned above. Each projection has a differ-
ent maximum temperature; Fig. 5 shows the temperature 

Figure 4. Capture image of the 1st plane of angle 0o with the 
position and size of the discussed area of interest.

T = -1.3433t + 210.14 
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Figure 5. Heat dissipation during the measurement of pro-
jections.
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Figure 6. Applications used to create and study each projection.
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Direct Projections
Figure 7 shows the heat map for the first projection clas-

sified as a matrix of (44 x 26) (as mentioned in the previous 
section). The matrix size here represents the real resolution 
of the IR image received from the IR camera. The regions 
of interest (ROI) for the map below are classified into the 
following regions according to the temperature variation, 
these regions are:

a. Environmental temperature (S_01, S_02 from the 
upper surface and S_25, S_26 from the lower surface) 

Figure 7. First face heat map.

11 mm

with mean values of 30.8o C, 37.3o C, 36.4o C and 32.0o 

C, respectively.
b. Convection film layer temperature (S_03, S_04 for 

the upper surface and S_21, S_22, S_23, S_24 for the 
lower surface) with mean values of 96.3o C, 169.2o C, 
158.8o C, 154.7o C, 122.2o C and 54.2o C, respectively.

c. Material temperature (from S_05 to S_20) with an 
average of mean values of 186.3o C.

Figure 8 shows the variation in the mean values for 
the above three regions along the nine projections. The 
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Figure 8. Average temperature variations for the three regions for nine projections.
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Figure 9. Average radar temperature variations for the 
 material region for nine projections.

fluctuation in the central and the two environmental 
regions decreased regularly while the other two film lay-
ers increased in the first phase and then decreased like the 
other layers.

Figure 9 shows the radar variation in the mean tempera-
ture for the material temperature layer or the nine projec-
tions. It is possible here to predict the number of projections 
required to reach a specific temperature for any surface of 
the material.

Oblique Projections
Figure 10 shows the heat map for the second projection 

classified to a matrix of (44 x 26). The matrix size here rep-
resents the real resolution of the IR image received from 
the IR camera. The regions of interest (ROI) for the map 
below are classified into the following regions according to 
the temperature variation, these regions are:

a. Environmental temperature (S_01, S_02 from the
upper surface and S_25, S_26 from the lower sur-
face) with mean values of 31.0o C, 42.8o C, 36.7o C and 
32.0o C, respectively.

b. Convection film layer temperature (S_03, S_04 for
the upper surface and S_21, S_22, S_23, S_24 for the
lower surface) with mean values of 83.5o C, 161.7o C,
161.4o C, 146.3o C, 122.7o C and 55.4o C, respectively.

c. Material temperature (from S_05 to S_20) with an
average of mean values of 178.2o C.

For the oblique faces, the distance of their center is not 
equal to the distances of the two other boarders. Although 
this difference in distance is presented, it does not effected 
the measured temperature. This is related to the fact that 
the radiated energy diffused in every direction and the 
small dimension size of the measured object that reflected 
the neglected amount of differences.

Slice Analysis
The vertical section through the heat maps for differ-

ent projections is called the slices. The behavior of the tem-
perature per element position is considered as a reflex from 
the material to diffuse the heat energy outside the heated 

Figure 10. Second oblique face heat map.
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specimen, starting from the environmental layer reaching 
the main material once. These local positions and regions 
are defined here by slice numbers S-code for horizontal and 
C-code for vertical. Layer C_22 indicates two times in two
different projections (2 and 9) their significant differences
in temperature with respect to the real measured and inter-
polated values. Also, Layer C_28 shows the highest tem-
perature difference about 2.51o C in projection 4 compared
to all the other layers.

By calculating the error between the interpolation func-
tions and the real measured values per each projection, the 
following slices per projection have the maximum differ-
ence in temperature, as in Table 3.

The above differences in temperature per projection 
may initially indicate local changes in the behavior of the 

specimen. Figure 11 shows the 44 slices mean temperature 
for the different nine projections with their linear interpola-
tion functions. Each line has its own linear fitting equation 
and square root mean error, with details given in Table 2.

DISCUSSION

The inspection of material was done by adding an exter-
nal energy or by measuring the dissipated energy, as this 
was an important procedure in the experimental study. 
This is done here by heating and then measuring the cool-
ing rate from different faces at different projection angles 
of the specimen. The analysis of the projections of heat 
maps collected from an IR camera leads us to understand 
the variation in different local positions and regions of the 

Figure 11. The 44 slice temperatures for nine different projections of with their linear interpolation functions.

Table 2. Coefficients of linear polynomial for the nine projections

Projection No. 1 2 3 4 5 6 7 8 9

M 0.2118 0.2008 0.1734 0.2139 0.1724 0.2214 0.1963 0.1887 0.1537
B 140.83 135.02 125.16 125.15 108.32 108.84 100.13 101.54 93.469
Root square error 0.8969 0.9488 0.786 0.8691 0.8623 0.964 0.9492 0.9809 0.9313

y (Temperature °C) = M*X (slice number) + B
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