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ABSTRACT 

The effectiveness of thermoelastic stress analysis (TSA) for finding flaws in metal structural 

components is evaluated in this study. The study investigates the impact of varying loading 

conditions and defect locations on the efficacy of TSA in identifying damages. Experimental 

procedures involved cyclical bending loading to evaluate the effects of frequency and 

displacement on damage detectability. Additionally, a Finite Element model was developed to 

validate its accuracy under different load conditions and frequencies. The findings indicate that 

TSA is highly effective in precisely detecting and locating internal defects. Higher load amplitudes 

enhance detectability by reducing data noise, thus facilitating defect identification. In-plane 

amplitude measurements are particularly effective for detecting surface-level damages, while 

quadrature amplitude measurements excel in identifying defects by high peaks in the results 

section. Both high and low frequencies can identify damage locations; however, lower frequencies 

introduce noise into the results. There is a nonlinear link between TSA amplitude levels and 

frequency that needs further research. Although there is still need for further research on the 

implications of load signal frequency, the Finite Element model accurately covers a variety of cyclic 

bending loading scenarios. All things considered; this study validates TSA as a very effective full-

field non-destructive testing technique for finding internal flaws in metals. Subsequent 

investigations need to look more into the nonlinear correlation between frequency and TSA 

amplitude levels, as well as expand on the potential of TSA. 
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CHAPTER ONE INTRODUCTION 

Non-destructive testing (NDT) is the use of methods to assess the fatigue, fracture, structural 

integrity, surface flaws, or metallurgical condition of a material without causing harm or impacting 

its suitability for its intended use. (Dwivedi et al., 2018). This research assesses the effectiveness of 

Thermoelastic Stress Analysis (TSA) in detecting surface internal defects or damage in metal 

structural elements, exploring how different frequencies and displacement conditions and defect 

locations impact damage detectability.  

Thermoelastic Stress Analysis (TSA) is an optical non-destructive testing (NDT) technique enabling 

the non-contact, full-field evaluation of surface stresses on objects. This method utilizes the 

thermoelastic effect, where cyclic stresses applied to a material cause temperature fluctuation. 

Under adiabatic conditions, these temperature changes in isotropic materials are directly 

proportional to the combined influence of the two principal stresses acting on the material's 

surface. (Gdoutos, 2022) 

Structures are constructed from a variety of materials depending on their applications and uses. 

This thesis focuses exclusively on investigating defects and damage in mild steel to assess the 

precision of the TSA technique in detecting damages in metal beams. The evaluation of flaw 

detectability was conducted using two specific parameters: the frequency and amplitude of a steel 

beam's load under cyclical bending loading, and the location of damage in a steel beam under the 

same loading conditions. 

Several advantages and disadvantages have been identified regarding the use of the TSA 

technique for damage detection. The most significant advantage is that it is a non-contact method, 

allowing for inspection without physical interaction. However, the efficacy of TSA decreases as the 

depth of the damage increases, resulting in less accurate detection at greater depths. Additionally, 

there is a paucity of research on how the depth at which IR cameras detect faults relative to the 

surface affects the TSA method's ability to identify internal metal damage 

The TSA technique holds significant importance for several reasons. Firstly, as a non-destructive 

testing (NDT) method, it enables the assessment of material validity without causing damage. 

Secondly, TSA results clearly indicate areas requiring attention, which can help prevent 

catastrophic failures by addressing high-stress regions with extra care. Thirdly, the most crucial 

aspect of the TSA technique is its ability to detect damage locations. Identifying the origin of 
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damage in large beams can be challenging, but TSA graphs and plots provide reliable 

documentation that pinpoint the exact locations of these damages 

This research aims to assess the feasibility of using the TSA technique to detect surface and 

internal defects in metal structural elements by examining the effects of different frequencies, 

loading conditions, and defect locations. The first objective is to develop and implement an 

experimental protocol to evaluate how a steel beam's load amplitude and frequency under cyclical 

bending loading affect the detectability of damage using TSA. The second objective is to create a 

finite element model for the cyclical uniaxial loading experiment and evaluate its accuracy at 

different load amplitudes and frequencies. Lastly, the research involves analysing the data 

obtained from the test results. 

The assumption was it can go through a good result and view the damage location and deep depth 

damages. Another thing was in phase amplitude was expected as considerable results of 

identifying peaks. However, quadrature amplitude measurements gave a better result.  

Experiment is done under cyclic bending load with various frequencies level and obtained 

displacement as primary results and later going deep by observing amplitude, stress and 

temperature gradient or thermoelastic response signal. A FEA model is introduced to assess real 

experiment with simulation of different frequencies level. Different types of meshes are applied to 

evaluate the results. MATLAB is introduced to represents graphs and results to easy 

understanding. 

This thesis begins by reviewing and assessing the relevant literature on the TSA technique to 

identify any gaps, aligning with the study's objectives and overall aim outlined in the Aim section. 

It then details the equipment used and develops the study methodology, incorporating the 

theoretical aspects of the TSA method. To aid the reader, the findings are presented clearly with 

graphical representations of the thermal response data. The thesis includes a critical analysis and 

discussion of the results, followed by a chapter that provides recommendations for future 

research and presents the conclusions.  
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CHAPTER TWO LITERATURE REVIEW 

This literature review examines the use of Thermoelastic Stress Analysis (TSA) for the purpose of 

identifying deterioration in beams. The TSA methodology is a reliable method that uses the 

thermal characteristics of materials to identify hidden stress abnormalities. The technology of 

structural health monitoring is of great significance as it offers a non-invasive and very responsive 

method for finding flaws in beams. Furthermore, this research assesses the impact of several 

parameters, including as loading conditions and material properties, on the performance of TSA. 

Obtaining a thorough grasp of the current state of TSA in beam damage detection is essential for 

the further development and widespread use of this technology in structural engineering. 

Methodology 

Thermoelastic stress analysis (TSA) is a robust and non-destructive technique used to accurately 

measure stress and strain in materials and structures. Di Carolo et al. (2019) propose a unique 

approach that utilises thermoelectricity to investigate the relationship between elastic deformation 

and temperature. Thermoelastic Stress Analysis (TSA) is among the limited methods that provide 

full-field measurements of mechanical stress. Despite TSA systems being commercially available for 

over three decades and the introduction of rapid staring array systems nearly twenty years ago, the 

current utilization of TSA is not as extensive as initially expected by its early developers. (Ryall, T.G. 

and Wong, A.K., 1993) (Lesniak, J.R. and Boyce, B.R., 1994) 

This objective serves as the main motivation for the current article, which outlines the development, 

validation, and application of a TSA system created with a compact, low-cost microbolometer 

device. The system, named MiTE, was initially reported in. (Rajic N, Weinberg S, Rowlands D.,2013) 

Advanced processing methods are required to detect these discontinuities, as the raw thermal 

data is often insufficient. Popular infrared non-destructive testing (IRNDT) techniques include 

pulse thermography and lock-in thermography, used for various applications like coating thickness 

inspection. The microstructure and properties of thermal spray coatings are influenced by factors 

such as material type, spraying parameters, and environmental conditions. (Muzika, L., Švantner, M., 

Houdková, Š. and Šulcová, P., 2021) 

With the increasing availability and affordability of thermocameras, thermography has 

transitioned from a rare technique to a popular investigation method. Military research initially 

advanced thermocamera technology for night vision, and its end of restrictions post-Cold War 
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expanded civil applications. Classical thermography captures steady-state temperature 

differences, while dynamic techniques like lock-in thermography evaluate time-dependent 

temperature changes. Lock-in thermography introduces periodic heat to a sample, evaluating and 

averaging surface temperature modulations over time. This technique enhances sensitivity 

compared to pulse thermography and is crucial for detecting weak heat sources in electronic 

devices, improving failure analysis and testing. (Breitenstein, O. and Langenkamp, M., 2003.) 

Flash pulse thermography involves short, intense heat pulses to inspect material properties and is 

quicker than lock-in thermography. It highlights differences in heat transfer, useful for detecting 

coating thickness variations, and requires calibration for accurate measurements. (Muzika, L., 

Švantner, M., Houdková, Š. and Šulcová, P., 2021) 

Due to the sensitivity of fluorescent penetrant inspection to surface roughness, researchers have 

been exploring alternatives like vibrothermography, a contactless non-destructive testing method 

using high-frequency vibration pulses to create thermal gradients at defects. Thermographic 

cameras detect radiation within the 0.9-14 µm electromagnetic spectrum. Gülcan examined recent 

developments in vibrothermography, including its basics, history, equipment, materials, detection 

probability, heat generation mechanisms, and factors affecting detectability. (Gülcan, O., 2022.) 

Thermal stress analysis holds significant importance across disciplines such as materials science, 

engineering, and physics, prompting researchers to employ diverse methodologies for its study. For 

instance, Chen et al. (2008) utilized an axisymmetric displacement-based thermo-elastic stress 

model to investigate thermal stresses during the solidification of a silicon ingot. Similarly, Xu et al. 

(2016) conducted thermal stress analysis to evaluate potential flaws in solid oxide fuel cell 

interconnects, while Lin (2024) showcased the application of APDL for automated construction and 

coupling analysis in a multichip module, aimed at comprehending its thermal behaviour. 

Thermal stress analysis (TSA) stands out as an indispensable method for detecting damage in beams 

due to its sensitivity and ability to detect early-stage defects, such as microcracks or delamination, 

which might be missed by conventional techniques. Moreover, TSA offers the advantage of non-

contact inspection, reducing the risk of additional stress or damage during examination, while 

providing real-time data crucial for continuous monitoring of structural integrity, especially under 

varying load cycles. Despite some limitations, such as the need for specialized equipment and 

restricted penetration depth, TSA's capability to analyze large beam constructions efficiently makes 

it a valuable tool in engineering and materials science research. 
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Limitation And Scope  

Thermal stress analysis is subject to certain limits and challenges. Its reliance on the environment 

restricts it. The accuracy of thermal stress analysis measurements may be influenced by 

temperature and the thermal characteristics of the beam. Implementing TSA may be costly and 

complicated because to the need for precise equipment, such as high-speed infrared cameras and 

sophisticated data processing systems. Surface access is an additional concern. Due to its 

dependence on detecting surface heat and sensing, TSA is restricted to places that are easily 

accessible. As a result, its use is restricted to intricate or concealed structures. The TSA may have 

difficulties in identifying stress irregularities in materials that possess limited thermal conductivity. 

As a result of its high sensitivity, the method has the potential to provide inaccurate positive results, 

necessitating further examination. Thermoelastic Stress Analysis can identify beam damage because 

of its high sensitivity and capacity to detect faults in the early stages. 

Finite element analysis has been widely used to quantify thermal stresses, as evidenced by Chawla 

et al. (2008) in their study on thermal stress in magnetron sputtered Ti coatings. Egilmez and Nalbant 

(2012) also applied finite element analysis to investigate thermal stresses in dental structures. 

Additionally, Sangwongwanich et al. (2020) explored reduced-order thermal modeling for 

photovoltaic inverters to assess long-term thermal stress. 

Thermal stress analysis holds significant importance across disciplines such as materials science, 

engineering, and physics, prompting researchers to employ diverse methodologies for its study. For 

instance, Chen et al. (2008) utilized an axisymmetric displacement-based thermo-elastic stress 

model to investigate thermal stresses during the solidification of a silicon ingot. Similarly, Xu et al. 

(2016) conducted thermal stress analysis to evaluate potential flaws in solid oxide fuel cell 

interconnects, while Lin (2024) showcased the application of APDL for automated construction and 

coupling analysis in a multichip module, aimed at comprehending its thermal behaviour. 

Area of agreement and disagreement 

Thermal stress analysis can identify initial damage, such as microcracks or delamination, that may 

not be discovered by traditional methods due to its sensitivity to small stress variations. Since the 

TSA does not need direct contact with the item being examined, the likelihood of the examination 

causing extra stress or damage is reduced. It has the capability to provide data in real-time, 

allowing for ongoing monitoring of structural integrity while under stress. This is particularly useful 
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for assessing fatigue-induced harm. The TSA is capable of effectively analysing large-scale beam 

structures due to its ability to include a substantial region in a single measurement. 

The TSA sometimes requires specialised technology, such as costly high-speed infrared cameras 

and laser systems, which may need the presence of skilled operators. The major emphasis of this 

technique is mostly on the surface of the material, which may restrict its ability to detect flaws or 

damage that are located under the surface. External environmental variables, such as temperature 

and humidity, have the potential to impact the TSA, leading to inaccurate results in the form of 

false positives or negatives (Civera & Surace, 2022). TSA has a limited ability to penetrate deeply, 

making it useless for heavier beams or materials with complex interior structures. 

Gap knowledge, Relevant gaps  

TSA entails evaluating the effects of temperature fluctuations on materials, which induce cyclic 

thermal stress and can lead to the initiation of fatigue cracks (Hayashi & Hirano, 2012). Hayashi 

and Hirano research indicated that thermal fatigue cracks typically originate from specific points, 

such as carbides or notches, and propagate along grain boundaries or in particular directions 

under cyclic thermal stress (Zhang, 2023; Xia et al., 2011).  

However, there is a lack of study on the impact of the depth at which IR camera-observed faults 

are located in relation to the surface on the TSA method's capacity to identify interior metal 

damage and also no one has looked at using TSA for subsurface detects in metal structures as well. 

No research has been done to assess the TSA technique's efficacy for metals with near-surface 

internal deterioration. There is a lack of extensive study data about the impact of different loading 

circumstances on the TSA method's capacity to identify internal metal damage. 

Limitations of the research 

Thermal stress analysis surpasses Ultrasonic Testing (UT) and Magnetic Particle Testing (MPT) in 

terms of its sensitivity and ability to monitor in real-time. For example, UT (ultrasonic testing) may 

detect faults inside an object, but it may not detect any damage on the surface. Nevertheless, 

Magnetic Particle Testing (MPT) is effective when used on ferrous materials but exhibits reduced 

performance when used to non-magnetic metals (Civera & Surace, 2022). TSA offers notable 

benefits in terms of its sensitivity and ability to monitor in real-time. However, it may need 

specialised equipment and consideration of surface conditions.  
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CHAPTER THREE THEORY 

Lord Kelvin provided a theoretical description in 1853 (Thomson W.). The relationship is expressed 

as follows (Harwood N, Cummings WM) 

                                            𝛿𝑇 =  −  
𝛼

𝜌𝐶𝑝
𝑇𝛿𝜎                                                           (1)                                                    

Where, 𝛿𝑇 is the temperature changes, 𝑇 is the absolute temperature, 𝛼  is the coefficient of 

thermal expansion, 𝜌  is the mass density, 𝐶𝑝  is the Specific heat at constant pressure, 𝛿𝜎  is the 

change in scalar sum of the principal stresses 

Experiment was undergone in elastic region of metal, therefore load applied under its yield strength. 

Temperature developed in the damage location eventually proportional to sum of two principal 

stresses.  A signal which is represented as a sinusoidal wave can be written as  

 𝑦 (𝑡) = 𝐴 sin( 𝜔𝑡 + ∅)                                                                                               (2) 

Where, A is the amplitude, 𝜔 is the angular velocity and ∅ is the phase offset. Temperature readings 

was recorded at two locations. First one is in plane amplitude and second one is quadrature 

amplitude 

The in-plane amplitude of the temperature referred to the measurement of temperature amplitude 

was taken when the load signal reached its maximum value. It can be represented:  

𝑦 (𝑡) = 𝐴 cos(𝜔𝑡 + ∅)                                                                                                 (3) 

On the other hand, the quadrature amplitude of the temperature referred to the measurement of 

temperature amplitude was taken when the load signal reached its average value, which is zero. It 

can be represented:  

 𝑦 (𝑡) = 𝐴 sin(𝜔𝑡 + ∅)                                                                                                (4) 

They are the same signal but shifted in phase by 90 degrees. The in-plane amplitude is directly 

proportional to the peak amplitude of the stress sum at a particular location on the structure. 

Whereas in quadrature amplitude stress concentration is higher to visualize in a plotting result.  
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 CHAPTER FOUR EXPERIMENTAL STUDY 

A detailed discussion of the experimental design used in this study to apply the TSA approach. The 

experimental setup to examine the impacts of changing parameters on the detectability of the 

damages was covered as one of the important elements under consideration for assessing the 

efficacy of employing the TSA approach for damage detection. In order to guarantee the 

reproducibility of the tests, the parameters of the test specimen and the apparatus were also be 

established. The primary tests conducted for this study include a cyclic bending loading of a mild 

steel beam with internal flaws at different parameter values. 

Lastly, Ansys Workbench 2023 software was used to perform a Finite Element Analysis of the cyclic 

bending loading test of a mild steel beam with damages at various parameters and boundary 

conditions. 

Preparation of specimen 

For the experiment, mild steel was selected as the material for the specimens. The dimensions of 

the specimens were 500 mm in length, 25 mm in width, and 6 mm in thickness. A total of five 

specimens were utilized during the experimental procedure, with depths of 1 mm, 1.5 mm, 2 mm, 

2.5 mm, and 3 mm, respectively. 

 

Figure 1 Specimen 

There was total four holes in each specimen. First hole distance from bottom was 12.5mm, 

second, third- and fourth-holes distance from bottom were 37.5, 62.5 and 87.5mm respectively. 

From bottom 100 mm along with its length was examined under damage detection. Rest of the 

part of specimen was not assess the investigation of TSA.  
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Experimental setup 

The experimental setup comprised the following equipment: an LDS V830 shaker, a control panel, a 

blower, a data acquisition system, an infrared camera, a computer, a laptop, and cables. The LDS 

V830 shaker system is specifically designed for vibration and mechanical shock testing, utilizing 

sinusoidal, random, or transient excitation. It has a total weight of 616 kg and is capable of 

generating frequencies up to 3000 Hz. A detailed flow diagram of the setup is provided in the 

appendix A (figure 19 and 20). The infrared camera was positioned in front of the specimen to 

capture clear images for the TSA experiment. The laptop and computer were used to input data into 

the control panel and to collect data via the data acquisition system. The specimens were subjected 

to a cyclic bending load using an LDS V830, the temperature gradient was recorded using an infrared 

camera and the data from the infrared camera was collected and recorded using a data acquisition 

system and MiTE software. The experimental setup for this experiment is shown in Figure 2.  

 

Figure 2 Experimental setup 

It was crucial to check that the infrared camera was focused on the specimen's surface (the bottom 

100 mm) before beginning the experiment. This was accomplished by employing a magnet to secure 

a thin metal ruler to the specimen's surface. Specimen was needed to fixed in the ground. Needed 

to make sure that there was no attachment with shaker and specimen. A blower was connected 

with shaker so that it can maintain a certain temperature inside for better and safe performance. 

Control panel was connected with computer and shaker. From computer it was commended the 

frequencies and voltage. And this commend was operated by shaker through control panel. 
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Displacement was primary component which was showing in computer as a result of frequencies 

and voltage. The below formula was applied to get acceleration from displacement and frequencies.  

 𝑎 =  𝑤2𝑠 

Where, 𝑎 = Acceleration,  𝜔 = Frequency and  𝑠 = Displacement  

During the experiment, frequencies ranging from 2 Hz to 20 Hz were applied to various specimens 

to observe their displacement. This displacement was recorded for subsequent analysis. To achieve 

this, a voltage between approximately 0.01 V and 0.2 V was applied to the shaker via the control 

panel. The table 1 was summery of experimental inputs carry out. 

 

Test parameters  Values  

Frequency 2 Hz, 4 Hz, 6 Hz, 8 Hz, 10 Hz, 15 Hz, 20 Hz 

Depth /Specimen 1 mm, 1.5 mm, 2mm, 2.5 mm, 3 mm 

Voltage  0.01 v to 0.2v  

Displacement 4 mm, 8mm, 12 mm, 16 mm and 20 mm 

Table 1 Experimental time data 

Data collection was conducted using an accelerometer, data acquisition system, and either a 

computer or laptop. This process was divided into two stages: the first involved data from the LDS 

shaker, and the second involved data from the infrared camera. Data from the shaker were 

transmitted through the accelerometer to the data acquisition system, and subsequently to the 

computer. Data from the infrared camera were collected directly via the laptop. Mite and MATLAB 

software were employed to process the final data and generate graphs. The figure below illustrates 

the data collection process from both the infrared camera and the shaker. 
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Figure 3 Data flow diagram 

Finite element analysis   

Computerized methods like as finite element analysis (FEA) may be utilized for predicting a product's 

response to physical influences such as heat, vibration, force, fluid flow, and others that occurs in 

the real world.ANSYS workbench 2023R was used in this project to make model. So far for this 

project, 5 models were done for each specimen. That’s mean total 25 models were made so far.  

The equation below was used in the Finite Element Analysis (FEA) model to transform the findings 

of the Structural FEA model into the Thermal response. 

𝑘∇2𝑇 −  𝜌 .  𝐶𝑝 
𝜕𝑇

𝜕𝑡
=  𝑇𝑜 𝛼

𝜕𝜎1

𝜕𝑡
                                                                     (5) 

Where, 𝑘 is the thermal conductivity,  𝜌 is the material Density, 𝑇𝑜 is the absolute 

Temperature, 𝑇 is the Temperature field, 𝜎1 is the first stress invariant and  𝛼  is the coefficient of 

thermal expansion  

 

Figure 4 ANSYS workbench 2023 
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CHAPTER FIVE NUMERICAL STUDY 

TSA Experiment  

As stated in the methodology section, MiTE software was used to record temperature data during 

the cyclic bending loading tests. The load signal was also provided to the computer as a reference 

signal in order to determine the phase lag between the load signal and the thermal response curve. 

Thermoelastic Response Signal, or TRS, as it will be called in this thesis, is a proportional correlation 

to temperature variations caused by the thermoelastic effect. The thermal response data obtained 

from the infrared camera using MiTE software. The temperature fluctuation caused by the 

thermoelastic effect at a certain place is directly related to the amplitude (A) of TRS, and this in turn 

is directly related to the stresses in the beam. 

Cyclic bending loading experiment  

Using data from an infrared camera, MiTE software collected images of the in-plane amplitude (X) 

and quadrature amplitude (Y) of a beam with holes at a depth of 1 mm during cyclic bending loading 

tests. The beam's had constant displacement 10 mm and the frequency was 15 Hz. 

 

 

Figure 5 In phase and Quadrature images generated by infrared camera 

The thermoelastic response signal appears to be more amplified at the sites of the holes, as 

demonstrated by the noticeable darker lines in the photos, making both the quadrature and in-

phase views highly promising. MATLAB script was created to handle these pictures. First, as shown 

in Figure 5, the TRS in-phase amplitude (X) values at the beam's bottom were plotted against the 
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point along the beam's length.  Images produced by an infrared camera in both in phase and 

quadrature.  

 

Figure 6 In plane amplitude of TRS along a single line at the centre of the beam 

The plots in Figure 6, shows at 15 Hz calculated mean phase between magnitude 1.5 and 1.6 and 

position of holes phase raw which approximate 1.7 magnitude peak. Upon visual inspection of the 

plot, the peaks can be easily distinguished, despite some noise being present. This can represent 

the holes and position of holes where 1.7 magnitude was observed.  

Effect of varying frequencies 

1 mm depth specimen and with 10 mm constant displacement was examined at 5 Hz, 6 Hz, 8 Hz, 10 

Hz, and 15 Hz frequencies to observe the impact of changing load signal frequencies on the TRS 

measured by the infrared camera. Plotting the TRS magnitude with in-phase amplitude and 

quadrature amplitude values against the beam length position (100 mm from bottom) for each 

frequency in a single graph is shown in Figure 7.  

 

Figure 7 TRS magnitude values of the beam with varying frequencies 

Each frequency has base amplitude levels that are as follows: 15 Hz < 10 Hz < 8 Hz < 6 Hz < 5 Hz. 

Interestingly, though, each frequency's peak heights in relation to its base level are arranged in 
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descending sequence. Both in phase and quadrature are showing peak at the position of holes, 

however quadrature amplitude is showing high peak which is very easy to identify damages.  

Effect of varying displacement 

1 mm depth specimen with constant frequency 10 Hz was examined at 2 mm, 4 mm, 6mm, 8mm, 

10mm, 12 mm, 14mm, 16mm, 18mm and 20 mm displacement amplitudes as stated in order to see 

the impact of changing displacement signal amplitudes on the TRS magnitude captured by the 

infrared camera. The TRS in-plane amplitude values are plotted against the beam's length (100 mm 

from bottom) for each displacement amplitude in the same graph, as shown in Figure 9. 

 

 

Figure 8 TRS magnitude values at the bottom of the beam for varying displacement amplitudes 

The graph from figure 8 demonstrates that y position of beams where holes are sustained, TRS 

values is increasing in that position. In phase smooth data graph, first hole position’s TRS value 

approximate  4 × 10−4 and forth (last) hole position’s TRS value approximate  3.2 × 10−4. 

However, quadrature sooth data graph, first hole position’s TRS value approximate  5 ×  10−5 and 

forth (last) hole position’s TRS value approximate  6 ×  10−5. In quadrature amplitude TRS 

magnitude in the position of holes are giving better peaks. In this both in phase and quadrature 

amplitude 2 mm displacement signal gave much noise than others signal. When displacement was 

being increased, noise level was being reduced as observed from both graphs.   

FEA results  

Ansys Workbench 2023 software used to create models for testing how materials respond to 

repeated loading from one direction at different frequencies. Then compared these computer-

generated results to real-world test data to see if models were accurate. The figure 9 illustrates 

how temperature changes were represented in simulated models. 
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Figure 9 Temperature variation visualized in the FEA model at 8Hz 

The figure 10 displays how temperature changes across the length of the beam in Finite Element 

Analysis (FEA) model, comparing different frequencies of cyclic bending loading. By selecting patch 

confirming method as mesh sizing, geometry of model looked unfinished and rough surface.It 

closely mirrors the patterns seen in the actual test results shown in another figure 7, supporting 

the accuracy of FEA model. Peaks in beams in FEA simulation is proved that damage location is 

identified by FEA exactly in the same position where it has hole.  In appendices C, all the figures 

are showed which were done in ANSYS workbench.  

However, there are discrepancies between this graph and the actual test results for varying 

frequencies. The peaks in temperature relative to the baseline increase proportionally with higher 

frequencies in the model, which differs from the observed behaviour in the real-world results. 

 

Figure 10 In-plane temperature variation results of the FEA model for varying frequencies. 
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CHAPTER SIX COMPERATIVE ANALYSIS   

When a material is subjected to cyclic loading, as the thermoelastic effect explains, temperature 

fluctuations occur. In adiabatic circumstances, the temperature change in isotropic materials 

precisely corresponds with the total of the two major stresses acting on the surface. As a result, the 

TSA approach may be utilised to detect the stress field on the surface of a loaded element utilising 

this temperature fluctuation which is proportional to each other. This stress field may be examined 

to find areas of intense stress, which might point to flaws or damage in the loaded part. Since the 

peak amplitude of the stress sum at a particular location on the structure is closely connected to the 

in-plane amplitude, most of the findings are shown for the TRS in-plane amplitudes obtained from 

the tests. 

Different frequencies 

Figure11, represents frequencies behaviour in the terms of TRS amplitude. In figure 11, baseline 

noise within the data when excluding the peaks as frequencies are increasing and at the same time 

the magnitude of both in phase and quadrature values of TRS is decreased. In phase TRS magnitude 

values surprisingly fall after 2 Hz frequencies, however quadrature magnitude of TRS is showing 

much stable.  At lower frequencies sharpness of peak from figure is looking more dominated than 

sharpness of peak in higher frequencies. However, at higher frequencies existing of noise is less.  

 

Figure 11 Base line noise within the data when excluding peaks 

Noise level is more dominated in lower-level frequencies that is observed in  figure 12. It is observed 
that both in phase and quadrature amplitude, when frequencies are getting higher noise level is 
reducing.  



 

17 

 

Figure 12 Peak height - error bars represent the noise within the smoothed data 

The distribution of TRS amplitudes vs frequency in Figure 7 and 10 shows that, in contrast to the 

load amplitude, the TRS output does not correlate to the frequency of the load signal in a 

proportionate or linear way. The natural frequency of the part being examined may determine the 

ideal frequency level for reaching the highest TRS amplitude values utilising the TSA technique. 

Further investigation is necessary to get definitive conclusions on the ideal frequency level to attain 

the highest and desirable results.  

 

Figure 13 Peak height to noise ratio 

In phase amplitude and quadrature amplitude are both going opposite direction in the terms of 

peak height and noise ration. Consequently, it is clear that a lower frequency is preferred for 

employing the TSA approach to identify internal faults even though the mean TRS amplitude does 

not correlate to the frequency level in a linear fashion. However, it has also been noticed that 

noise involvement higher in lower frequencies.  

Different Deflection 

Observing displacement curve in figure 8, TRS magnitude is more dominated when beam structure 

is deflected high displacement. In the terms of displacement analysis, 1 mm depth specimen with 



 

18 

constant frequency 10 Hz, lower displacement of specimen is showing very high noise level than 

higher displacement. In below figure 14, when noise within the data is excluding the peaks are 

surprising getting low after 2mm displacement and after 4 mm displacement of beam in a certain 

frequencies TRS values are almost 0.5 ×  10−5 at in phase amplitude and 0.2 × 10−5 at 

quadrature amplitude.  

 

Figure 14 Noise within data when excluding peaks 

In figure 15, it is showing peak heights where error bars represent the noise within the smoothed 

data. However, it is cleared that when deflection is low, noise in the system is high and when 

deflection is high noise in the system is getting low.  In both in phase and quadrature amplitude 

this property is same. However, quadrature values of TRS are lower than in phase TRS value. At 2 

mm deflection, noise bar is too much high that indicate that at lower displacement below or equal 

2 mm, noise level will be high. Quadrature amplitude is showing much more better results than in 

phase amplitude regarding noise presence in signals. 

 

 

Figure 15 Peaks heights - error bars represent the noise within the smoothed data 

In figure 16, peak height to noise ratio is getting higher with increasing deflection.  Both in phase 
and quadrature are getting higher ratio as deflection is being increased. 
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Figure 16 Peak height to noise ratio 

Discussion for FEA  

In summary, the FEA model effectively reflects the actual experimental data from the cyclic 

bending loading test, accurately pinpointing the damage location on the beam, which was 

main objective. However, with increasing and decreasing frequencies, models are not 

showing exact scenario. This highlights the necessity for additional research to validate the 

impact of frequency and underscores the need for further refinement of the model.  

 

   

Figure 17 Peak heights in FEA results with  Figure 18 Peak height to noise ratio from FEA 
 different frequencies  
 

In figure 17, it is noticeable that for both amplitude and phase, magnitude is increasing with 

increasing frequencies. At frequency 10 Hz at phase suddenly drops. However, at amplitude noise 

bar is increased by increasing frequencies. In figure 18, peak heights to noise ratio are increased 

with increasing frequencies. Surprisingly quadrature values look dominating rather than in phase 

in FEA results whereas in real experiment in phase values was dominating.  
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CHAPTER SEVEN CONCLUSION AND FUTURE WORK 

Conclusion 

According to the analysis of data from the uniaxial cyclic loading experiment, the TSA method 

proves to be a highly effective technique for accurately identifying internal faults within metal 

structural elements at specific loading amplitudes and frequency levels. The findings suggest that 

lower load amplitudes improve the detectability of damage, potentially facilitating the 

identification of internal flaws located deeper beneath the surface being inspected. Furthermore, 

it was observed that quadrature amplitude measurements are more effective for detecting surface 

damages at greater depths from the spotted outer surface, whereas in-plane amplitude 

measurements are more suited for identifying internal damages. 

Further research is necessary to comprehensively understand the non-linear relationship between 

load signal frequency and TRS amplitude levels. Although evidence indicates that higher load 

signal frequencies improve TSA's ability to detect internal defects amidst noise, the precise nature 

of this relationship remains unclear. Additionally, while the FEA model accurately represents 

variable uniaxial loading conditions, it fails to adequately capture the effects of varying load signal 

frequencies, highlighting the need for further investigation in this area. Overall, this study provides 

substantial evidence that the TSA method is a highly effective whole-field non-destructive testing 

(NDT) technique for identifying internal flaws in metals. 

 

 

Future Work 

Further research is essential to gain a more comprehensive understanding of how altering load 

signal frequency influences the TSA method's effectiveness in damage detection, as discussed in 

the comparative study and Conclusion sections. To substantiate the statistical findings and obtain 

definitive evidence, it is necessary to investigate the TSA method's performance in uniaxial loading 

scenarios with higher load amplitudes. Additional variables, such as the defect's size or volume, 

the material of the structural member, and environmental conditions, may also impact the TSA 

method's capability to detect internal defects. Examining these factors will contribute to a more 

thorough evaluation of the TSA technique's strengths and limitations in defect detection. 
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APPENDICES 

Appendices A  

 

 

Figure 19 V830 Shaker 

 

 

Table 2 V830 shaker maximum force ratings 
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Table 3 V830 Shaker specifications 

 

 

Figure 20 Typical Vibration Test System 
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Table 4 SPA-K Amplifier Specification 

 

 

Table 5 Cooling fan/ blower specification 

 

 

Figure 21 Cooling fan/ blower 
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Appendices B 

 

Figure 22 The spatial filter uses to remove the noise from the thermal image 

Spatial filters are frequently employed to eliminate noise from images. One common method 

involves replacing the value of a pixel with the average value of its neighbouring pixels. While this 

approach is effective at reducing random noise, it can also result in blurring sharp edges within the 

image. Alternatively, a filter can replace the value of a pixel with the median value of its 

neighbours. This median filter is often more effective than the mean filter in preserving edges, 

although it may not be as efficient at reducing noise. 

 

Figure 23 Original Data from the camera 
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Figure 24 Baseline Noise within the data when excluding the peaks. 

Appendices C 

 

 

Figure 25 Specimen design in ANSYS workbench 

 

 

Figure 26 Code in ANSYS 
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Figure 27 Stress sum in ANSYS 

 

 

 

Figure 28 Path stress sum in ANSYS 
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Figure 29 ANSYS code for thermal equation 

 

 

Figure 30 Temperature In phase in ANSYS 
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Figure 31 Temperature in phase path 

 

 

Figure 32 Temperature out phase in ANSYS 
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Figure 33 Stress sum in phase in ANSYS 

 

 

Figure 34 Out phase stress sum in ANSYS 
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Figure 35 Temperature amplitude in ANSYS 

 

 

Figure 36 Temperature Phase path in ANSYS 
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Figure 37 data Flow diagram from AutoCAD 2D 

 

 

Figure 38 Peak heights to noise ratio from FEA 
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Figure 39 Peak height from FEA 

 

Peaks height are increasing with increasing frequencies in FEA model. That is proved that higher 

frequency can show high peak.  

 

Figure 40 At 15 Hz frequency from FEA 



 

36 

 

Figure 41 At 12 Hz frequency from FEA 

 

 

Figure 42 At 10 Hz frequency from FEA 
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Figure 43  At 8 Hz frequency from FEA 

 

 

Figure 44 At 6 Hz frequency from FEA 
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Figure 45 At 5 Hz frequency from FEA 

 

 

Figure 46 Frequency vs Phase angle from FEA 
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Figure 47 Frequency vs Magnitude from FEA 
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