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Summary 
This university Bachelor’s Thesis was performed to explore the influence of surface 
roughness on the thermography measurement. 

Thermography is a non-destructive testing method which can be used to detect cracks. 
However, it is hard to define how the surface roughness influences the emissivity and the 
result of a thermography measurement, as well as how the angle of the excitation source 
influences the result. Therefore, this work aims to define how the heating angle and surface 
roughness influence the thermography measurement, define the relationship between surface 
roughness and emissivity for the same crack, and define the influence of the angles which 
composed of the heating source, the direction of crack and the direction of surface roughness 
on thermography measurement. 

In this report, the theories of radiation and Signal-to-noise ratio (SNR) were explained, clearly. 
Also, two kinds of experiments were set up. One is focus on how the heating angle influence 
the thermography measurement, the other is focus on how the angle of the heating source, 
in relation to the crack direction and the direction of surface roughness, influence the SNR 
value. 

The conclusions of these experiments are that the heating of a crack increases as the angle 
α decreases (from wide side to narrow side) and the angle of β  increases (from horizontal 
to vertical). Moreover, the SNR value decreases as the surface roughness increases. For the 
same surface roughness, the SNR value increases with increased crack angle (0°, 45° or 90°) 
and with decreased sample position angle (horizontal, 45°or vertical). What is more, the 
higher surface roughness, the larger the influence of the crack angle and the sample position 
angle. Finally, when the surface is polish, the crack angle and the sample position angle does 
not have any influence. 
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Symbols and glossary 
1c  first thermal radiation constant 

2c  second thermal radiation constant 

bL ,λ  spectral intensity of blackbody radiation 

meansL ,λ  measured spectral radiation intensity 

n  index of refraction 
R  roughness factor 
T  surface temperature 
λε spectral emissivity 
'
λε  directional emissivity 

θ  angle of energy 
κ  extinction coefficient 
λ  spectral wavelength 

rρ  reflectance for rough surface 

pρ  reflectance for polished surface 
'
λρ  directional reflectance 
''
λρ  bidirectional reflectance 

σ  root-mean-square (rms) surface roughness 
Ω  solid angle 
α  absorbance 
ρ  spectral-bidirectional reflectance 
τ  transmittance 

iΦ  incident flux 

aΦ  absorption 
'
rΦ  reflection 

tΦ  transmission 

0a  constant 
NDT non-destructive testing 
MRT multispectral radiation thermometry 
EDM electric discharge machining 
SNR Signal-to-noise ratio 

signalP  signal power 

noiseP  noise power 

signalA  signal amplitude 

noiseA  noise amplitude 
Angleα  is a projective angle in x-z plan composed by the centre line of the UV-light and 
the x-axis. 
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Angle β  is a projective angle on y-z plan composed by the centre line of the UV-light and 
y-axis. 
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1 Introduction 
With science and technology developing, the required quality of products is higher and 
higher, especially in some special field, such as in the aerospace field, medical domain 
and so on. Therefore, the inspection of the surface is very important to ensure the 
product have good quality. One of the good ways to inspect the surface is to utilize a 
thermography measurement system, which includes, at least, one heating source (laser, 
infrared and so on), IR camera and PC. Thermography is a non-destructive testing 
(NDT) method that does not require contact with the surface of specimens. 

1.1 Background 
NDT was started during the 19th century [1]. It is widely used as an analysis technology 
to evaluate the properties of material in science and industry. One of the NDT-methods 
is thermography. The advantages with thermography have been recognized as fast, non-
contact and providing full field information. Thermography inspection is based on 
studying the emitted thermal radiation from a surface. The thermal radiation is related 
to the emissivity of the surface. However, it is hard to define the relationship between 
surface roughness and the emissivity. Therefore, this report focuses on how the 
emissivity is related to the roughness of the surface. 

1.2 Objective 
The study focus on surface breaking cracks. The aims of this report are try to define 
how the heating angle influence the thermography measurement, define the relationship 
between surface roughness and emissivity, and define the influence of the angles of the 
heating source, the direction of crack and the direction of surface roughness on 
thermography measurement. 

However, there still are some limitations, such as that it is impossible to ensure each 
crack, from different samples, has the same heating angle, surrounding temperature etc. 
Also the cracks which are used in the experiments are made by electric discharge 
machining (EDM). In the other words, no matter how similar between the artificial 
cracks and the real cracks, the artificial cracks still cannot replace the real cracks. 
Because of the real crack suffers from a more complicated set of variables compared to 
an artificial crack. It is simply impossible to avert this kind of noises one hundred 
percent. 

2 Theory 
Emissivity is a surface property that states the ability to emit thermal radiation. Each 
surface has a different emissivity. Emissivity is a unit-less quantity which can range from 
a theoretical 0.00 (completely not-emitting) to an equally theoretical 1.00 (completely 

 1 

http://en.wikipedia.org/wiki/Emissivity
http://en.wikipedia.org/wiki/Thermal_radiation


Influence of surface roughness on thermography measurement 
 

emitting). The surface/object is called blackbody if the emissivity of the material equals 
to 1. However, it is important to point out that generally, emissivity is not constant, as 
it depends on several parameters, such as roughness of the surface, temperature, 
viewing angle, wavelength, and so on. Normally, emissivity increases with the increase 
of surface roughness and/or the increase of temperature [2-5]. 

2.1 Surface crack detection 
The thermography method used for detecting surface cracks is based on the variations 
in absorption of radiation caused by cracks acting like black-bodies[6]. However, the 
background around the crack acts like grey-bodies. When the crack is illuminated by 
high intensity light, an increase in the absorbed energy was detected [6, 7]. This means 
that cracks are detected easily by comparing the crack absorption to the background 
absorption. 

2.2 Radiation 
The book by P. V. M. Xavier [1] mentioned that when temperature is T, from Planck 
Law, the spectral intensity of radiation emitted from a blackbody is obtained with the 
relation: 

( ) ( )1
, /5

1
, 2 −

= Tcb e
cTL λλ λ

λ                          (1) 

Nevertheless, the intensity of radiation from a real surface is small compare with a 
blackbody at the same temperature. The spectral emissivity can be calculated, for the 
intensity of radiation emitted by a real surface, as the emissivity multiplies by that 
emitted by a blackbody at the same temperature, according to: 

( ) ( ) ( )TLTTL bmeas ,,, ,, λλελ λλλ =                     (2) 

However, real surfaces do not behave as blackbodies. For instance, the incident flux 

iΦ  results in absorption ( aΦ ), reflection ( '
rΦ ) and transmission ( tΦ ). Furthermore, 

these absorption, reflection and transmission fractions of the incident light not only 
depend on the wavelength (λ ), orientation ( θφ, ), temperature (T ) but also on the 
surface quality: 

tari Φ+Φ+Φ=Φ '                              (3) 

Some materials are special, for example, for perfect mirrors, aΦ and tΦ equal to zero. 
However, for a blackbody, all the incident flux is absorption ( ai Φ=Φ ). For an opaque 

material, transmission can be ignored. So the incident fluxes are absorbed and reflected. 
Specifically, absorbance was used to define the ratio of the incident flux to the absorbed 
flux: 
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Similarly, in terms of the incident flux and reflected flux, the spectral-bidirectional 
reflectance ( ρ ) can be defined as: 
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=                           (5) 

For the ration of incident flux to the transmitted flux, the transmittance can be 
introduced according to: 

i

t

d
d

,

'
,)2,,,(

λ

λπφθλτ
Φ
Φ

=                              (6) 

It is a simple relation between absorbance, reflectance and transmittance, considering 
the exchange of flux: 

1=++ ταρ                                   (7) 

Generally, the transmission is very small compares with the absorption and reflection. 
Therefore, equation 7 can be written as: 

1=+αρ                                     (8) 

A link between the absorption and emission processes can be defined as: 

),,()',',( φθλαφθλελ =                             (9) 

2.3 SNR 
For analysing the data, a method will be introduced, i.e. Signal-to-noise ratio (often 
abbreviated SNR or S/N). SNR is a measure used in science and engineering that 
compares the level of a signal to the level of noise which has been defined as the ratio 
of the signal power to noise power which can be written as: 

noise

signal

P
P

SNR =                                (10) 

Moreover, the SNR can be obtained by calculating the square of the amplitude ratio, 
when the signal and the noise are measured across the same impedance. So, the equation 
10 can be rewritten as: 

2)(
noise

signal

noise

signal

A
A

P
P

SNR ==                          (11) 

3 Literature survey 
There are not too many papers about the influence of surface roughness on 
thermography measurement. However, during the literature survey, some articles were 
found which can show how surface roughness influences the measurement of 
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thermography. This literature survey cover 5 papers by T. Maffren[8], M. 
Wieczorowski[5], C. D. Wen[2-4]. 

The first article by T. Maffren[8] “Influence of the surface roughness on images acquired by flying 
spot active thermography: case of the high pressure turbine blades”. 

The aim of this article is to develop an active thermography process called flying spot 
which using scan laser to heating. It was started in the 90’s and developed by Onera 
and Areva at the Wayne State University firstly. In this case of this study, an argon laser 
was used to scan the sample material, and the scan velocity can reach up 2.5mm/s which 
depend on the thermal diffusivity of the specimen material. Then image the detection 
area around the laser continuous scan though a SWIR camera. 

Also, the surface roughness was researched, which include how the surface roughness 
was produced (surface roughness due to manufacturing process and due to the use in 
service) and what is the influence of the surface roughness during flying spot image. 
The surface which has many grains induces an overloading of the SWIR camera, when 
use a thin laser line for which the width is close to the typical size of the grains. What 
is more, the problem has been point out in two ways. One possible way is use wider 
laser line than the grains size on the surface. The other way is named image post-process 
which amplify the image crack in the digital image. 

The second article by M. Wieczorowski[5] “Roughness aspects in thermal analysis of machine 
tools”. 

In this article, it is shown the analysis of surface topography influence on emissivity of 
sample. As the first example, two different samples were used, one with a smooth and 
one with a rough surface. However the results show no difference between the 
emissivity. The author thought the reason why the emissivity are the same, with a huge 
different between two surfaces, is mostly because the asperities have very similar 
summit angle. Also, the author found only isotropy can reflect these properties in this 
case. Therefore, the second experiment was established. In this case, three different 
sand blasted surfaces were researched with a totally different situation compare with 
the first experiment. Nevertheless, the result shows the emission property also does not 
change much and the parameter of isotropy cannot be used to reflect heat emission 
from the surface. In the author opinion, they think “asperities are much sharper and holes 
caused by sand direct heat rays very randomly” [5]. 

In summary, this paper fully demonstrates big changes in amplitude parameters do not 
significantly change emissive properties, and comes up with a way for periodic surface 
to describe the emissive properties by using isotropy.  

The third article by  C. D. Wen[2] “Emissivity characteristics of polished aluminium alloy 
surfaces and assessment of multispectral radiation thermometry (MRT) emissivity models”. 
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In this paper, the research focuses on polished aluminium alloy surfaces over the 
spectral range of 2.05-4.72µm and temperatures of 600, 700 and 800 K and assessment 
of multispectral radiation thermometry (MRT) emissivity models. Also, different 
compositions of alloy are used, such as AL 7150, AL 7075, AL 2024 and AL 1100.  
After a lot of experiments and researches were done, they found how the different 
parameters influence of the emissivity. All of the results can be concluded: 

1. In generally, increasing emissivity with increasing temperature. However only 
AL 7150 follow this trend, while the emissivity of AL 7075 and AL 2024 are 
up-and-down, decreasing in the temperature range 600 and 700 K and 
increasing in the temperature range and 800 K. It is worth mentioning that AL 
1100 has a totally inverse trend. 

2. With the heating time goes by, the emissivity increasing just during the first 
three hours when maintained at a constant elevated temperature. The reason 
why the emissivity is increasing with heating time is most probably since the 
surface was oxidized. Surface oxidation increases the emissivity of the metallic 
surface.  

3. Increasing the number of spectral wavelengths and unknown coefficient does 
not improve the accuracy. Also, broadening the wavelength range does not 
necessarily improve measurement accuracy. 

4. Two models which are λ
λε

T
a

e
0

=  and λ
λε 0ae= , were provided for different 

alloys and temperature, are the best overall compensation.  

The fourth article by C. D. Wen[3] “Emissivity characteristics of roughened aluminium alloy 
surfaces and assessment of multispectral radiation thermometry (MRT) emissivity models”. 

This article is an extension of article 3. They do almost the same experiments. But the 
surfaces are changed to roughness in this time. Moreover, five different roughness 
surfaces were used, they are nmRa 92.75= , nmRa 48.146= , mRa µ55.4= (extruded) 
and mRa µ38.6= (saw-cut). The result of research in this article can be concluded: 

1. With the spectral wavelength increasing, the emissivity of alloy simple generally 
decreases obviously when spectral wavelength between 2.05 and 3.5 µm, and 
increase slightly between 3.5 and 4.72 µm. 

2. About influence of temperature, they got same result like article 3. The 
emissivity decreases between 600 and 700 K and increases between 700 and 800 
K. 

3. In this case, the metallic takes 4 hours to build up oxidation. In other words, 
the emissivity increases just during the first 4 hours. 

4. Generally, surface roughness increases emissivity. In this case, the increase is 
proved by saw-cut surface, obviously. 
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5. About other parts, they get the same answer like article 3, such as increasing the 
number of wavelengths and unknown coefficient does not improve the 
accuracy, broadening the wavelength range does not necessarily improve 

measurement accuracy and the modules λ
λε

T
a

e
0

=  and λ
λε 0ae= are the best 

overall compensation for different alloys. 

The fifth article by C. D. Wen[4] “Modeling the effects of surface roughness on the emissivity of 
aluminium alloys”. 

The main part of this paper defines the relationship between the emissivity of 
aluminium alloy surfaces and surface roughness basis on multispectral radiation 
thermometry (MRT) methods. They categorize the emissivity principles based on 
surface roughness which can be identified: optically smooth (ideal) and rough (real). 
Specifically, rough surfaces can be divided into Specular Region corresponds to 0<

λσ / <0.2, the Geometric Region λσ / >1 and Intermediate Region 0.2< λσ / <1 (σ  
is root-mean-square surface roughness). 

For optically smooth surface, combining Fresnel’s equation and Kirchhoff’s law to 
determine the spectral emissivity the equation can be defined: 

22

2

)1(
4

κ
ελ ++

=
n

n                            (12) 

Where n is the index of refraction and  the extinction coefficient. Also, they found 
out decreasing emissivity with increasing wavelength in the infrared range for most 
metallic surfaces. Comparing to the wavelength, surface roughness is small in the 
specular region (0< λσ / <0.2). They tend to use another model: 

))4(exp( 2

λ
πσρρ −= pr                         (13) 

Where rp  and pp  are the reflectance for a rough surface and a polished surface, 

respectively. When 0.2< λσ / <1, the directional emissivity can be determined from 
three laws, the first one is bidirectional reflectance function (BRDF): 

i

i

s

s

si

d
d

d
d

p

Ω
Φ

Ω
Φ

=
θ

π

θθλ
cos),(''                          (14) 

i and s are incident and scattered, respectively. Electromagnetic scattering theory or 
approximate models as the second law: 

∫ Ω=
π

λλ θθθρ
π

θρ
2

0

'' cos),(1)( sssii d                  (15) 

Kirchhoff’s law: 

κ
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)(1)( ''
ii θρθε λλ −=                           (16) 

In the geometric region ( λσ > ), the effects of roughness on emissivity are quite large 
compare to those of wavelength. Therefore, emissivity is highly sensitive to the detailed 
surface geometry. They mention that “For small groove angles, emissivity decreases sharply with 
increasing observation angle”[4]. Overall, for λσ < , emissivity is depended on surface 
roughness; for λσ > , emissivity is dependent on surface slope. 

More than that, this article shows that from a known emissivity value of another 
roughness surface of same material, the emissivity of a rough surface can be determined, 
if the surface roughness parameters ( aR ) of both surfaces are known. The equation can 

be defined as: 

))11(1(
k

i

k
i R

R
−+=

ε
ε                           (17) 

With different roughness factors iR  and kR , the surfaces emissivity are iε and kε , 

respectively, but the same material. Also, R can be calculated by using  
12222 )25.11( −+= aRnR π                       (18) 

4 Experimental methods 
Steel is the most popular alloy in most heavy industries. With its inherent properties of 
high strength to weight ratio and 100% recyclability, steel can be found in almost every 
type of industry. Therefore, this report is focus on steel. 

Titanium alloys (Ti alloys) are metals which composed of a mixture of titanium and 
other chemical elements.  Even at extreme temperatures, Ti alloys have very high 
tensile strength and toughness. It is used to military applications, aircraft and connecting 
rods on expensive sports cars. Because of both raw materials and processing limit it has 
a high cost. 

In this study, the experiments can be divided into two parts. One is dedicated to define 
how the heating angle influences the thermography measurement. The other is devoted 
to define the relationship between surface roughness and emissivity for different 
surfaces with the same crack, and define the influence of the angles of the heating 
source, the direction of crack and the direction of surface roughness on thermography 
measurement. 

4.1 Test sample 
The sample of the first experiments was fabricated from Ti6-4. Ti6-4 alloy is the most 
commonly used. “It has a chemical composition of 6% aluminium, 4% vanadium, 0.25% 
(maximum) iron, 0.2% (maximum) oxygen, and the remainder titanium”[9]. 
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Test samples, for the second experiments, were manufactured by steel named Domex 
355. Domex 355 is a high strength cold-forming steel distinguished by high strength, 
excellent form-ability and good weld ability, which makes it suitable for a wide range of 
applications. The chemical compositions of Domex 355 are 0.1% C, 0.03% Si, 1.5% 
Mn, 0.025% P, 0.01% S, 0.015% Al, 0.09% Nb, 0.2% V and 0.15% Ti[10]. 

For the first part of the experiments, the sample can be seen in figure-1. Just as the 
picture show, the sample was produced by welding and the crack (1*0.1*0.5mm) was 
created in the boundary of the welding zone with EDM. For the second part of the 
experiments, three samples were fabricated which can be seen in figure-2. As figure-2 
shows, all of the samples keep the same size (100*50*3mm). The cracks, which had the 
direction 0, 45 and 90 degree and size 1*0.1*0.5mm, were the same and had the same 
position. The material was also the same, but the samples had different surface 
roughness, one smooth surface ( mRa µ05.0= ), one rough surface ( mRa µ46.2= ) and 
one very rough surface. For each surface, the roughness was created by smooth sand 
paper, rough sand paper and grinding wheel, respectively. However, the directions of 
each surface roughness were the same, even if there is a huge roughness difference for 
each surface. The microscope photographs of the real samples can be seen in figure-3. 
Also, the real sizes for each crack are show in Table-1.  

 
Figure 1: The sample for the first experiments. 
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Figure 2: The sample for the second experiments. 

 
Figure 3: A microscope with 40x magnification was used to take the pictures of the cracks 
which can show the crack, the direction of surface roughness and the direction of crack.  
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Table 1: The real sizes of the cracks.  

 

4.2 Experimental setup 
As mentioned earlier, there are two kinds of experiment in this report which can be 
seen in figure-4 and figure-5. However, the equipment of those experiments is the same, 
and is composed of a UV-light, an IR camera and a computer. The infrared camera, a 
FLIR SC 5650 infrared camera with a bandwidth of 2.5 – 5.1 μm and a 27 mm optical 
lens, was used for the experiments in the infrared thermography system. The camera 
had an InSb detector with a resolution of 320x256 pixels and the frame rate during the 
recording was 281images/s. During the experiments, the sample is heated by a UV-
light. At the same time, the IR camera recorded all of the data and sent it to the 
computer. Finally, all the data were saved as Matlab files through a software which is 
called IrNDT1.7. 

With the increase of the absorption, the temperature will increase at the same time. The 
more absorption the better angle is the heating, when the incident flux is the same. 
What is more, as the theory shows, the emission equals the absorption. For these 
reasons, the influence of heating angle on the thermography measurement can be found 
out when the emissivity of the crack was identified. Therefore, in the first case, the IR 
camera is perpendicular to the sample and the UV-light is oriended with two angles as 
can be seen in figure-4. The angleα  is a projective angle in x-z plan between the centre 
line of the UV-light and the x-axis. Angle β  is a projective angle on the x-z plan 
between the centre line of the UV-light and y-axis. Therefore, no matter how α  
and/or β  are changed, the incident angle will be changed and lead to a different 
reflection, absorption and transmission. For these reasons, the emission from the 
sample will be different also. To find the best heating angle, the angles start from 0 
degree to 90 degree and the step is 15 degree. In addition, to make the results reliable, 
each experiment has been repeated five times. 

In the second case, to avoid further reflection from the camera, the IR camera has a 
small angle to the x-axis. The higher angle ofα (from wide side to narrow side) leads 
the less absorption and the higher angle ofβ (from horizontal to vertical) leads to the 
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more absorption. However, when °= 0α  and β  have big angle, the heating 
equipment will block the IR camera from detectinging all the emission from the crack. 

So, the position of the UV-light can be seen in figure-5 which is °= 0α  and °= 45β . 
Moreover, during the whole experiments the position of both UV-light and IR camera 
are fixed, but the position of the samples is changed. More specifically, based on the 
direction of the surface roughness, the position of sample is horizontal ( °0 ), 45° or 
vertical ( °90 ). As the direction of the surface roughness changes while the UV-light 
and IR camera holds the same position, the emissivity of the background around the 
crack will be different. That is to say, the influence of the different noises is fairly 
distinguished for thermography detection of cracks, when the angle between the heating 
source and the direction of roughness is difference. Like the first case, in order to make 
sure the results are more convincing, the experiments were repeated three times. 

 

 
Figure 4: The first experimental set up. When the angle α decreases, it leads to heating from 
wide side to narrow side and the angle of β  increases leads to heating from horizontal to 
vertical. 
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Figure 5: The second experimental set up. 

5 Results 
After the experiments, a lot of data were collected. For different kinds of experiment, 
there are different methods to analyse the data. Also, for each experiment, there are a 
lot of results have been pointed out. 

5.1 The results of the first experiments 
First of all, the data were analysed by Matlab, which calculated the first derivative (the 
code can be seen in Appendix A). The first time (50th pixel) derivative image is shown 
in figure-6. Then, the point of the crack with the highest value is selected to depict how 
the temperature is depended on the time. Finally, from the image of highest-point, the 
result is reached by the changing temperature divided by the time. Basis on this method, 
all of the results, which show how quickly the temperature of the crack change, are 
found, which can be seen in the Appendix B. The final results can be seen in Table-2 
and shows the average of these results, from the Appendix B, for the temperature 
change divided by the time. Based on the data from Table-2, a line chart can be seen in 
figure-7. As the line chart in figure-7 shows, the higher the angleα , the less absorption 
in the crack; the higher angle β , the more absorption. Based on Equation-9:

),,()',',( φθλαφθλελ = , the result can be rewritten as, the emissivity increases as the 
angle α decreases and  the angle β  increases. 
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Figure 6: The left side picture shows the first derivative image with respect to time and the right 
side picture is shows how the temperature of the highest point is depended on the time. 
 
Table 2: The relationship between heating angle and the velocity of temperature change. These 
“*” means the angle is impossible to measure based on the experimental setting or the value is 
too small. The numbers are the average of these results of temperature change divided by the 
time 

 

 
Figure 7: The results of the first experiments. 
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5.2 The results of the second experiments 
The second experiments are similar to the first experiments, the first derivative of these 
data were calculated by Matlab (the code can be seen in Appendix C). However, in this 
case, the averages of the data were calculated firstly, since for each time, the heating is 
pretty close to each other. Then, the first derivatives of the average data were obtained 
through the Matlab. Moreover, as mentioned before, the SNR was a measure used to 
compare the signal and the noise. As equation 11 show, signalA and noiseA  can be 

defined as the average value of the crack and the surrounding, respectively. 
Nevertheless, it is very difficult to insure the accuracy of the background, when all 
values of background were included. For some reasons, there are a few strange points 
and/or areas that show a huge difference compare with the points around them. Hence, 
a square (5x5 pixels) close to the crack was used as the background. Finally, all the 
results can be seen in Table-3 and the original data can be seen in the Appendix D. 
Table 3: The results of the second experiments. 

 
As Table-3 shows, by comparing different surfaces for the same crack angles, the SNR 
value decreases when the surface roughness is increased. However, for the same 
roughness, the SNR value increases with increased angle (0°, 45°and 90°) between the 
surface roughness and the crack. In addition, the SNR value increases with decreased 
sample position angle (horizontal, 45° and vertical) between the direction of surface 
roughness and the heating source. For a smooth surface, no matter how the crack angle 
and the sample position were changed, the result of the SNR value was practically the 
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same. For all of these results, the higher surface roughness, the larger the influence. 
This can be easily seen in Table-4. By comparing different surfaces for the same column, 
increasing the surface roughness increases the ratio. That is to say, with the surface 
roughness increasing, the influences of the crack angle and the sample position become 
larger and larger. 
Table 4: The results of the second experiments. These numbers mean the ratio of big crack 
angle to small crack angle. 

 

6 Discussion 
Based on the theory, all the results have reasonable ways to explain why it behaves like 
it does. Therefore, for different experiments, it has different reasons and/or different 
ways to analyse. 

6.1 The first experiments 
For the crack, the higher angle ofα (from wide side to narrow side) leads the less 
absorption and the higher angle ofβ (from horizontal to vertical) leads to the more 
absorption. There are four reasons why it behaves like this. For the angleα , one reason 
is that the reflections are different and the actual heating distance is different, when 
angleβ  is held in the same position but the angleα  is changed. Specifically, for the 
same crack, under the condition of constant angle β  together with changed angleα , 
the crack is heated from different sides which can be seen in figure-8. Just like figure-8 
shows, when the angle °= 0α , the crack is heated from wide side. However, when

°= 90α , instead of the wide side, the crack is heated from narrow side. Therefore, 
when °= 0α , the real heating distance is closer compared to the result when °= 90α , 
even if the distance between heating source and the sample are the same. That is to say, 
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for a crack, the smaller angleα , the more energy will get in. Also, when β  is a 
constant angle, the angle of incident flux would not change. In addition, the angle of 
the reflection and incident flux should be the same. As figure-8 shows, heating from 
wide side, the crack acts like a black body. Nevertheless, some incident flux was 
reflected away. So that, for the same heating source, the real absorption is not the same. 

As Table-2 mention there are a few points with non-existing values and/or small values. 
The reason why these points are different is because when °= 0α  and β  have big 
angle, the heating equipment will block the IR camera from detectinging all the emission 
from the crack. For this reason, it can explain why the two points ( °= 0α ,

°°= 7560 andβ ) are strange. Also, there could be other reasons, such as the sounding 
temperature, the heating distance etc. 

For changes in angleβ , there are two reasons to explain its behaviour. The first reason 
is the different size of heating area. The bigger angle will get a smaller heating area. 
However, for the same heating source, the smaller heating area, the more the crack will 
absorb. The other dependable reason is shown in figure-9. The bigger angle, the more 
incident light will go into the crack which will lead to more absorption in the crack. It 
is pointed out that the absorption increases with an increased angleβ .  

 
Figure 8: The reason why it leads the less absorption when increase angle α . 
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Figure 9: The reason why it leads more absorption when increase angleβ . 

6.2 The second experiments 
There is one thing that needs to be clarified, the more absorption of the crack and/or 
the less absorption of the background, the higher SNR. In thermography is easier to 
detect a crack with high SNR. 

For the absorption of the crack, it has the same reasons like the first experiments. 
Different heating angle, which is influenced by angleα and angleβ , lead to different 
absorption. Therefore, when the surface roughness does not change (value, direction 
and so on) the absorption of the crack will change if the direction of the crack is 
changed. In this case, changing the direction of crack is the same as changing angle β  
in the first experiment. That is to say, if the direction of crack changing from °0 to °90 , 
the results will be the same as changing the angle β from °0 to °90 . Moreover, it was 
pointed out that the absorption increases with increased angle β  in the first 
experiments. Therefore, with the direction of the crack changing from °0 to °90 , the 
absorption of the crack will be more and more. That is why for the same roughness, 
the SNR value increases as the angle between surface roughness and the crack increases 
(0°, 45° or 90°). 

For the background the absorption increases as the surface roughness increases. 
However, the result for the same crack is different, even if the surface roughness is 
same. This is because when the angle between the surface roughness and the heating 
source is different, the reflection in the surface will have different direction. Thus it will 
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influence the thermography measurement differently, which can be seen in figure-10. 
When the surface roughness and the heating source are perpendicular to each other 
(when the sample position is vertical), the background will absorb more energy 
compared with horizontal. This is because when the surface roughness and the heating 
source have the same direction (when sample position is horizontal), the incident flux 
get more chance to be reflected away. This is the reason why the SNR value increases 
when the angle between the direction of surface roughness and the heating source 
decreases. Furthermore, as the surface roughness increase, the influence of these 
directions will be more and more obvious.  

However, for the polished surface, no matter the crack direction, the heating angle and 
so on changed, the SNR are pretty close to each other. This is because the surface is 
too polished to absorb the incident flux. It acts like a mirror, and almost all the incident 
flux is reflected away except in the crack area. 

 
Figure 10: How the backgrounds influence the results. 

7 Conclusions and future work 
This study explored how the heating angle influences the emissivity. In addition, the 
influence of the angles of the heating source, direction of crack and direction of surface 
roughness were pointed out by using the SNR.  

The emissivity increases with decreased angle α (from wide side to narrow side) and 
increased angle β (from horizontal to vertical). When the angle α  increases, the 
heating source will change from the wide side to narrow side. This leads to the real 
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heating distance becoming longer and longer. Moreover, the incident fluxes get more 
chances to be reflated away when heating from the narrow side. Because of this, the 
absorption of the crack decreases. Going back to the angleβ , as the angleβ  increase, 
the heating area becomes smaller and smaller. For the same heating source and a smaller 
heating area, more energy will be absorb by the crack and give rise to an increase in the 
crack emissivity. 

The SNR value decreases with increased surface roughness. Rougher surface leads to a 
higher emissivity from the background, but does not change the emissivity from the 
crack. Hence the SNR values decrease with increased surface roughness. Secondly, for 
the same surface roughness, the SNR value increases with increased crack angle 
between the roughness direction and the crack direction, and decrease with the sample 
position angle between the heating light and the roughness direction. The reasons can 
be defined like, with the crack angle changing, the reflection is in different direction. 
This is shown in figure-10. When the crack angle is 0°, the direction of reflection is 
perpendicular to the crack direction. This means that the IR camera will get more noise 
compared with a 90° angle, since both reflection and crack has the same direction. Also, 
when the sample position change from vertical to horizontal, the incident fluxes get 
more and more chance to be reflected away. Thirdly, the higher surface roughness, the 
larger the influence of the crack angle and the sample position angle. Finally, when the 
surface is polish, the crack angle and the sample position angle does not have any 
influence since the highly polish surface acts like a mirror, which reflect all the incident 
fluxes. 

In the future works, all of the experiments can focus on the real crack. Also, each 
experiment can have more reference points or angles to improve accuracy. In addition, 
the future works could focus on the relationship between the heating angle and the 
heating area. 
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A. Appendix A: The code for the first experiments 
which calculated the first derivative.  

Code: 
clear all 
  
% order of polynomial 
n = 5; 
% start and end image 
t_s = 100;%it is a point which start change 
t_e = 562; 
x_s = 1; 
x_e = 320; 
y_s = 1; 
y_e = 255; 
x_res = 0.100; %[mm/pixel] 
y_res = 0.106; %[mm/pixel] 
t_res = 1/281; %[s/frame] 
  
% File 
filename1 = 'The location of the file'; 
% Load data 
load(filename); 
D = permute(double(imgseq(x_s:x_e,y_s:y_e,t_s:t_e)),[2,1,3]); 
D = double(imgseq_lut(D))-273.15; 
  
% Axis scale 
x = (x_s:x_e)*x_res; 
y = (y_s:y_e)*y_res; 
t = (t_s:t_e)'*t_res; 
tl = length(t); 
  
% fit poly and calculate derivative 
p = zeros([size(D(:,:,1)),n+1]); 
Dd = zeros(size(D)); 
Df = zeros(size(D)); 
% linear regression for calculating derivative 
T = []; 
Td = []; 
% vectors for the linear regression [1,t,t^2,t^3,...,t^n] 
for nn = 0:n 
    T = [T,t.^nn]; 
end 
% [1,2t,3t^2,...(n+1)t^n] 
for nn = 0:n-1 
    Td =[Td,t.^nn*(nn+1)]; 
end 
  
for ii = 1:length(D(:,1,1)) 
    for jj = 1:length(D(1,:,1)) 
        % linear regression 
        p(ii,jj,:) = T\reshape(D(ii,jj,:),tl,1);% the mean of reshape is 
rechange the voctor.using D(t,1,1) instead of D(1,1,t) 
        Df(ii,jj,:) = T*reshape(p(ii,jj,:),n+1,1); 
        % derivative 
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        Dd(ii,jj,:) = Td*reshape(p(ii,jj,2:end),n,1); 
    end 
end 
 
%% plot 
% x,y,t-point, it defind by youself. 
tp =50; 
xp = 163; 
yp = 150; 
figure(1) 
% imagesc(y,x,D(:,:,tp)) 
imagesc(D(:,:,tp)) 
axis('image') 
xlabel('[mm]') 
ylabel('[mm]') 
figure(2) 
% imagesc(y,x,Dd(:,:,tp)) 
imagesc(Dd(:,:,tp),[0,1])%imagesc(Dd(:,:,tp),[0,10])when it is hard to 
see 
colorbar 
axis('image') 
xlabel('[mm]') 
ylabel('[mm]') 
  
figure(3) 
% plot(t,squeeze(D(yp,xp,:))) 
plot(1:length(t),squeeze(D(yp,xp,:)),1:length(t),squeeze(Df(yp,xp,:))) 
grid on 
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B. Appendix B: The data from the first experiments 
which show the detail for each time. 

Table B- 1: The relationship between heating angle and the velocity of temperature change. These 
“*” means the angle is impossible to measure based on the experimental setting or the value is too 
small. The numbers are the results of temperature change divided by the time

 
 
Table B- 2: The relationship between heating angle and the velocity of temperature change. These 
“*” means the angle is impossible to measure based on the experimental setting or the value is too 
small. The numbers are the results of temperature change divided by the time 

 
 
Table B- 3: The relationship between heating angle and the velocity of temperature change. These 
“*” means the angle is impossible to measure based on the experimental setting or the value is too 
small. The numbers are the results of temperature change divided by the time 
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Table B- 4: The relationship between heating angle and the velocity of temperature change. These 
“*” means the angle is impossible to measure based on the experimental setting or the value is too 
small. The numbers are the results of temperature change divided by the time 

 
 
Table B- 5: The relationship between heating angle and the velocity of temperature change. These 
“*” means the angle is impossible to measure based on the experimental setting or the value is too 
small. The numbers are the results of temperature change divided by the time 
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C. Appendix C: The code for the second experiments 
which calculated the first derivative. 

Cond: 
clear all 
  
% order of polynomial 
n = 5; 
% start and end image 
t_s = 100;%it is a point which start change 
t_e = 562; 
x_s = 1; 
x_e = 320; 
y_s = 1; 
y_e = 255; 
x_res = 0.100; %[mm/pixel] 
y_res = 0.106; %[mm/pixel] 
t_res = 1/281; %[s/frame] 
  
% File 
filename1 = 'The location of the file1'; 
filename2 = 'The location of the file2'; 
filename3 = 'The location of the file3'; 
% Load data 
load(filename1); 
D1 = permute(double(imgseq(x_s:x_e,y_s:y_e,t_s:t_e)),[2,1,3]); 
D1 = double(imgseq_lut(D1))-273.15; 
  
load(filename2); 
D2 = permute(double(imgseq(x_s:x_e,y_s:y_e,t_s:t_e)),[2,1,3]); 
D2 = double(imgseq_lut(D2))-273.15; 
  
load(filename3); 
D3 = permute(double(imgseq(x_s:x_e,y_s:y_e,t_s:t_e)),[2,1,3]); 
D3 = double(imgseq_lut(D3))-273.15; 
  
D=(D1+D2+D3)/3; 
  
% Axis scale 
x = (x_s:x_e)*x_res; 
y = (y_s:y_e)*y_res; 
t = (t_s:t_e)'*t_res; 
tl = length(t); 
  
% fit poly and calculate derivative 
p = zeros([size(D(:,:,1)),n+1]); 
Dd = zeros(size(D)); 
Df = zeros(size(D)); 
% linear regression for calculating derivative 
T = []; 
Td = []; 
% vectors for the linear regression [1,t,t^2,t^3,...,t^n] 
for nn = 0:n 
    T = [T,t.^nn]; 
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end 
% [1,2t,3t^2,...(n+1)t^n] 
for nn = 0:n-1 
    Td =[Td,t.^nn*(nn+1)]; 
end 
  
for ii = 1:length(D(:,1,1)) 
    for jj = 1:length(D(1,:,1)) 
        % linear regression 
        p(ii,jj,:) = T\reshape(D(ii,jj,:),tl,1);% the mean of reshape is 
rechange the voctor.using D(t,1,1) instead of D(1,1,t) 
        Df(ii,jj,:) = T*reshape(p(ii,jj,:),n+1,1); 
        % derivative 
        Dd(ii,jj,:) = Td*reshape(p(ii,jj,2:end),n,1); 
    end 
end 
  
%% plot 
% x,y,t-point, it defind by youself. 
tp =50; 
xp = 172; 
yp = 154; 
figure(1) 
% imagesc(y,x,D(:,:,tp)) 
imagesc(D(:,:,tp)) 
axis('image') 
xlabel('[mm]') 
ylabel('[mm]') 
figure(2) 
% imagesc(y,x,Dd(:,:,tp)) 
imagesc(Dd(:,:,tp),[0,1])%imagesc(Dd(:,:,tp),[0,10])when it is hard to 
see 
colorbar 
axis('image') 
xlabel('[mm]') 
ylabel('[mm]') 
  
%the first point of the square which is used to instead of background. 
xn=191; 
yn=154; 
  
Asignal=mean(mean(Dd(156:156,168:174,tp))) 
Anoise=mean(mean(Dd(yn:yn+4,xn:xn+4,tp))) 
  
figure(3) 
% plot(t,squeeze(D(yp,xp,:))) 
plot(1:length(t),squeeze(D(yp,xp,:)),1:length(t),squeeze(Df(yp,xp,:))) 
grid on 
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D. Appendix D: the original data from the second 
experiments 

Table D- 1: The original data from the second experiments. In the first column, from left to right are 
position of the samples, the surface roughness and the angle of cracks, respectively. The second, 
third and fourth columns are amplitude of signal, amplitude of noise and SNR, respectively. 
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