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Abstract 

Entropy as a Material Response to Fatigue in Metals and Related Thermographic 

Assessment 

By Zhenjie Teng 

The dissertation comprehensively proposes multi non-destructive testing methods 

investigation in mechanical degradation of metallic materials. First, high cycle fatigue 

of an unalloyed medium carbon steel SAE1045 is quantified investigated through 

thermographic measurement; a short-term evaluation procedure is proposed based on 

the intrinsic thermal dissipation model to determine the S-N curves by performing two 

constant amplitude tests and one load increase test. Second, a unified approach is 

developed by evaluating the evolution of intrinsic dissipation and microplasticity. This 

plasticity is derived from temperature and is correlated to the fatigue process and related 

to fatigue life. Furthermore, a modified fracture fatigue entropy (FFE) method is 

modeled to evaluate the fatigue damage. It is shown that the FFE can be better used as 

an index to trace the fatigue damage as an irreversible degradation of a metallic material 

of its non-linearity. Finally, the mechanical and magnetic behavior of an ultrafine-

grained medium manganese transformation-induced plasticity steel is investigated in 

its plastic instability. Lüders bands are characterized by digital image correlation and 

magnetic Barkhausen noise (MBN), and the final results show that MBN can be used 

as a potential means for the non-destructive evaluation for the strengthening of this steel. 

Keywords: Mechanical Degradation; Intrinsic Dissipation; Fatigue Life Evaluation; 

Plastic Instability; Non-destructive Testing 
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Kurzfassung 

Entropie als Materialreaktion auf Ermüdung in Metallen und damit verbundene 

thermografische Bewertung 

By Zhenjie Teng 

In der Dissertation werden mehrere zerstörungsfreie Prüfverfahren zur Untersuchung 

der mechanischen Degradation metallischer Werkstoffe vorgeschlagen. Erstens wird 

das Ermüdungsverhalten in dem Zeitfestigkeitsbereich (engl. high cycle fatigue) eines 

unlegierten Kohlenstoffstahls (SAE1045/C45E) durch thermografische Messungen 

quantifiziert ermittelt, wobei ein Kurzzeitverfahren zur Lebensdauerberechnung 

abgeleitet wird, das auf dem Modell der intrinsischen Wärmedissipation basiert, sodass 

die Bestimmung der Wöhlerkurven mit zwei Einstufenversuchen und einem 

Laststeigerungsversuch ermöglicht wird. Darüber hinaus wird ein einheitlicher Ansatz 

entwickelt, indem die Entwicklung der intrinsischen Dissipation und der 

Mikroplastizität bewertet wird. Diese Plastizität wird hierbei von der Temperatur 

abgeleitet, mit dem Ermüdungsprozess korreliert und auf die Ermüdungslebensdauer 

bezogen. Zudem wird eine modifizierte Fracture Fatigue Entropy-Methode (FFE) 

modelliert, um die Ermüdungsschädigung zu evaluieren. Schließlich wird das 

mechanische und magnetische Verhalten in der plastischen Instabilität eines 

ultrafeinkörnigen TRIP-Stahls mit mittlerem Mangangehalt untersucht. Lüders-Bänder 

werden durch digitale Bildkorrelation (DIC) und magnetisches Barkhausenrauschen 

(MBN) charakterisiert. Die Ergebnisse zeigen, dass MBN als potenzielles Mittel für die 

zerstörungsfreie Bewertung der Festigkeit dieses Stahls verwendet werden kann. 

Schlagwörter: mechanische Degradation; intrinsische Dissipation; 

Ermüdungslebensdauerberechnung; plastische Instabilität; zerstörungsfreie Prüfung 
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1. Motivation and Objectives 

1.1 Introduction 

Fatigue and tensile loadings are very common in engineering applications, which can 

result in mechanical degradation and further change in the integrity of material or 

structural properties. More serious, the component can no longer serve in the intended 

manner as it was initially designed because of the probabilistic mechanical failure. 

Since stress and strain as well as time are the factors that play an essential role in 

mechanical degradation, the research of proposing new models of fatigue life-, fatigue 

damage evaluation, and plastic instability of medium Mn transformation-induced 

plasticity steel that based on non-destructive testing (NDT) are the main points 

investigated in this thesis. In the following sections, a brief description of the related 

degradation process will be given. 

1.1.1 Fatigue 

Metallic materials are the best choice for many infrastructure applications due to 

these materials’ excellent synergy between strength and ductility. However, these 

structural applications are easier to be affected by the external alternating loadings, and 

the essence is that the material must suffer cyclic loads, and such stress can cause 

damage or even failure in those applications after a certain number of cycles, which is 

also considered as fatigue [1]. The official definition of fatigue used herein is cited from 

American Society for Testing and Materials (ASTM E206-72) [2]: “the development 

process of local and permanent structural changes of materials that are subjected to 

disturbance load at a certain point and undergo crack or complete fracture after 

sufficient cyclic loading.” The fatigue failure, normally, will plague all the metals, and 

thus, it is essential to investigate their fatigue behavior. 

Time goes back to the first industrial revolution. With the progress of technology, 

especially the improvement of steam engines, traditional manual labor was gradually 

replaced by mechanized production, and steel materials have been widely used. Steel 

structures will undergo fatigue damage during the service period due to the cyclic load. 

Especially the railway traffic accident caused by the fatigue fracture of the train axle in 
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1842, the event “Catastrophe ferroviaire de Meudon” (as shown in Fig. 1-1) killed at least 

55 passengers in France [4]. After that, it has aroused people's attention to the fatigue 

failure problem. 

 

Fig. 1-1 Schematic drawing of the event “Catastrophe ferroviaire de Meudon” [3]. 

According to the literature [5], the German engineer August Wöhler (1819-1914), as 

shown in Fig. 1-2, was the first to systematically study the fatigue life of railway wheel 

axles under cyclic loadings. He found that the fatigue failure of metal materials still 

occurs under load conditions much lower than their static strength. Under different 

cyclic loading conditions, the material can withstand the different cyclic load cycles. 

The diagram showing the number of cycles to failure of specimens fatigued under the- 

 

Fig. 1-2 August Wöhler and the schematic fatigue system [6]. 

same loading conditions but different load levels are named as “Wöhler-curves” 
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according to his name, or “S-N curves” in the international terminology, where S and 

N are the stress and number of cycles to failure [6], respectively. Since then, scholars 

and engineers have made long-term efforts to understand fatigue better and tried to 

control it with near to 200 years’ development. They accumulated rich experience in 

the understanding of fatigue mechanisms, fatigue life prediction, and anti-fatigue 

design. 

Fatigue fracture is an important and prevalent failure mode that occurs in mechanical 

equipment and engineering structures. There are no apparent signs on the surface of an 

element or structure before fatigue fracture occurs, e.g., macroscopic plastic 

deformation or macroscopic cracks. The sudden failure often brings disastrous results 

to the safety production of industrial projects, causing significant economic losses and 

enormous casualties [7], e.g., 

⚫ Around World War II, about 20 "Wellington" heavy bombers crashed in the UK. 

⚫ Between 1951-1954, the British "Pigeon" aircraft and the “Comet” jetliner crashed.  

⚫ The DC-10 large passenger plane crashed after taking off at Chicago O’Hare 

International Airport in 1979. 

⚫ In 1985, the JAL flight 123 passenger plane of Japan Airlines crashed due to 

cracking of the tail bulkhead. 

⚫ In 2002, a Boeing 747 of Taiwan's China Airlines suddenly disintegrated over the 

Taiwan Strait, killing 225 people on board.  

⚫ On 20th February this year, after the United Airlines passenger plane took off from 

Denver International Airport, the right engine (PW4000-112) shell disintegrated, 

exploded, and caught fire. Fortunately, no casualties were caused. According to the 

National Transportation Safety Board (NTSB) survey, the damaged engine fan 

blade was related to metal fatigue. 

Thus, the investigations aforementioned found that those catastrophic accidents are 

closely related to the local metal fatigue failure. It is estimated that 80% of the failures 

of engineering alloys are due to fatigue [8]. The economic loss caused by fatigue 

fracture has reached 6-8% of gross national product per year of the United States, Japan, 

the European Community, and other countries and regions [9]. Therefore, the fatigue 
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failure of materials has been a topic of research. 

Through the long-term research on the fatigue behavior of metal materials, 

researchers have accumulated a series of experimental data and fundamental theories 

related to fatigue. One of the most important findings is that ferrous metals such as 

structural steel exhibit significant fatigue limits in the 106-107 cycle life range. Through 

the comparative analysis of many fatigue test data, people have established the 

proportional relationship between the fatigue limit and the material's tensile properties. 

It is generally believed that the fatigue strength of structural steel at 107 cycles is 

approximately equal to half of the material's tensile strength, and the fatigue limit of 

non-ferrous metal materials is about 1/3 of its tensile strength [10]. 

1.1.2 Plastic instability 

During mechanical loading, e.g., tensile, fatigue, some metallurgical instabilities can 

produce Lüders bands, Portevin-Le Chatelier bands, twinning, and/or phase 

transformation [11-14]. Some plastic instabilities can cause the crystallographic 

structure to change, and others are attributed to the solute atoms spreading over the 

crystal lattice [15]. 

 

Fig. 1-3. The schematic diagram for Lüders phenomenon [15]. 

Typically, when loading metallic materials such as carbon steels, there are some 

inflection points on the stress-strain curve as shown in Fig. 1-3. The yield stress 

continuously decreases from the upper yield point to the lower yield point. The 

phenomenon of yield point corresponds to the dislocation glide, dislocation 

multiplication, and dislocation velocity. It is attributed to the local yielding. This also 
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includes the adjacent areas where the local plastic strain changes. Such a phenomenon 

can also be regarded as non-uniform/ discontinuous yielding. After that, the yield point 

elongation is followed, where the strain increases while the stress stays constant or 

changes roughly. Lüders propagation occurs typically in this yield plateau. It is 

proposed that the interstitial atoms, e.g., carbon and nitrogen, cause Lüders strain 

through the formation of the Cottrell atmosphere during the quasi-static tensile 

deformation [16]. In Cottrell atmospheres, the interstitial atoms can segregate to the 

dislocations and pin them in the place to reduce the energy of lattice distortion. During 

the stage of Lüders band propagation, there are free dislocations in the elastic zones, 

whereas the Lüders band areas have high dislocation density. The upper yield stress is 

designated as the nucleation stress of the Lüders band, while the lower yield stress is 

regarded as the growth stress. 

As a kind of plastic instability or localized deformation behavior, the Lüders band in 

the tensile test is not desired in cases for automotive applications. Since such a behavior 

can deteriorate the surface quality of the material and result in an unexpected weakening 

of the material’s structural stability and even premature failure in some cases [17], 

hence, this plastic instability problem has been investigated previously by a considerate 

number of studies with different characterization methods, e.g., digital image 

correlation (DIC) [18], neutron diffraction [19], infrared thermography (IRT) [17], 

Electron Back Scatter Diffraction (EBSD) [20], X-ray diffraction (XRD) [21], as well 

as transmission electron microscopy (TEM) [22]. Nowadays, non-destructive testing 

(NDT) is in huge demand due to its enhanced capabilities for evaluating mechanical 

properties. With many of those techniques, the operation becomes increasingly intuitive, 

the measurement is non-invasive, and can even be contactless. Amongst the wide range 

of NDT techniques, magnetic Barkhausen noise (MBN) has been chosen to characterize 

the plastic instability of the material along tensile tests, which will be presented here. 

1.2 Objectives and scope 

The traditional approach to get an S-N dataset for materials in the range of 104 to 107 

cycles usually requires ~20 to 30 specimens under 4 to 5 stress levels and it takes about 

two months to get the fatigue data at a relatively low frequency. It is very specimen-, 

time-, and cost-consuming. Therefore, it finally seeks a more effective method. Among 
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them, the non-destructive testing (NDT) methods make up-and-coming prospects for 

the short-term evaluation procedures (STEPs) of fatigue life evaluation or monitoring 

the structural health of the components. 

The NDT methods usage in obtaining properties of mechanical degradation under 

cyclic and quasi-static tensile loading can provide more specific information 

concerning the mechanical deformation behavior of the material. The physical 

quantities measured by NDT methods can link cross-effects and can be bridged with 

the microstructural changes of the material obtained during fatigue and tensile loading. 

Within the scope of this doctoral thesis, thermography as an NDT technique was used 

to build new approaches of the STEP for fatigue life calculation, and fatigue damage 

was developed and verified on specimens of the SAE 1045 steel. In addition to the 

fatigue tests, some other NDT methods, such as MBN and DIC, were successfully used 

to make an exploration to investigate the plastic instability of a medium Mn steel during 

the tensile test. As an ‘extensive’ characterization, TEM was performed to further 

investigate the fatigue and tensile behavior of the materials, which is of decisive 

importance for the damage of a material or a component. 

1.3 Dissertation overview 

The doctoral thesis is a collection of research papers that obtained during the four-

year research period at the Char of Non-Destructive Testing and Quality Assurance 

(LZfPQ) at Saarland University and the Materials Science and Testing Group (WWHK) 

at the University of Applied Sciences Kaiserslautern.  

Part I is the introduction to the dissertation including the research motivation and 

objectives, state of the art, and followed by the main results from the Ph.D. work. Part 

II includes research papers (four have been published, and one has been submitted to a 

scientific journal), those five papers are listed below and the summary of the papers is 

given in Chapter 6. The highlights or the contribution of the papers to science are also 

presented in Chapter 7. 

Journal Papers: 

⚫ Z.J. Teng, H. Wu, C. Boller, P. Starke. Thermography in high cycle fatigue short 
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term evaluation procedures applied to a medium carbon steel. Fatigue & Fracture 

of Engineering Materials & Structures. 2020; 43:515-526. 

⚫ Z.J. Teng, H. Wu, C. Boller, P. Starke. A unified fatigue life calculation based on 

intrinsic thermal dissipation and microplasticity evolution. International Journal of 

Fatigue. 2020; 131:105370. 

⚫ Z.J. Teng, H. Wu, C. Boller, P. Starke. Thermodynamic entropy as a marker of 

high-cycle fatigue damage accumulation: Example for normalized SAE 1045 steel. 

Fatigue & Fracture of Engineering Materials & Structures. 2020; 43:2854-2866. 

⚫ H. Wu, T. Bill, Z.J. Teng, S. Pramanik, K.-P. Hoyer, M. Schaper, P. Starke. 

Characterization of the fatigue behavior for SAE 1045 steel without and with load-

free sequences based on non-destructive, X-ray diffraction and transmission 

electron microscopic investigations. Materials Science & Engineering A. 2020; 

139597. 

⚫ Z.J. Teng, H. Wu, S. Pramanik, K.-P. Hoyer, M. Schaper, H.L. Zhang, C. Boller, P. 

Starke. Characterization and analysis of plastic instability in an ultrafine-grained 

medium Mn TRIP steel. In manuscript. 

The statement of author contributions for Zhenjie Teng in each paper is supplied as 

a supplementary document and which has been signed by all co-authors. 
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2. State of the Art 

2.1 Difference between quasistatic and fatigue failure 

From the aforementioned information, we can have a shallow knowledge of the 

concept of fatigue. Here follows the difference between the fatigued and traditional 

quasistatic failure of the mechanical degradation: 

⚫ The quasistatic failure is generally under the maximum load condition. In 

comparison, the fatigue failure is under the status of repeated loads, which will not 

happen quickly. 

⚫ The failure will not happen when the quasistatic stress is lower than the yield limit. 

However, the fatigue failure can still occur when the alternating stress is much less 

than the yield stress after a specific number of cycles. 

⚫ Quasistatic failure usually has obvious plastic deformation that can be observed by 

the naked eye. Fatigue failure usually has no obvious signs of external plastic 

deformation. It is not easy to detect in advance, which indicates that fatigue failure 

has great potential of danger. 

⚫ The fracture surface of quasistatic failure usually presents a dimple. On the fatigue 

damaged part, there are always two regional characteristics, one part is smooth due 

to repeated deformation, named “crack source”, and the other part is a dimple. 

⚫ The resistance to quasistatic damage mainly depends on the material itself. In 

contrast, the resistance to fatigue damage is related to the material’s chemical 

composition/mechanical properties, shape geometry and surface condition of the 

specimen or component, and external environment of service, etc. 

2.2 High cycle fatigue 

The number of cycles of stress or strain experienced by an element or a sample when 

fatigue failure occurs under cyclic loading usually is named fatigue life,  Nf , as 

aforementioned. Historically, based on the lifetime of fatigue failure, the fatigue life 
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estimations have been classified into categories of low cycle fatigue (LCF) and high 

cycle fatigue (HCF), taking a lifetime of 104 cycles as the transition point [23]. More 

detailed, the fatigue process within a lifetime that fewer than 102 cycles is regarded as 

the extremely-low-cycle fatigue (ELCF) [23], and oppositely, lifetime higher than 107 

cycles is termed as the very-high-cycle fatigue (VHCF) [24]. Normally, the test of LCF 

is controlled in strain, and HCF is controlled in stress. The fatigue tests are usually 

implemented by a conventional hydraulic fatigue machine, which comprises a power 

group, test control system, test frame, sensors, etc. One of the sensors, the extensometer, 

can measure the deformation of the specimen, especially necessary for LCF.  

The fatigue life depends on material’s intrinsic properties, extrinsic applied stress or 

strain amplitude, and other environmental conditions, e.g., fretting, high temperature, 

corrosion, and vacuum. Generally, the higher strength of the material or the lower stress 

or strain level applied, the longer the fatigue life will be, and vice versa. The curve 

representing this applied stress level versus the fatigue life of the material becomes the 

S-N curve. The S-N curve usually takes the fatigue life as the abscissa and the cyclic 

stress amplitude as the ordinate. The most classical fatigue description for the 

relationship between stress and lifetime in the HCF regime, the Wöhler-curve, is 

formulated as a straight line in the bi-logarithmic coordinates: 

lg Nf = −m ∙ lg σa + A                       (2-1) 

where m and A are material constants and are determined by ASTM [25]. 

For a power-law expression, it can be written as: 

σa = σf
′ ∙ (2Nf)

b                         (2-2) 

where σf
′ is the fatigue strength coefficient, 

σf
′ = 10(A+lg2)/m                         (2-3) 

and b is the fatigue strength exponent, 

b = −1/m                            (2-4) 

During the fatigue test, the metals can undergo cyclic hardening or softening. Cyclic 
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plastic deformation happens through the metals. Generally, the metals respond 

differently to the stress amplitude than to the strain amplitude cycling. A bi-logarithmic 

map of stress versus fatigue life is recognized in the HCF regime by separating the total 

strain from the elastic strain and plastic strain. A classical relation of strain range vs. 

fatigue life is well expressed by the Manson-Coffin law [26,27]. The law describes the 

fatigue behavior of metals in the LCF and HCF regime and is given as follows: 

∆εe

2
= σf

′ ∙ (Nf)
b                          (2-5) 

∆εp

2
= εf

′ ∙ (Nf)
c                           (2-6) 

∆ε

2
=

∆εe

2
+

∆εp

2
= εf

′ ∙ (Nf)
c + σf

′ ∙ (Nf)
b                 (2-7) 

where εe and εp are the elastic and plastic strains, εf
′ and c are the fatigue ductility 

coefficient and exponent, respectively. The ductile metals, with high εf
′ , give high 

resistance in the low cycle regime and the strong metals, with high σf
′, are preferred in 

the high cycle regime. 

Fatigue failure of alloys is staged [28]: (1) dislocation and persistent slip band (PSB) 

formed, (2) dislocations nucleated with the transition to micro-cracks, (3) micro-cracks 

propagated perpendicular and then towards the maximum shear stress direction, (4) 

macro-cracks formed and resulted in the generation of high-stress intensities at the 

crack tips. Each of the stages is interesting and important; however, the relative 

contribution to the overall fatigue life is dependent on the external loading conditions. 

In the HCF regime, the cyclic stress is lower than the monotonic yield strength. Most 

of the fatigue life is consumed by plastic localization and critical size fatigue cracks 

[29]. In many structure applications, but not all, the cycles of cyclic stress decrease in 

the HCF regime. In that case one needs to pay attention to the properties of HCF. 

2.3 Fatigue damage mechanics 

Metal fatigue is usually discussed as a cumulative damage process due to the 

permanent nature of the process namely, such as fatigue degradation to be irrecoverable 

[30]. The intrinsic mechanism of fatigue damage is very complicated, e.g., cyclic 
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softening/hardening, phase transformation, dislocation migration, macro band 

formation, etc. Therefore, the intrinsic damage mechanism contributes to the 

microplastic deformation, and the accumulated local plastic deformation will finally 

lead to the crack initiation. After that, the crack can further propagate until the 

component reaches the final fracture. To sum up, the fatigue damage of metals during 

a material’s entire lifetime can be classified into three phases, represented such as (i) 

crack initiation, (ii) crack propagation, and (iii) final fracture. A more detailed 

description of crack initiation and propagation is given as follows:  

⚫ Crack initiation: There is no macrocrack in the initial stage of fatigue damage. 

The permanent change in microstructure occurs within this period. This change 

will lead to the initiation of microcracks due to the accumulation of local 

microplasticity. The stress concentration is resulted from lattice defects, e.g., 

dislocations, vacancies, boundaries. Therefore, the microstructure participates in 

the fatigue process. According to [31,32], the micromechanical models of crack 

initiation include dislocation and slip band micro-cracking at the grain 

boundaries because of dislocation pile-ups. Some of the microcracks stop 

propagate, and some continue to grow, and new cracks may form. Finally, the 

main crack generates and plays an essential role in the lifetime of the component. 

Such fatigue process period can be regarded as an early stage of fatigue. In 

conclusion, this period includes the initial microstructural change, leading to 

fatigue accumulation, e.g., lattice defects, slip band formation, and fatigue 

cracks initiation. 

⚫ Crack propagation: The crack propagation occurs after the crack initiation, and 

it can be observed on the fracture surface by the striations. The main focus of 

crack propagation is the growth of a single dominant crack, which plays a 

disadvantage in the residual fatigue life. Namely, the residual lifetime and 

fatigue failure relies on the dynamics of crack growth. The related fatigue 

damage mainly accumulates in the crack area in a localized manner. Fracture 

mechanics is developed during this phase, and some approaches are proposed to 

predict the residual lifetime. Among them, the Paris crack growth law, based on 

the identified crack length, mechanical loading, and critical stress intensity factor, 
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is highly used because of its simplicity: [33]: 

da

dN
= C(∆K)m                         (2-8) 

⚫ where a is the fatigue crack length, and thus 
da

dN
 is the fatigue crack growth for 

a load cycle N, C and m are the material constants, and ∆K is the stress intensity 

range, which is written by: 

∆K = Kmax − Kmin                      (2-9) 

⚫ where Kmax is the maximum stress intensity factor and Kmin the minimum. 

From the viewpoint of continuum damage mechanics, the damage in materials is a 

process of accumulation, starting from microcrack initiation and growth to follow. Once 

it reaches a threshold state, the structural applications contain failures and cannot be 

serviced anymore.  

In the last several decades, the fatigue damage has been evaluated by various models, 

based on the different experimental methods, and they can be classified as: 

⚫ Dynamic response, such as stress and strain [34,35] 

⚫ Mechanical property, including hardness, elastic modulus, tensile strength, 

reduction in area, etc. [36-39]. 

⚫ Physical property, such as electric, thermal, and magnetic properties. [40-42]. 

Such methods mentioned above are mainly deduced from the theories of plastic or 

creep damage. However, there always exists a margin to make them more precise for 

the brevity of the microscopic defects on the fatigue damage of material. Miner and 

Palmgren proposed a linear cumulated fatigue damage model named the Palmgren-

Miner (P-M) rule [43,44]. It is stated that the fatigue damage being linearly cumulated 

with respect to various stress levels in the spectrum loadings and the rule can be written 

as: 

D = ∑
ni

Ni

k
i=1                           (2-10) 
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where ni and Ni are the number of cycles at a given stress amplitude and the fatigue 

life at the same stress amplitude from the corresponding S-N curve, respectively. It is 

noted that fatigue damage D accumulates continuously from a pristine stage with D =

0, up to failure occurs and D = 1 . 

The P-M rule is a classic and most used model for estimating the fatigue damage 

under multi-level loadings. But the quality of the residual lifetime assessment depends 

on the parameter describing the fatigue life curve, and it has some limitations. For 

example, the approximation of linear damage accumulation does not allow load 

sequence effects to be interpreted [45]. It is found that the loading history can affect the 

fatigue damage leading to nonlinear relations. In such cases, the fatigue damage 

parameter D can vary to 1.2 or more because of material intrinsic effects being 

uncovered in the linear accumulation model [46]. 

Considering damage evolution in terms of micro-cracks of the microstructure of a 

material can be analyzed by Continuum Damage Mechanics (CDM). It was initially 

developed by Kachanov [47] and Rabotnov [48] and further investigated by Lemaitre 

[49] and Chaboche [50]. The general theory of CDM is a function of time, deformation, 

and stress. In the case of fatigue, the cyclic loading cycles can be used for evaluating 

the damage and measuring the fatigue life. Then, the evaluation of fatigue damage can 

be written as [50]: 

δD = f(… )δN                           (2-11) 

where f(… )  is the function of the variables’ state parameters, such as temperature, 

cyclic hardening, softening, etc., or loading parameters, like stress, strain, or stress-ratio. 

It can cause uncertainty in the evaluation of the fatigue damage by using the ratio of 

N/Nf, since a bit of change of the parameter, the value of the fatigue damage will change 

a lot. Then, the fatigue damage D can be rewritten by 1 − (1 − D)β+1 according to 

[50] for combing the evaluations with the corresponding remaining fatigue lifetime. 

The model of 1-D damage differential can be used [51]:  

dD

dN
= [1 − (1 − D)β+1]α(σa) [

σa−σl0

M(1−D)
]

β

                (2-12) 
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where σl0
 is the fatigue limit, M and β are the material parameters. Solving Eq. (2-

12), the fatigue life can be written as: 

Nf =
1

(β+1)[1−α(σa)]
(

σa−σl0

M
)

−β

                   (2-13) 

Using the ratio of ni/Nf, the fatigue damage can be rewritten as: 

D = 1 − [1 − (
ni

Nf
)

1

1−α
]

1

β+1

                     (2-14) 

where 𝛼(σa) = 1 − a 〈
σa−σl0

σu−σa
〉, and σu is the static fracture strength. 

2.4 Infrared thermography 

2.4.1 Introduction of the infrared thermography 

Fatigue tests are an essential foundation for establishing and developing fatigue 

theories and fatigue parameters such as the fatigue limit and the fatigue life curve of 

the material. However, the traditional way of determining an S-N curve is laborious and 

costly. In recent years NDT techniques have been used in fatigue research, such as for 

predicting the fatigue limit and fatigue life of materials, evaluating structural integrity, 

and preventing fatigue failure [52,53]. Universal NDT techniques mainly include eddy 

current inspection, ultrasonic testing, radiography, magnetic particle testing, acoustic 

emission testing, and others. Infrared thermography, an emerging NDT technique, has 

also been widely used in engineering and has begun to become a relevant method in 

fatigue research. Infrared thermography has the characteristics of high speed, high 

sensitivity, full-field, and more. It allows the change in temperature of the loaded 

component in operando to be obtained, which can be related to the evolution of fatigue 

damage. Therefore, the evaluation of fatigue properties based on thermal response has 

been a very promising research directions in metal fatigue. Thus, temperature 

measurement based on infrared thermography plays a critical role in the research being 

discussed in this dissertation. 

Since 1992, the International Conference on Quantitative InfRared Thermography 
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(QIRT) held every two years (the recent one was in Porto, Portugal 2020) has attracted 

an increasing number of scientists from all over the world. They have promoted the 

development of infrared thermography technology in the field of fatigue and stress 

evaluation. With the development of the infrared camera, the researchers not only take 

the application of infrared thermography technology in the field of NDT into 

consideration, but also pay more attention to the study of the heat of materials and 

components in the process of fatigue failure, especially in the energy dissipation and 

storage. From then on, a variety of fatigue damage models and failure criteria have been 

proposed to evaluate the fatigue response of materials and components, which can 

monitor its degradation degree in situ [7]. Correspondingly, the probability of 

catastrophic accidents can be reduced. 

The fatigue failure results from the accumulation of local fatigue damage, can be 

considered as a process of energy dissipation [54]. The mechanical energy during the 

fatigue process will transform into energy dissipation, energy storage, elastoplastic 

strain energy, anelastic internal friction, and other energy forms. Most of the energy is 

released in the form of heat, mainly about 90% [55]. The related macroscopic 

performance is the non-uniform temperature change on the surface of the material or 

component. Such fatigue damage is very closely associated with the evolution of its 

internal microstructure. What is more is that both the Bauschinger effect and the 

hysteresis phenomenon have proven that the evolution of fatigue damage is a non-

equilibrium thermodynamic process with energy dissipation [15]. Thus, the close 

relationship between this energy dissipation and the internal crystal microstructure 

movement of the material has inspired people to investigate the initiation and 

accumulation of fatigue damage based on the energy storage and dissipation during its 

failure process [7]. 

2.4.2 The evolution of thermography 

As early in 1830, Weber observed the thermoelastic effect in the experiment [56]. In 

1853, Load Kelvin established the theory of thermoelasticity, which is given as [57]: 

∆T = −
α

ρCp
T∆σ                      (2-15) 
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where ∆T and T are the change in temperature and measured temperature, respectively, 

∆σ the stress range, and α is the thermoelastic coefficient. Strometry observed that 

the cyclic mechanical loading was accompanied by self-heating [58] in 1914. Twenty 

years later, Toyler measured the stored energy during a metal’s plastic deformation [59]. 

In 1967, Belgen investigated the thermoelastic effect using non-contact infrared thermal 

imaging technology [60]. Mountain and Webber developed the system of SPATE (stress 

pattern analysis by thermal emission) in 1978 [61]. In the last two decades, researchers 

have carried out many studies on the heat dissipation behavior of materials under 

fatigue loading by using infrared thermography (IRT), which will be described in detail 

in the following paragraphs. 

IRT is a valuable technique, that is used to monitor the evolution of surface 

temperature variation of the component or specimen during fatigue or tensile 

deformation. Luong [62] used IRT to inspect the fatigue-induced damage processes, 

and it can detect the intrinsic dissipation and give a fast fatigue strength determination. 

Rosa and Risitano [63] applied IRT for determining the fatigue limit via the analysis of 

surface temperature. Fargione et al. [64] indicated that the IRT could measure the 

temperature variation during fatigue testing. It is reported that such a method can give 

a rapid evaluation of fatigue curves of the material. Plekhov et al. [65] found that the 

IRT can be used to collect the data of spatial stand deviation of temperature and monitor 

fatigue crack initiation and crack tip location. Pastor et al. [66] used the IRT to observe 

temperature oscillations of the 2024-T3 aluminum alloy during HCF testing due to 

thermoelastic coupling. This research found that a sudden temperature increment 

occurrs when the transient loading is higher than the yield stress. Morabito [67] found 

that the IRT can analyze heat sources during a fatigue process. The onset zones of 

fatigue cracking were associated with high thermoelastic sources. Ummenhofer et al. 

[68] used the IRT to evaluate the material's localized fatigue damage during fatigue 

testing. 

After a deep investigation into the thermo-mechanical process of material fatigue, 

researchers realized that the thermodynamic method directly based on temperature 

lacks a physical background. This seriously hinders the extensive range of application 

and popularization of such practices in industrial production [69]. As a macroscopic 

phenomenon of dissipated energy, the temperature is not only determined by the 
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evolution of fatigue damage, but it is also severely affected by the external environment, 

such as heat conduction, heat convection, and heat radiation. Thus, using the 

temperature signals to rebuild the heat sources during fatigue loading and replacing 

temperature as the damage indicators for fatigue evaluation is an effective method [69]. 

In the framework of quasistatic thermodynamics under the perturbation hypothesis, 

Chrysochoos et al. [70] proposed the thermo-mechanical coupling equation in the 

material fatigue process via its internal variables. The equation divides the heat sources 

that cause temperature changes into intrinsic dissipation, thermoelastic, internal 

coupling, and external heat supply. They pointed out that the source of intrinsic 

dissipation is most closely related to fatigue damage and believed that it could use the 

intrinsic dissipation as a damage index. Finally, Chrysochoos et al. established a 

complete set of infrared thermography processing methods by using numerical methods 

such as local polynomial fitting Laplace transform, which can be used to extract the 

intrinsic dissipation source. Doudard et al. [71] and Munier et al. [72] performed 

extensive work on understanding the fatigue damage mechanics, and it resulted in self-

heating. Particularly, Munier investigated the difference between the two stress-

depended thermal regimes, stress below and above the fatigue limit, in the self-heating 

response. Khonsari’s research term [73,74] introduced the concept of fatigue fracture 

entropy (FFE) when analyzing the temperature change during the fatigue process. They 

investigated that the continuous accumulation of the FFE is higher than a threshold 

value, and that will cause the fatigue failure of the material. This method can also 

present a quick way of predicting materials and components' fatigue life and damage.  

Although the methods mentioned above have achieved specific scientific results, the 

utilization of temperature signals to rebuild the information of dissipated energy is a 

complex nonlinear inverse problem. The dissipated energy of materials in the fatigue 

process is often not very high, especially in the HCF and VHCF regimes. Therefore, it 

is of great scientific significance and application to build a complete analysis system 

from the theoretical fatigue mechanism point of view and seek for more efficient and 

stable calculation methods in view of data processing [69]. 

Damage in materials under the cyclic loading accumulates and hence progresses 

continuously until finally rupture appears. This is essentially an irreversible evolution 
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within the microstructure towards material degradation. For exploring the mechanisms 

of fatigue damage, it is inevitable explore the evolution of the microstructure of 

materials. Dissipated energy is a characterization of the irreversibility of the 

thermodynamic process. It can be used to describe a material's microstructure under 

cyclic loading in the macroscopic scale. Therefore, utilizing macroscopic dissipated 

energy to analyze the evolution of a microstructure and reveal the physical mechanism 

of the fatigue damage is a promising approach within fatigue research. At the same time, 

it is often necessary to comprehensively use various experimental approaches to 

achieve a multi-angle observation of a material’s fatigue damage process [69]. 

Maquin et al. [75] measured the dissipated energy of 316L steel and DP600 steel 

under cyclic loading after different plastic deformations. The results showed that the 

rate of dissipated energy increased with increasing plastic strain and exhibited a 

nonlinear relationship. This is because the metallic materials' accumulated plastic strain 

is very closely related to its internal lattice structure, such as the dislocation movement. 

Therefore, Maquin et al. thought that the dissipated energy could be used as an indicator 

to describe the microstructure of materials. Wang et al. [76] combined IRT and digital 

image correlation (DIC) concurrently and used them to investigate the full-field strain 

and heat source of the martensite-related Lueders zone in-situ in a tensile test of the 

Medium Mn steel. IRT has been used for obtaining the field of dissipated energy, and 

DIC has been used for obtaining the corresponding strain field. 

An essential goal of fatigue damage mechanism research is to build a constitutive 

model. Studying the constitutive relationship from the microscopic mechanism of 

material deformation allows the nature of material fatigue damage to be understood and 

to avoid blindly introducing some unnecessary material parameters into the constitutive 

relationship [69]. The existing formation, distribution, and dynamic characteristics of 

those defects have a decisive influence on the fatigue properties of the materials. Thus, 

it is difficult to establish the corresponding macro fatigue damage constitutive 

relationship from a microstructure structure's movement [69]. Using a meso-model as 

the bridge and combing the theory of dissipated energy to have a macro-meso-micro 

analysis is usually a practical research approach. Marcau et al. [77] studied the two 

mechanical behaviors exhibited by crystalline materials under different stress 

amplitudes, namely anelastic and inelastic. The movement of the internal 
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microstructure of material can be characterized by choosing the appropriate internal 

variables. The evolution of internal variables can then be linked with the dissipated- 

and stored energy. Doudard et al. [78] thought that the influence of micro-defects on 

fatigue properties could be characterized by introducing activation sites. The dissipated 

energy caused by the activation site's plastic work at the mesoscale can be linked with 

the macroscopic physical quantities. Doudard et al. then proposed a multi-scale 

probability model that can predict the dispersion with respect to the high-cycle fatigue 

life. Huang et al. [79,80] further improved the model and applied it to a study related to 

very high cycle fatigue of titanium alloys. 

The above case-based investigations show that the IRT is a valuable tool for 

monitoring the mechanical degradation of materials. Thus, the IRT can be used to 

monitor the degradation properties of the materials remotely and avoid sudden 

catastrophic failures. 

2.4.3 Application of IRT in fatigue limit prediction 

The manifest evaluation of the material’s fatigue somewhat determines the fatigue 

limit and the S-N curve. There are many methods for determining fatigue parameters 

in the engineering application, like single-point method, lifting method, group method, 

strain-controlled fatigue life method, multi-amplitude measurement method, 

amplification measurement method, etc. In this and the following sections, the fatigue 

limit and fatigue life evaluation methods will be introduced. 

 

Fig. 2-1. Phases of temperature evolution during metal fatigue experiment [82]. 
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When the loading stress amplitude is higher than the fatigue limit for many metallic 

materials, the temperature evolution during the fatigue process can be classified into 

three stages, such as the initial temperature increase phase (phase I), the predominant 

temperature stabilized phase (phase II), and the drastic temperature increase stage 

before the fatigue fracture (phase III) [81]. The typical temperature syllogism is shown 

in Fig. 2-1. Contrarily, when the stress amplitude is below the fatigue limit, it is 

challenging to observe temperature changes. 

⚫ One-curve method 

As early in 1986, Curti [83] was the first who proposed a high-speed method to 

predict the fatigue limit of materials by measuring the surface temperature of specimens 

under cyclic loading. The Ristiano-method [84] was completed by performing a 

continuous load increase test, and the stabilized temperature (phase II) was then 

recorded under different stress levels. It takes the stress amplitude σa as the abscissa 

and the temperature increment θd
sta as the ordinate in the Cartesian coordinates. Fitting 

 

Fig. 2-2. Graphical determination of the fatigue limit by using the one-curve method. 

the obtained data in terms of a bi-linear function and determining the intersection of the 

right-hand straight line and the abscissa of stress, allows the value of the corresponding 

fatigue limit σf to be obtained as shown in Fig. 2-2. 

Risitano [84] summarized 23 sets of experimental data obtained by using the 

Risitano-method over 15 years. The test objects included several materials and 

components, such as steel, Al-alloy, fiberglass, butt welded joint, and a connecting rod. 
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Each test result was compared with the result from a traditional (stair-case) fatigue test 

method. Finally, the error was determined to be within 10%, and the average error was 

4.7% only.  

⚫ Two-curve method 

The two-curve method was proposed by Loung [85] in 1995. It is another fast fatigue 

limit prediction method after the Risitano-method, and it is the most popular in the 

research work at present. According to previous researchers’ research related to cyclic 

loading, plastic strain, and fatigue damage, Loung investigated the relationship between 

the dissipated energy, and the fatigue damage of materials and found this to be very 

close. Thus, fatigue damage can be characterized by the material’s intrinsic dissipation 

rate. 

 

Fig 2-3. Graphical determination of the fatigue limit by using Luong’s two-curve 

method. 

When Luong performed experiments on XC55 steel under rotating bending, it was 

found that even at low-stress amplitudes the surface of the specimen can still have a 

small temperature increment [85]. Loung defined such a small increment to be caused 

by the viscoelastic effect of the material due to a theoretical analysis and numerical 

modeling. This part of the dissipated energy had nothing to do with the fatigue damage. 

However, such a small temperature increment cannot be ignored for the fatigue limit 

prediction. Thus, Luong used two straight lines to fit the data of temperature increment 

and defined the stress amplitude at the intersection of the two fitting lines as the 

predicted value of fatigue limit, as shown in Fig. 2-3. 
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⚫ Normalized angle method 

However, the Luong method has not correctly solved how to separate all the 

experimental points into two groups. When the stress amplitude is lower than the 

fatigue limit, the temperature in the stabilized phase does not change much, and the 

slope of the linear fitting is relatively similar. Oppositely, when the stress amplitude is 

higher than the fatigue limit, the temperature in the stabilized phase changes 

significantly. The slope of the straight line fitted by the temperature value will vary 

greatly, and the slope may change dramatically. The relation of the slope vs. the angle 

θ formed by the fitted line and the x-axis σa is not linear. Then, Jia et al. [86] used the 

angle change instead of the slope change. 

In Huang’s method, the normalized angle is used to characterize the angle change θ. 

Assuming that there are stress levels in the test, these can be named Q1 , Q2 , 

Q3, …Qi.Then the included angle is normalized to: 

θi
j

= |
θi+1−θi

max(θ2,3,4…)−min (θ2,3,4…)
|                   (2-16)  

where the subscript i is the sequence number of the points, θi the angle between lines 

determined by point-set {θi−1, θi} and σa the x-axis, as shown in Fig. 2-4. The term 

max(θ2,3,4…) − min (θ2,3,4…) used to normalize the angle change and the θi
j
 is the 

normalized angle change between lines fitted by point-sets {Pi−1, Pi} and {Pi, Pi+1} 

(i ≥ 2). 

 

Fig. 2-4. Schematic definition of θi [86]. 
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For a set of fatigue tests, the maximum value of θi
j
 can be determined through the 

normalized calculation of the included angle, which shows that at the i-th stress level, 

the angle between the two straight lines is the biggest. This point is set as the boundary 

point of the predicted fatigue limit. The results are divided into two groups according 

to the dividing point, and the temperature points before and after the dividing point are 

fitted. The stress value at the intersection point of the two fitting straight lines is the 

fatigue limit. This method is developed from the Luong method and is named the angle-

normalized two-line method. 

The previously mentioned three methods are based on the surface temperature of the 

specimen during cyclic loading and can give a rapid evaluation of the material fatigue 

limit. This may possibly be achieved with only one specimen to complete a fast 

prediction of fatigue parameters in one day maximum. The approach has arisen great 

attention in the academic and engineering field. Meanwhile, the methods for fatigue 

limit prediction are continuously developed and improved and have been widely used 

for the fatigue evaluation of different engineering materials and mechanical 

components. 

2.4.4 Application of IRT in fatigue life evaluation 

In order to achieve more fatigue evaluation related parameters in a fast way, many 

researchers have extended the application range of evaluation method by using the 

temperature data, such as to predict fatigue S-N curves. Since traditional experimental 

approaches for evaluating material fatigue lifetime are very cost-, specimen-, and time-

consuming, alternative approaches have been developed for seeking a fast evaluation 

of fatigue life. In the last decades, many investigations have proven that in a fatigue 

loaded specimen three stages of temperature evolution can be observed if the stress 

amplitude is above the fatigue limit, as aforementioned, and the plasticity can become 

a factor relevant with respect to lifetime. Here are some approaches to fatigue life 

evaluation based on the IRT. 

2.4.4.1 Macro relationship 

⚫ Phase I:  
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According to the initial slope of the temperature Rθ (as shown in Fig. 2-5) in the 

phase I as shown in Fig. 2-1, Amiri et al. [87] developed an approach for the evaluation 

of fatigue life Nf, where they found a relation of Rθ − Nf, such as:  

Nf = c1Rθ
c2                         (2-17) 

 

Fig. 2-5. The slop of temperature at the beginning of the test at two stress levels. 

where c1 and c2 are material constants. What is more, after they performed under 

different fatigue loadings, they concluded that the experimental fatigue data represented 

as Nf/c1 versus Rθ can be consolidated in a universal curve, which is shown in Fig. 

2-6. Due to the fact that Rθ can be evaluated at the initial cycles of the fatigue testing, 

a result can be obtained in a relatively short time. Such a method can therefore provide 

a very fast prediction of fatigue failure. 

 

Fig. 2-6. Fatigue life prediction based on initial temperature rise [87]. 
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⚫ Phase II: 

Jiang et al. [88] found that the difference between steady-state temperature (T∗) in 

phase II and ambient temperature (T0), ∆T = T∗ − T0 (as shown in Fig. 2-7), has a 

relation to the fatigue life Nf under axial fatigue loading:  

(Nf)
m = C ∙ ∆T                       (2-18) 

where m and C represent material constants. It is suggested that the temperature during 

the steady-state condition (phase II) could be utilized as an index for warning fatigue 

failure by using Eq. (2-18). 

 

Fig. 2-7. Steady-state temperature rise in the second phase. 

⚫ Phase III: 

Huang et al. [89] investigated the temperature rise rate very close to the end of a 

fatigue test of a high ductility material and found the sharp increase in temperature to 

be associated with the initiation and propagation of macro fatigue cracks and imminent 

fracture. Such a temperature rate Rγ (as shown in Fig. 2-8) after the steady-state is 

associated with the fatigue life Nf via: 

Rγ =
∆T

∆t
= C′ ∙ exp (

G

(Nf)1/b
)                  (2-19) 

where C′, G, and b are material constants. The temperature in phase III can be used as 

an index of the warning of material failure and could help to prevent catastrophic failure. 
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Fig. 2-8. Slope of the temperature rise in the third phase at two stress levels. 

⚫ Total area 

Fargione et al. [64] proposed the concept of material’s total dissipated energy for 

fatigue failure. As shown in Fig. 2-9, this method is based on the total dissipation value, 

which can be replaced by an integral value of the surface temperature increment over 

the entire fatigue life, and it is integrated as ϕ: 

ϕ = ∫ ΔT
Nf

0
dN                       (2-20) 

 

Fig. 2-9. Area under a temperature profile at two stress levels. 

Fargione found this area to be a material constant regardless of the stress amplitude. 

Finally, using the calculated integral value, divided by the stabilized temperature, 

allows fatigue life under different stress amplitudes to be obtained. 

2.4.4.2 Intrinsic dissipation 
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Based on the first and second laws of thermodynamics, a specific kind of heat 

diffusion was deduced by Boulanger et al. [90] to determine the heat source from the 

measured temperature fields of the specimen’s surface during fatigue testing: 

ρCpθ̇ − div(k: gradθ) = Sthe + Si + d1 + rext               (2-21) 

where ρ , Cp , and k are the mass density, specific heat capacity, and thermal 

conductivity, respectively. θ = T − T0  the change in temperature (T is the measured 

temperature and T0  the equilibrium temperature). Sthe  is the thermoelastic source 

term, Si the internal coupling source term, d1 the intrinsic dissipation term, and rext 

the external heat source term. Since the thermal process during the fatigue test is 

considered as a pure dissipation mechanism, the internal coupling source Si under the 

given boundary condition can then be neglected [91]. The external heat source rext is 

the heat loss. It is strongly dependent on the boundary condition of the test setup and is 

supposed to be the following simple time-independent and linear-solution: rext =

ρCp
θ

τeq
. The thermoelastic source Sthe vanishes in each loading cycle in the end, and 

the temperature variation tends to be asymptotic towards: 
∂θ

∂t
= 0 . Finally, the 

dissipated energy per unit of time can be simplified as:  

d1 = ρCp
θ

τeq
                              (2-22) 

where τeq is a time constant characterizing the heat exchanges between the specimen 

surface and the environment. 

⚫ Uniaxial fatigue  

Since the dissipated energy can be regarded as a fatigue index, Wang et al. [92] 

calculated the total cumulated energy dissipation d1,cum, namely, the energy tolerance 

Ec to failure during a fatigue test to be: 

Ec = d1,cum = ∫
d1

f
dN

Nf

0
                         (2-23) 

Since phase II occupies the main portion of the fatigue lifespan, the fatigue lifetime 

Nf can be assumed to be the span of phase II, and then energy tolerance to failure can 
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be calculated by: 

Ec = ∫
d1

f
dN =

ρC

fτ
θNf

Nf

0
                      (2-24) 

Thus, the fatigue lifetime Nf is: 

Nf =
fτEc

ρCθ
                            (2-25) 

Some extensive studies showed that there exists a relation of θ and σa: 

θ = KTσa
2 − m    when σc ≤ σa  ≤ σy           (2-26) 

where σc  and σy  are the critical stress for the generation of dissipation and yield 

stress, respectively. Then, Then, Eq. (2-25) can be written as: 

Nf =
fτEc

ρC(KTσa
2−m)

                        (2-27) 

However, phase II is not horizontal for some materials, as schematically shown in 

Fig. 2-10, e.g., the temperature evolution in the phase II of the commercially pure 

copper at a fatigue loading frequency of 20 kHz with a stress ratio of R = -1. Based on 

this problem, Wang et al. [92] considered the relevant incremental temperature variation 

rate and modified the fatigue life evaluation from intrinsic dissipation. In the first step, 

the energy tolerance Ec is modified as: 

Ec = d1,cum = ∫
ρC

f
(

∂θ

∂N
+

θ

τ
)dN

Nf

0
                  (2-28) 

Through a series of calculations, the fatigue lifetime Nf is finally given as: 

Nf =
1

P
√2PEc + q2 − q                     (2-29) 

where p =
ρCλ

fτ
, q =

ρC

fτ
(λτ + θ) and λ =

𝜃∆

𝑁
. 

Two fatigue methods, Eqs. (2-27) and (2-29), were proposed for fatigue life 

evaluation. The first one was attracted due to its simplicity, and the second considered 

the possible damage evolution during the fatigue test. It can be extended to materials 

with a temperature decrease in phase II, e.g., AZ31B magnesium alloy [93,94]. 
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Fig. 2-10. Schematic presentation of the change in temperature during fatigue test under 

the assumption of linear temperature evolution in phase II [92]. 

⚫ Multiaxial fatigue model 

Taking the intrinsic dissipation as the damage index, Feng et al. [95] further 

developed a multiaxial fatigue model based on the viewpoint of dissipation energy. Five 

different loading paths applied in the fatigue tests for the 316L stainless steel are shown 

in Fig. 2-11. The results show that the energy tolerance Ec can be different for different 

tests. In that case, it can be indicated that the parameter Ec  is a path-independent 

parameter in multiaxial fatigue. The authors regarded the tension-compression and 

torsion as the two basic loading models and proposed a factor K to express the relation 

between energy tolerance under the symmetric tension-compression (Ec,A) and under 

the pure torsion (Ec,T), where K = Ec,T/Ec,A. 

 

Fig. 2-11. Five different loading paths applied in fatigue tests [95]. 
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In order to evaluate the energy tolerance under proportional loading, the strain-ratio-

dependent parameter ξ was introduced to correlate Ec,P with Ec,T and Ec,A, which 

is given as: 

Ec,P = [1 + ξ(K − 1)] ∙ Ec,A                 (2-30) 

Then, another factor KP was given to bridge the two energy tolerances by 

KP =
Ec,P

Ec,A
= 1 + ξ(𝐾 − 1)                 (2-31) 

Thus, the fatigue life for the proportional loading can be calculated by 

Nf =
Ec,P

d1
=

KP∙Ec,A

d1
                     (2-32) 

 

Fig. 2-12. Comparison of the predicted fatigue life with the experimental fatigue life 

for the applied fatigue tests [95]. 

For calculating the energy tolerance under the non-proportional loading Ec,NP , a 

factor FNP was introduced to relate with Ec,P by FNP =  Ec,P/Ec,NP, where FNP can 

be calculated by: 

FNP = 1 + m ∙ fNP
n                       (2-33) 

and where m and n are the material constants. The parameter Ec,NP  can then be 

rewritten as: 

Ec,NP =
Ec,P

FNP
=

KP∙Ec,A

FNP
                    (2-34) 
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Finally, the fatigue life for the non-proportional loading can be calculated by 

Nf =
Ec,NP

d1
=

KP∙Ec,A

FNP∙d1
                    (2-35) 

The final fatigue life evaluated by the proposed model was satisfied to meet the 

experimental data as shown in Fig. 2-12. 

⚫ Meneghetti-method 

Meneghetti [96] proposed a fatigue life calculation method by measuring the 

temperature cooling rate, dT/dt (as shown in Fig. 2-13), after an interruption of phase 

II, where the steady-state temperature of a fatigue test is reached. The cooling rate is 

related to the specific heat energy Q by: 

Q = −
ρc

f
∙

dT

dt
|

t=t∗
                       (2-36) 

where ρ is the density, c the specific heat capacity, and f the load frequency. The 

fatigue life Nf is related to the specific heat energy in this study as 

Nf = C ∙ Qm                         (2-37) 

where C and m are material constants. This method can also quickly evaluate the S-N 

curve by estimating the energy converted into heat during a fatigue test. 

 

Fig. 2-13. The slope of the cooling rate after stopping a fatigue test. 

2.4.4.4 Own methods proposed 
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In order to provide the S-N dataset in a small number of fatigue tests, some short-

term evaluation procedures (STEPs), Stress-based fatigue life evaluation (StressLife), 

Strain-based fatigue life evaluation (StrainLife), and Step-Bar Fatigue Life approach 

(SteBLife) are developed at Chair of Non-Destructive Testing and Quality Assurance 

(LZfPQ) at Saarland University, which are based on the conventional-, e.g., strain, 

and non-destructive-, e.g., temperature, electrical resistance, methods. The STEPs 

have been well validated by different materials and the S-N data evaluated on such 

methods are competitive to conventionally determined S-N data. 

⚫ StressLife 

The StressLife method [97] provides the possibility for evaluating an S-N curve 

based on a combination of Morrow [98], Manson- Coffin [26, 27], and Basquin [99] 

laws all merged into a set of equations. The schematic workflow for the StressLife 

evaluation method is shown in Fig. 2-14. The material response (M, e.g., change in 

temperature, change in electrical resistance, or magnetic-based measurements) data 

using NDT-based methods from LITs and CATs are utilized to derive a parameter 

related to fatigue for a fatigue life evaluation. The first step of this StressLife approach 

is to divide the σa-M relationship (Fig. 2-14b) from a LIT (Fig. 2-14a) into its mostly 

elastic and mostly plastic range independently, according to the modified Morrow law 

σa = Ke/p/CAT′ × (M)
n

e/p/CAT′
                     (2-38) 

where ne/p′ is the cyclic hardening exponent (e: mostly elastic range, p: mostly plastic 

range). Then, the fatigue strength exponent b from the mostly elastic range and the 

fatigue ductility exponent c from the mostly plastic range can be determined by: 

b =
−n

e′

5ne′+1
                             (2-39) 

c =
−1

5np′+1
                             (2-40) 

The material response M during the fatigue test is the sum of an elastic and plastic 

portion: M = Me + Mp . Me  can be described by the Basquin equation: Me =

B × (2Nf)
b, where B is expressed through σf

′ × E-1 (σf
′ = fatigue strength coefficient, 
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E = Young’s modulus); Mp can be represented by Manson-Coffin: Mp = C × (2Nf)
c, 

where C corresponds to the fatigue ductility coefficient εf
′. At a defined fatigue stage, 

e.g., 50% Nf, one obtains: 

M1/2 = Me = B × (2Nf,1/2)
b

+ Mp = C × (2Nf,1/2)
c
        (2-41) 

 

Fig. 2-14. Schematic workflow for the method StressLife [97]. 

Fig. 2-14c shows two CATs, which lead to different lifetimes and different values of 

the material response. Taking cyclic stress σ1 and σ2 into Eq. (2-41), one obtains: 

B =
M1−C×(2Nf,1)

c

(2Nf,1)b                         (2-42) 

C =
(2Nf,1)b×M2−(2Nf,1)b×M1

(2Nf,1)b×(2Nf,1)b−(2Nf,1)b×(2Nf,1)b                 (2-43) 

Using parameters b and B in Me and c and C in Mp, the elastic and plastic portion of 

the material response can be plotted over lifetime as shown in Fig. 2-14d. Thus, the sum 

of both curves leads to the material response-lifetime curve. Based on the Ramberg-

Osgood [100,101] relationship, the elastic behavior is assumed to be linear. Extrapolate 

the elastic portions of the material response of σ1  and σ2  to a σa -value (CATcalc.) 

above the transition-point from the mostly elastic to the mixed elastic-plastic behavior, 

then the parameter Me. can be calculated for σa of CATcalc. Using the relation of Me 

(slope b in Fig. 2-14d) vs. M-N curve, the M for a CATcalc. can be determined (Fig. 2-
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14e). After the calculation of the third point, KCAT′  and nCAT′  can be solved 

according to Eq. (2-38). 

Taking Eq. (2-41) into Eq. (2-38), one obtains: 

σa = KCAT′ × (B × (2Nf)
b + C × (2Nf)

c)
n

CAT′
          (2-44) 

By using the coefficients KCAT′, B, C and the exponents nCAT′, b, c, the S-N curve can 

be drawn finally as shown in Fig. 2-14f. 

⚫ StrainLife 

The StrainLife method [102] is based on the same principles as StressLife mentioned 

before, and it is modified to meet the requirements of strain-controlled fatigue tests. A 

strain increase test (SIT) is carried out, and the relation of its material response M vs. 

the total strain amplitude εa,t is given as shown in Figs. 2-15a and 2-15b, respectively. 

Fig. 2-15c shows the total strain amplitude levels for two strain-controlled CATs. The 

M-εa,t relationship is extracted at 50 % Nf from the two CATs and also plotted ins Fig. 

2-15b and together with the M-εa,t from the SIT. In what follows, the M-εa,t data from 

the SIT are transferred via utilizing the M-εa,t data from CATs, and which can provide 

a full M-εa,t dataset for CAT, which is being described in Eq. (2-45) for the mostly 

elastic and mostly plastic range. Then, the effects due to pre-damage and cyclic 

hardening can be neglected: 

M = Ke/p/CAT′ × (εa,t)
n

e/p/CAT′
                  (2-45) 

where the total strain amplitude is the addition of elastic strain amplitude εa,e  and 

plastic strain amplitude: εa,t = εa,e + εa,p . εa,e  can be described by Basquin law: 

εa,e = B × (2Nf)
b, where B is expressed through σf

′ × E-1; εa,p can be represented by 

Manson-Coffin: εa,p = C × (2Nf)
c , and C corresponds to the fatigue ductility 

coefficient εf
′. As the ne/p/CAT′ can be derived from Eq. (2-45) and the exponents b 

and c can be calculated by the above equations; then, at a defined fatigue stage, e.g., 

50% Nf, we can get 
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εa,t,1/2 = B × (2Nf,1/2)
b

+ C × (2Nf,1/2)
c
             (2-46) 

The parameters B and C can be evaluated from Eqs. (2-42) and (2-43), and M1/2 can be 

substituted by εa,t,1/2, Finally, the total strain vs. lifetime curve can be drawn as shown 

in Fig. 2-15d. 

 

Fig. 2-15. Schematic workflow for the method StrainLife [103]. 

⚫ SteBLife 

The geometry of the specimen used for the SteBLife approach [104-106] is a stepped 

shape with different gauge length diameters, which results in different σa  values 

during the fatigue test under constant amplitude loading. The schematic specimen shape 

is shown in Fig. 2-16. The material response (M) is measured by NDT methods like 

before, e.g., change in temperature. The relationships between load applied and 

materials response M under cyclic loading for the five sections of the specimen are 

obtained, where two are similar due to the symmetry of the specimen, this provides a 

database for the relation of σa -M. In what follows, the generalized Morrow and 

Basquin laws are combined to determine the fatigue life for the investigated material. 

In this approach, three different SteBLife modules were proposed, including SteBLifestc 

(stc: single test, trend curve), SteBLifemtc (mtc: multiple test, trend curve), and 

SteBLifemsb (msb: multiple tests, scatter bands). 
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SteBLifestc allows a trend S-N curve with only one single test within 2-3 hours to be 

determined, and such a procedure is schematically provided in Fig. 2-16. SteBLifemtc is 

based on 2-5 SteBLife tests under different stress amplitudes, that allows statistics of 

the fatigue dataset to be improved and an S-N curve with a 50% failure/survival 

probability to be generated. SteBLifemsb is based on 4-5 SteBLife tests performed at the 

same stress amplitude, and the received lifetimes are transferred into the Gaussian 

distribution to obtain the possibility to determine scatter bands for different failure 

probabilities, e.g., 5, 50, and 95%. 

 

Fig. 2-16. Schematic workflow for the fatigue life calculation method SteBLifestc [104]. 

2.5 Magnetic Barkhausen noise 

The Barkhausen noise is the magnetization of ferromagnetic materials from a 

demagnetized state to its magnetic saturation by applying a magnetic field. In the 

intermediate stage, the ferromagnetic materials are magnetized through the process of 

the sudden growth of magnetic domains and irreversible and discontinuous 

displacement. This movement of magnetic domains is called the Barkhausen effect, 

which was first discovered by the German physicist Barkhausen in 1919 [107]. During 

the magnetization process, the internal magnetic domains rotate, and the movement of 

the magnetic domain walls at 90° and 180° are discontinuous. The change of 

magnetization M of the material with the external magnetic field is stepped increase as 
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shown in Fig. 2-17. In the alternating magnetic field, the magnetic domain walls 

rendering the magnetic domains will repeatedly move, generating many magnetic 

Barkhausen noise (MBN) signals [108]. 

 

Fig. 2-17. Schematic of magnetization curve of a ferromagnetic material indicating the 

region of Barkhausen noise. 

The MBN signal is very closely related to the microstructure and internal stress 

conditions of the material. By analyzing the signal, it can reflect the early mechanical 

degradation of materials, e.g., changes in microstructure, the state of stress, and micro-

damage of the material. Some applications of the MBN technique are given as follows: 

⚫ Material stress detection: e.g., Amiri et al. [109] pointed out that stress anisotropy 

and crystal anisotropy play a decisive role in the magnetization of materials. In the 

direction of the easy magnetization axis of ferromagnetic materials, the influence 

of stress on the MBN signal is greater than in other directions. It is verified by the 

magnetostriction and magnetization curves. 

⚫ Material hardness testing: e.g., Moorthy et al. [110] heated En36 steel to different 

temperatures (19~900 ℃) and got this characterized through an MBN detection 

test. The results showed that the MBN signal of En36 steel is very sensitive to a 

change in temperature. The higher the material temperature, the smaller the surface 

hardness, and the bigger the measured MBN signal amplitude. 

⚫ Material surface-treatment process evaluation: e.g., Altpeter et al. [111] used MBN 

to detect the residual stress of different heat-treated alloys. Work was focused on 

comparing the difference between the MBN signal when the residual stress at room 
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temperature (20 ℃) and Curie temperature (230 ℃) tends to be saturated. 

⚫ Fatigue status detection: e.g., Moorthy et al. [112] studied En36 steel under cyclic 

loading of overstressing with the characterization of MBN and pointed out, that the 

cyclic load under high stress will increase the dislocation density of the material 

when compared to the uniaxial load, and which reduced the value of MBN signal 

peak. 
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3. Materials and Methods 

3.1 Materials 

Within the framework of this dissertation, the primary model material investigated 

here is the normalized SAE1045 steel (Germany designation: C45E), an unalloyed 

medium steel that is widely used for engineering applications. According to the material 

manufacturer, the chemical composition is given in Table 3-1, which follows DIN EN 

10083-1standard. The material consists of a mostly ferritic-pearlitic microstructure 

which is shown in Fig. 3-1. The mechanical and thermophysical properties are listed in 

Table 3-2. 

Table 3-1 

Chemical compositions of normalized SAE 1045. 

(Wt.-%) C Si Mn P S Cr Mo Ni 

DIN 
min. 0.42 - 0.50 - - - - - 

max. 0.50 0.40 0.80 0.030 0.035 0.40 0.10 0.40 

Customer’s 

report 
0.47 0.23 0.72 0.012 0.013 0.06 0.014 0.07 

 

Table 3-2 

Material properties of normalized SAE 1045. 

Property Unit Value Property Unit Value 

Ultimate strength MPa 710 Mass density kg m-3 7821 

Yield strength MPa 413 Specific heat capacity J kg-1 K-1 474 

Poisson’s ratio — 0.3 Heat conduction coefficient W m-1 K-1 48 

Young’s modulus GPa 214 Linear thermal 

expansion coefficient 
10-6 K-1 11 

Brinell hardness HB 210 

Thermophysical parameters taken from the Ref [113]. 
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Fig. 3-1. Microstructure of normalized SAE1045 (C45E) steel. 

For quasistatic tensile testing, an ultrafine-grained medium (UFG) Mn TRIP steel 

with a chemical composition of Fe-7Mn-0.14C-0.2Si (in wt.%) was tested as a case 

study. The steel was cold-rolled and followed by an annealing procedure, in which the 

material was heated at a rate of 5 ℃/s until 620±15 ℃ was reached and kept for 24 h 

in a nitrogen atmosphere protection. After that, the steel was cooled in air to room 

temperature, leading to two dominant phase contents: ferrite and retained austenite. The 

grain size of the annealed material is ~360 nm, and the overall γ-austenite has ~34.7% 

volume fraction. The inverse pole figure map and the phase map of the material have 

been observed by EBSD, where the results are shown in Fig. 3-2. The mechanical 

properties of this material are listed in Table 3-3. 

 

Fig. 3-2. Crystallographic characteristics of the medium Mn TRIP steel: (a) EBSD 

inverse pole figure map; (b) EBSD phase map (blue: ferrite; red: austenite). 
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Table 3-2 

Material properties of the investigated medium Mn steel. 

Upper yield strength 

(MPa) 

Lower yield strength 

(MPa) 

Ultimate strength 

(MPa) 

Elongation  

1060 985 1020 28% 

3.2 Mechanical testing 

3.2.1 Fatigue testing 

The fatigue tests, including load increase tests (LITs) and constant amplitude tests 

(CATs) as shown in Fig. 3-3, were carried out on a Shimadzu type RHF-L servo-

hydraulic testing machine with a 21 kN cyclic load capacity for the SAE1045 steel. The 

schematic diagram of the experimental set-up is shown in Fig. 3-4. The fatigue system 

was set up to a maximum number of 2×106 cycles or stopped when the specimen failed. 

The fatigue tests were run under load control mode with a stress ratio of R = -1 and a 

load frequency of 5 Hz. 

 

Fig. 3-3. Schematic diagram of (a) CAT and (b) LIT procedure. 
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Fig. 3-4. Experimental setup of servohydraulic fatigue testing machine. 

3.2.2 Quasistatic tensile testing 

In this investigation, a standard dog-bone-shaped specimen with a gauge dimension 

of 35×6×1.4 mm3 was designed and machined along the rolling direction from the as-

received medium Mn TRIP steel plate. The whole specimens’ surfaces were polished 

to a mirror-like finish before uniaxial tensile tests were performed. The tests were 

carried out with a universal tester (SHIMADZU AGS-X, 10 kN) and performed at a 

cross-head constant speed of 1 mm/min at room temperature. 

3.3 NDT-methods 

3.3.1 Temperature measurement 

For temperature measurements, an infrared camera (Micro-Epsilon 

ThermoIMAGER type TIM450 with a spectral range between 7.5 and 13 μm , an 

optical resolution of 382×288 pixels, and thermal sensitivity of 0.04 K), was used 

during the fatigue tests. The surface temperature was recorded as a result of the average 

temperature of a defined area (10×10 pixels) in the middle part of the gauge length of 

the surface of the specimen. 

3.3.2 Magnetic Barkhausen noise 

The magnetic Barkhausen noise (MBN) measurements were carried out by using a 

µmagnetic measurement system of QASS. The sinusoidal magnetic signal was excited 
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at a frequency of 10 Hz with a coil voltage amplitude of 955 mV. Each excitation lasted 

500 ms (5 cycles). The applied sensor was positioned with a minimal lift-off of ~0.3 

mm perpendicularly to the surface of the specimen. The raw signal was processed by 

selecting a region of interest within the frequency of 120 Hz -500 Hz, while denoising 

of the signal was made in both frequency and time domain. To avoid phase shift, only 

envelope curves were extracted rather than using a smoothing algorithm. The MBN 

signal peaks (unitless) and their positions (in mV regarding the coil voltage) were 

determined and used to characterize the microstructural changes on the specimens. The 

peak positions are considered to be correlated with coercivity. 

3.3.3 Digital image correlation 

The surface of the specimen was speckled patterned with white and black paints to 

obtain a better contrast for the DIC measurement. To evaluate the strain distribution, 

optical photos of such prepared sample surface were taken at a framerate of 1 fps during 

the test. The kinematic strain field measurement was performed by a Canon 6D Mark 

II camera with an EF 100 mm f/2.8L IS USM lens. 
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4. Main Results 

4.1 Fatigue testing 

⚫ Temperature measurement 

Figs. 4-1 and 4-2 show the change in temperature θ  of the LITs (different step 

heights in Fig. 4-1a and different step lengths in Fig. 4-1b), and CATs, respectively, of 

the normalized C45E (SAE1045) steel. These figures show the influence of the load 

path on the amount of the dissipated energy and extropy, which is also a relation 

between the cumulated number of cycles at the stress amplitudes applied. The evolution 

of the change in temperature in a CAT is in accordance with the three-stage behavior 

shown in Fig. 2-1. For the characterized temperature of LITs, this three-stage behavior 

is also applicable. For the lower steps (predominantly elastic) the mean value of the 

change in temperature is close to zero. For stress amplitudes above 300 MPa (elastic-

plastic), the appearance of the first two stages can be observed. In contrast, the third 

stage indicates the specimen fracture and is through this limited to the last load level of 

the LIT (predominantly plastic). 

 

Fig. 4-1. Change in temperature vs. the number of cycles in load increase tests for (a) 

constant step lengths and varying step heights; (b) constant step heights and varying 

step lengths. 
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Fig. 4-2. Change in temperature vs. the number of cycles in constant amplitudes tests. 

 

Fig. 4-3. Change in temperature in the saturated state vs. the stress amplitude in load 

increase tests for (a) constant step lengths (ΔN = 9000 cycles) and varying step heights; 

(b) constant step heights (Δσa = 25 MPa) and varying step lengths. 

It is noted that from Figure 4-1 the change in temperature θ in the saturated state 

θd
sat of each LIT load level can be considered near to constant. Fig. 4-3 provides the 

relation of θd
sta  vs. stress amplitude. The values of θd

sta  were extracted at a half 

number of cycles of a LIT or a CAT load level. It is indicated that when the stress 

amplitudes are below the fatigue limit, there occurs damage being negligible when 

compared stress levels above this limit. On the contrary, when stress amplitudes are 

above the fatigue limit, zones of localized micro-plastic deformations do appear, and 

dislocation reactions occur. Those processes lead to irreversible microstructural 

evolution processes and consequently to a rise of dissipated energy. 
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4.2 Quasistatic tensile testing 

⚫ Digital image correlation 

The corresponding evolution of the 2D distribution of the strain rate during the 

quasistatic tensile test at selected points in time calculated based on the DIC results is 

illustrated in Fig. 4-4. Fig. 4-4b highlights the details of the Lüders band nucleation 

from a strain of 0.9% up to 1.65% for the medium TRIP steel in correspondence to Fig. 

4-4a. The Lüders band nucleates first at the upper-right shoulder of the sample, then 

develops across the gauge of the sample, showing a +60° angle to the tensile direction. 

After the band thoroughly penetrates the width of the sample, a second band is initiated- 

 

Fig. 4-4. (a) Ten strain-rate contour maps at the selected moments during a tensile test; 

(b) a succession of strain-rate contour maps at the selected moments during the Lüders 

band nucleation. 

and develops through the first band, being inclined under -60° to the tensile direction. 

Hence, both overlapped bands form in a localized region an X-shaped strain field, 
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which propagates continuously downwards and eventually stops at a point. When 

continuing to apply tensile deformation, such bands further nucleate, almost at the same 

former position, and then propagated similarly from the upper to the lower end of the 

gauge section and are finally stopped at a characteristic strain level. After that, the X-

shaped strain pattern shows up once again at the original position and stays saturated 

with necking until the final fracture. Such observation suggests that the deformation-

induced γ→αʹ-martensite transformation promotes strength and ductility enhancement 

through the TRIP effect. 

⚫ Magnetic Barkhausen noise 

Fig. 4-5 shows the variation in the curves of MBN signal intensity recorded versus 

coil voltage applied throughout the gauging zone. The measurement was undertaken 

with a cyclic magnetization along the same direction in the sample as the tension stress 

was applied. It can be noticed that the MBN intensity is highest in the unloaded 

condition, where no deformation has occurred. With increasing tensile deformation, the 

MBN signal intensity decreases as an overall trend. The variation of the MBN signal 

peak intensity and its peak position, where the peak position can be correlated to the 

material's coercivity, were plotted together against the strain applied along with the 

whole test procedure, as seen in Fig. 4-5b.  

The MBN signal intensity in the elastic regime decreases nearly linearly. This is 

attributed to the stress-sensitive feature of MBN, which results in reduced peak height. 

In the plastic regime, as the deformation increases, the reduction continues, followed 

by a plateau until the end of the test. In the plastic instable stage until the first Lüders 

band initiation occurs, the change in MBN signal intensity is of particular interest. From 

the upper-yield point to the valley of the stress-strain curve at a strain of ~4%, the MBN 

peak value undergoes an irregular evolution, which may be caused by the stress 

relaxation of the compressive residual stress in the steel resulting from the cold rolling 

process [114]. After that, the MBN peak value decreases continuously until a strain of 

7.5% and then fluctuates around ~9.5×103. The fluctuation of the MBN signal intensity 

is likely to be related to the plastic flow during the tensile deformation, and the 

macroscopic phenomenon of the plastic flow observed can be correlated to the Lüders 

band propagation. The signal intensity of the MBN drops to a negligible value (not 
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shown) at the point where the specimen reaches the final fracture, since the local 

magnetization is interrupted. 

 

Fig. 4-5. (a) The MBN profiles measured at selected strains during the tensile test; (b) 

The MBN signal intensity and peak position versus the tensile strain. 
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5. Conclusions and Outlooks 

To sum up, the present dissertation work realized the fatigue life evaluation, damage, 

characterization on the material of SAE 1045 steel regarding cyclic loading, especially 

based on the NDT method of thermography. The NDT characterization and analysis of 

mechanical degradation of a medium Mn TRIP steel regarding quasistatic tensile 

loading are also presented. Some major conclusions can be drawn as follows: 

⚫ Short-term evaluation procedures allow complete S-N data to be determined 

with three fatigue tests only or even less. The change in temperature has provided 

a wide range of possibilities to monitor the fatigue-related mechanical 

degradation behavior in a metallic material, such as fatigue properties and 

damage evolution. 

⚫ Temperature is correlated to the plastic strain, and such strain results from 

inhomogeneities between grains and hence strain concentrations at the 

microscopic scale. Those strains are considered as microplasticity strains in the 

HCF regime of metals and can be measured as the material’s intrinsic behavior 

by thermography provided the resulting temperature-inducing effects can be 

clearly separated from other thermal effects generated through the environment. 

⚫ Thermodynamic entropy generation can be used as an effective strategy for 

monitoring fatigue damage's evolution, which has been verified through various 

load paths. Unlike Palmgren-Miner’s rule, the proposed approach takes the 

temperature or the fracture fatigue entropy as an index of degradation, and a non-

linear equation can be used to characterize the relationship between the 

mechanical degradation provided by damage and entropy generation. 

⚫ The mechanical and magnetic behavior of medium Mn TRIP steel regarding 

quasistatic tensile loading can be investigated through DIC, MBN, TEM, etc. 

The Lüders band-governed elongation can be correlated to the plastic instability, 

including strain-softening, strain hardening, and strain transfer. Deformation-

induced martensitic transformation, behavior affects the MBN signal intensity 
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and coercivity of the material. This non-destructive technique opens a wide 

range of possibilities to characterize and understand the deformation process in 

ferromagnetic materials. 

The above mentioned realized work have aroused the interest of some researchers, 

and have been cited in their related publications. What is more, the candidate wishes 

the SETPs can be used in the industrial application for monitoring the remaining fatigue 

lifetime or the damage state of the components or even the structures someday. 

However, some further interesting work could not be realized in the frame of this 

dissertation and the outlooks and suggestions are given as follows: 

⚫ It is necessary to develop and improve the theory of intrinsic dissipation, perform 

the related finite element simulation, and use it in the new energy analysis of the 

research on material fatigue and damage mechanism. Besides, the temperature 

measurement should be performed by different materials, e.g., metals, polymers, 

and composite materials. 

⚫ The fatigue life evaluation method proposed in this work should combine the 

mathematical statistics analysis and make it applicable for the actual engineering 

application. Thus, it is also essential to improve and unify relevant experimental 

operation procedures and criteria of the fatigue design. 

⚫ The plastic instability of the medium Mn TRIP steel can release heat, and which 

can be captured by an infrared camera. Thus, the full-filed heat source 

measurement can be utilized to investigate in-situ propagative Lüders band, 

including band orientation, propagation velocity. The martensitic transformation 

in the Lüders band can also be investigated from an energy method. 

⚫ The mechanical degradation regarding the cyclic loading of the medium Mn 

TRIP steel will be performed in the future, such as the evolution of the phase 

transformation, hardness, dislocation density. The related magnetic properties, 

e.g., domain wall motion, coercivity change, and others, are also interesting to 

investigate. 
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6. Summary of Papers 

This chapter is a short summary of the papers that have been published by the 

candidate within the Ph.D. period. Full texts of those papers are attached as the second 

part of the dissertation. 

Paper 1: Thermography in high cycle fatigue short term evaluation procedures applied 

to a medium carbon steel 

Zhenjie Teng, Haoran Wu, Christian Boller, Peter Starke, Fatigue Fract Eng Mater 

Struct., 2020; 43(3): 515-526.  

Abstract: This paper focuses on the fatigue life calculation for an unalloyed medium 

carbon steel SAE1045 (German DIN-standard: C45E), by applying an energy 

dissipation-based approach quantified through thermographic measurements. The 

purpose of this approach is to establish an intrinsic dissipation model and to predict 

characteristics derived from the cyclic deformation behavior of stress-controlled fatigue 

tests, e.g., the fatigue limit and the S-N data by using simplified (zero-dimensional, 0D) 

thermodynamic equations. In order to investigate the possibilities for a rapid evaluation 

while simultaneously reducing the experimental effort, one load increase test (LIT) and 

two constant amplitude tests (CATs) were carried out. The S-N data evaluated on such 

a basis is competitive to conventionally determined S-N data as will be shown. 

Keywords: Thermography; medium carbon steel; intrinsic dissipation; fatigue life 

evaluation 

Paper 2: A unified fatigue life calculation based on intrinsic thermal dissipation and 

microplasticity evolution 

Zhenjie Teng, Haoran Wu, Christian Boller, Peter Starke, Int J Fatigue, 

2020;131:105370. 



Contribution to Science 

54 

 

Abstract: This paper advances a unified approach by evaluating the evolution of the 

intrinsic thermal dissipation and the microplasticity strain amplitude of SAE1045 steel. 

The intrinsic dissipation is utilized to understand the fatigue behavior and to link the 

materials’ microstructure evolution directly. The microplasticity strain amplitude is 

related to a fatigue process and correlated to fatigue life that can be deducted from the 

change in temperature. With only one load increase test and one constant amplitude test 

in the present case, an S-N curve can be evaluated being in very good agreement with 

experimentally determined data obtained the traditional way. 

Keywords: Thermography; high-cycle fatigue; intrinsic dissipation; microplasticity; 

fatigue life evaluation 

Paper 3: Thermodynamic entropy as a marker of high-cycle fatigue damage 

accumulation: Example for normalized SAE 1045 steel 

Zhenjie Teng, Haoran Wu, Christian Boller, Peter Starke, Fatigue Fract Eng Mater 

Struct., 2020; 43:2854-2866. 

Abstract: A non-destructive thermographic methodology is utilized to determine the 

fracture fatigue entropy for evaluating the fatigue damage in metals within the high 

cycle fatigue regime. Thermodynamic entropy is shown to play an important role in the 

fatigue process to trace the fatigue damage as an irreversible degradation of a metallic 

material being subjected to cyclic elastic-plastic loading. This paper presents a method 

to evaluate fatigue damage in the normalized SAE 1045 steel being based on the 

concept of thermodynamic entropy and its non-linearities. The procedure looks to be 

applicable to constant and load increase tests proven by experiments. 

Keywords: Thermodynamic entropy; High cycle fatigue; Fatigue damage; Damage 

accumulation 

Paper 4: Characterization of the fatigue behavior for SAE 1045 steel without and with 

load-free sequences based on non-destructive, X-ray diffraction and transmission 

https://www.scopus.com/record/display.uri?eid=2-s2.0-85088150541&origin=resultslist
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electron microscopic investigations 

H. Wu*, T. Bill, Z.J. Teng, S. Pramanik, K.-P. Hoyer, M. Schaper, P. Starke., Mater Sci 

Eng A. 2020; 794:139597. 

Abstract: The change of mechanical stress-strain-hysteresis and different physical 

parameters during fatigue tests have been measured to demonstrate the fatigue behavior 

and damage evolution processes of metallic materials. The electrical resistance, e.g., 

can provide important information regarding the microstructural alteration by 

indicating the development of dislocation density. The states of such parameters of a 

fatigue specimen in a load-free sequence can represent the state of a component with a 

defined cyclic loading history. Therefore, conventional techniques measuring these 

parameters of common fatigue tests or even of service load tests with additional load-

free sequences should have the application potential of remaining service life estimation 

and must be experimentally validated. In the scope of this paper, characteristic cycle-

dependent changes of diverse physical parameters of fatigue specimens made from 

normalized SAE 1045 steel were determined and correlated with the residual stress state 

and dislocation density quantified by X-ray diffraction (XRD) and transmission 

electron microscopy (TEM), respectively. 

Keywords: Fatigue behavior; Load-free sequence; Thermography; Electrical 

resistance measurement; TEM; XRD 

Paper 5: Characterization and analysis of plastic instability in an ultrafine-grained 

medium Mn TRIP steel 

Z.J. Teng*, H. Wu, S. Pramanik, K.-P. Hoyer, M. Schaper, H.L. Zhang, C. Boller, P. 

Starke. In manuscript. 

Abstract: This paper is focused on the mechanical and magnetic behavior of an 

ultrafine-grained (UFG) medium manganese (Mn) transformation-induced plasticity 

(TRIP) steel in its plastic instability. The in-situ methods of digital image correlation 

(DIC) and magnetic Barkhausen noise (MBN) are used to macroscopically characterize 

the propagation of the Lüders band (stretcher-strain marks) and the evolution of MBN 
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activities during quasistatic tensile deformation. The evolution of microstructure during 

the plastic instability is ex-situ investigated using X-ray diffraction (XRD) and 

transmission electron microscopy (TEM) for selected plastic strain states. The results 

show that the plastic instability of this steel is associated with an increase of hardness 

and enrichment of dislocation density. It can also amplify the MBN signal, while the 

derived coercivity behaves reversely on an overall trend due to work hardening. The 

different stress response of the medium Mn steel is closely related to the kinetic 

martensite microstructure, which in turn modifies the domain-structure response. Thus, 

the MBN can be used as a potential means for the non-destructive evaluation (NDE) 

for the strengthening of the UFG medium Mn TRIP steel. 

Keywords: Medium manganese steel; Plastic instability; Magnetic Barkhausen noise; 

X-ray diffraction; Transmission electron microscopy.
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7. Contribution to Science 

This chapter presents the contribution of the dissertation to science, and it will 

elaborate on the following five aspects: 

⚫ Based on the STEPs works the groups of LZfPQ at Saarland University and 

WWHK at Hochschule Kaiserslautern have done before, the dissertation proposes 

a new STEP for the fatigue life evaluation on the idea of the intrinsic dissipation 

model by performing LITs and CATs in fatigue. It makes a new beginning of the 

fatigue life evaluation in the chair. This new STEP allows to determine the 

complete S-N data with three fatigue tests only (which was not proposed before), 

one LIT and two CTAs, compared to the conventional fatigue test and which 

needed 20 to 30 specimens. The fatigue tests can be done within five days or even 

less. 

⚫ Since the intrinsic thermal dissipation is closely related to the materials’ 

microstructure and thus it can be used to understand the fatigue behavior. Based on 

the work of intrinsic dissipation and the microplasticity have done before by other 

researchers, this dissertation combines Morrow, Manson-Coffin, and Basquin 

equations together and proposes a new fatigue life evaluation method from a 

microscopic angle in further, only two fatigue tests, one LIT and one CAT, are 

needed to determine an S-N curve. This method can help people better understand 

the mechanism of the intrinsic dissipation from the inhomogeneities between 

grains and hence strain concentrations at the microscopic scale. The accuracy and 

feasibility of the STEP for the calculated fatigue life are validated by different LITs. 

This new STEP for fatigue life evaluation can be done in a short time that within 

two days. 

⚫ The fracture fatigue entropy (FFE) model is modified in this dissertation, and it can 

gain further insight into the nature of FFE from the perspective of materials science. 

The concept and theory of FFE were firstly proposed by Prof. Michael Khonsari, 

Louisiana State University. The theory appears to hold very well among the 

materials tested so far by his group and others. However, there still exists a margin 
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about the evolution of the entropy rate during the fatigue testing for people to 

modify, e.g., the entropy generation rate for the beginning stage of the fatigue test 

for a metallic material cannot be higher than that of the stabilized stage and the 

final fracture stage. Based on the former work, this dissertation proposes a method 

for evaluating the plastic energy based on the intrinsic dissipation to circumvent 

this disadvantage and modify the energy calculation. This work has been validated 

from one stress level up to ~15 stress levels and which was not done before. This 

modified model can help the researchers better understand the entropy being the 

damage index in the high cycle fatigue regime. Moreover, the entropy parameter 

can also be an index for the rapid evaluation of fatigue life, which will be done in 

the future. 

⚫ Except for the temperature measurement, the dissertation comprises an additional 

work of the fatigue behaviors of the SAE 1045 steel with more NDTs 

characterization, e.g., strain, electrical resistance. XRD and TEM measurements 

also help to quantify the residual stress state and dislocation density during the 

fatigue tests. The potential of LIT, conventional CAT and CAT with load-free 

sequences are introduced. It is the first time to use those measurements 

simultaneously to investigate the fatigue behavior of this material, and such results 

can provide evidence for the more sensitive reliability on microscopic change of 

the electrical resistance measurement. The electrical resistance is well suited to 

characterize fatigue-induced deformation and damage processes. Thus, the 

implementation of electrical resistance measurement in structural integrity 

inspection can be expected. This dissertation can help researchers have a deeper 

understanding of the fatigue mechanism of the SAE 1045 steel. 

⚫ As one of the third generation of advanced high strength steels, the medium Mn 

TRIP steel emerges a great potential to be a strong candidate due to its excellent 

strength, ductility, and toughness performance. The in-situ and ex-situ 

measurements are performed in this material, e.g., DIC and TEM. The MBN 

measurement is the first time be performed and be used to evaluate the plastic 

instability of the medium Mn TRIP steel. The Lüders band-governed elongation is 

correlated to this material's plastic instability and can be observed by means of DIC. 

Deformation-induced martensitic transformation (DIMT) in the plastic instability 
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affects the material's MBN signal intensity and coercivity. Thus, the non-

destructive technique of MBN used in this dissertation can open a wide range of 

possibilities to characterize and understand the deformation process in 

ferromagnetic materials. 
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Abstract 

This paper focuses on the fatigue life calculation for an unalloyed medium carbon 

steel SAE1045 (German DIN-standard: C45E), by applying an energy dissipation-

based approach quantified through thermographic measurements. The purpose of this 

approach is to establish an intrinsic dissipation model and to predict characteristics 

derived from the cyclic deformation behavior of stress-controlled fatigue tests, e.g., the 

fatigue limit and the S-N data by using simplified (zero-dimensional, 0D) 

thermodynamic equations. In order to investigate the possibilities for a rapid evaluation 

while simultaneously reducing the experimental effort, one load increase test (LIT) and 

two constant amplitude tests (CATs) were carried out. The S-N data evaluated on such 

a basis is competitive to conventionally determined S-N data as will be shown. 

 

Keywords: Thermography; medium carbon steel; intrinsic dissipation; fatigue life 

evaluation 
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Nomenclature 

C specific heat capacity (J kg-1 K-1) α internal variables 

d1 intrinsic dissipation term (J m-3 s-1) λ linear expansion coefficient (K-1) 

E Young’s modulus (MPa) ρ  mass density (kg m-3) 

𝐸c dissipated energy (J m-3) 𝛆 strain tensor 

𝑓 loading frequency (s-1) εa,p plastic strain amplitude 

k thermal conduction coefficient (W m-1 K-1) 𝛔 Cauchy stress tensor (MPa) 

N number of cycles  σa stress amplitude (MPa) 

Nf fatigue life σf fatigue limit (MPa) 

Nf,c calculated fatigue life θ change in temperature (K) 

rext external heat source (W m-3) θa.the Thermoelastic relation (K) 

R stress ratio θd
sta saturated change in temperature (K) 

s overall heat source (W m-3) ∆ Laplace operator 

sic internal coupling source (W m-3) Δσa load increase step (MPa) 

sthe thermoelastic source term (W m-3) ΔN load step length 

t, τ time (s) ∆θthe thermoelastic range (K) 

T absolute temperature (K) τeq time constant (s) 

T0  equilibrium temperature field (K) ψ Helmholtz free energy (J m-3) 

Wh equivalent heat (J m-3) ∅ energy related parameter (K cycle) 
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1. Introduction 

The conventional way to determine an S-N dataset for a certain material in the high-

cycle-fatigue (HCF) regime can require about 20-30 specimens and take about two 

months to get the data obtained under cyclic loading at a given load frequency such as 

5 Hz. This is very time-, specimen- and consequently cost-consuming and seeks for 

more efficient methods in the end. Fatigue is an irreversible process accompanied by 

localized as well as permanent microstructure evolutions finally leading to failure of 

specimens, components, or whole structures. Repeated elastic-plastic deformations 

result from a thermodynamical point of view in a microstructure-related heat dissipation 

within a specimen’s volume, where the resulting characteristics can be derived from the 

temperature and/or its change. The area of the stress-strain hysteresis loop describes the 

energy that must be applied to plastically deform the specimen during fatigue loading. 

Since energy cannot simply be extinguished, it is transformed into the internal energy 

and heat energy [1]. The internal energy enables microstructural changes such as 

dislocation reactions, micro- and macro-cracking as well as their propagation processes. 

The predominant proportion of 90-95% of the deformation energy dissipates as heat, 

which is why the temperature change can be correlated directly with the plastic 

deformation or the cumulative damage [2,3]. Through the very good heat conductivity 

of metallic materials, the change in temperature, which is related to the dissipated heat 

energy can be measured on the specimens’ surface. Over the past decades, 

thermographic measurements have already been widely used along fatigue tests as a 

non-destructive testing (NDT) method mainly in view of determining fatigue properties. 

Risitano et al. [4,5] applied thermography to evaluate the damage accumulation of 

unalloyed C40 medium carbon steel and to estimate the fatigue limit by using the One 

Curve Method. Luong [6,7] considered the temperature below the fatigue limit and 

developed a Two Curve Method. Based on the pioneering work of Morrow and Basquin, 

Starke et al. [8,9] developed the Physically Based Fatigue Life calculation (PHYBAL) 

method as a Short-Term Evaluation Procedure (STEP) based on conventional (strain) 

and non-destructive (temperature and electrical resistance) methods, with which only 

three fatigue tests are required to determine the complete dataset of a trend S-N curve. 

Results obtained have shown that the S-N dataset determined is in full agreement with 

conventionally determined S-N curves. In order to achieve a further reduction of the 
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experimental efforts, the new SteBLife approach has been recently developed [10,11], 

where the S-N data can even be determined from a small number or at last one single 

fatigue test using a specially step-shaped specimen. Guo et al. [12] investigated the 

relationship between temperature and stress distribution of an hourglass specimen and 

showed a satisfying way to determine the fatigue limit of a magnesium alloy when 

compared to the state-of-the-art. 

However, the thermal-variations shown by specimens during fatigue processes are 

not only an intrinsic manifestation of the microstructural evolution during the fatigue 

loading process, but can also be influenced by heat conduction, convection, and 

radiation generated through the environment. Chrysochoos et al. [13,14] separated the 

thermoelastic source and dissipative source of the heat generated during fatigue 

processes of steel with calorimetric analysis through an infrared camera. Based on this 

approach, Mareau et al. [15,16] examined the interactions between the free surface, the 

mean stress, and the heat dissipation of steel specimens during fatigue processes. 

Subsequently, they proposed a micromechanical model to describe the relationship 

between microstructure and dissipative deformation mechanisms in a ferritic steel. This 

mechanism takes the dislocation oscillations (anelastic) and plastic slip (inelastic) at the 

scale of the slip system into account by using a crystal plasticity framework. Connesson 

et al. [17,18] investigated the materials’ microstructure evolution based to the 

cumulated plastic strain and the dissipated energy due to the internal friction and they 

proposed an improved model to describe the energy balance during the very first cycles 

at low stress levels. Wang et al. [19,20] proposed an effective method to evaluate an S-

N curve by using a thermal parameter, which is determined from the dissipation rate as 

a characteristic measure of fatigue resistance. Guo et al. [21,22] introduced an intrinsic 

dissipated fatigue life prediction model for HCF based on the energy method as fatigue 

damage evolution is an energy dissipation process accompanied with temperature 

variation. Poncelet et al. [23] focused on probabilistic multiscale models and the 

parameters derived therefrom for the prediction of fatigue properties in the HCF regime. 

One of the models was relied on a yield surface and accounted for stress multiaxiality 

at the micro-scale. Another model was based on a probabilistic model of micro-

plasticity at the slip-planes scale. Finally, thermal effects and fatigue limit predictions 

were in consistency with experimental results. 
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However, the work mentioned above has not taken the effect of the applied load-

time-histories versus damage on the behavior of an intrinsic dissipation measured into 

account. Also, whether the values of the total dissipated energy of every single test are 

in a comparable range, independently from the load amplitude, load frequency, load-

time function, load spectrum, etc. has not been discussed yet. Within the framework of 

the previous investigations, the work presented here, therefore, aims at investigating 

the fatigue effects on the thermal dissipation demonstrated on SAE1045 steel under 

increasing and constant amplitude loading, as it appears in a load increase test (LIT) 

and a constant amplitude test (CAT). A LIT has to be considered as a fatigue test where 

a specimen is loaded for a limited number of cycles (usually a few thousand cycles until 

the material stabilizes) at a load level under constant amplitude loading, consecutively 

followed by an increase to a next higher load level repeated until specimen fractures 

appear. A CAT is a classical fatigue test where the loading amplitude does not change. 

The structure of this paper is as follows: The first paragraph provides a brief review of 

the thermal dissipation theory, which is deduced from the literature and it is necessary 

to interpret the findings from the investigations (section 2). This is followed by the 

explanation of the test set-up and the specific experimental procedures developed 

(Section 3). After that, the experimental results are presented and discussed, a STEP for 

the fatigue life calculation can be given in a very rapid way based on the energy method 

(Section 4). Some conclusions are given in final. 

2. Thermodynamic framework 

Fatigue can be specified as a cyclic irreversible damage evolution process leading to 

microstructural changes resulting in energy dissipation. Most of the dissipated energy 

during the fatigue process is released in the form of thermal energy, causing changes in 

the temperature of the material’s surface even in the case of metallic materials showing 

a good thermal conductivity. Numerous experiments have proven that three stages of 

temperature evolution of a specimen or a component can be observed if the load 

amplitude is above the fatigue limit where plasticity becomes a lifetime limiting factor 

[5,7,19-21,24-31]: an initial temperature increase stage (stage I), a predominant 

temperature stabilized stage (stage II), and a sudden temperature increase stage before 

fracture (stage III), which is schematically presented in Fig. 1. Among those three stages, 

stage II occupies about 90% of the fatigue life for many iron-carbon alloys [21]. Thus, 
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the temperature variation of stage II is widely used as an indicator for the evolution of 

a fatigue process and hence for the estimation of fatigue parameters. 

In this paper, it is assumed that the measured surface temperature is very close to the 

bulk temperature caused through the fact that metallic materials have a high thermal 

conductivity rate and the specimen diameter is only 6 mm. This assumption can be 

proven for specimens with a cylindrical diameter on the basis of the Thomson equation 

by using temperature values from experiments in the thermoelastic range [32]. 

Considering there is no coupling effect between the microstructure describing 

variables and temperature, and neglecting the convective terms, a one-dimensional heat 

equation can be formulated by combining the first and second principles of 

thermodynamics as to the following [33]: 

ρCṪ − div(k: gradT) = (𝛔 − ρψ,ε): 𝛆̇ − ρψ,α: α̇ + ρTψ,ε: 𝛆̇ + ρTψ,Tα: α̇ + rext (1) 

where, ρ is the mass density, C the calorimetric heat, k the conduction coefficient, 

and 𝛔  the Cauchy stress tensor, T the absolute temperature, 𝛆  the strain tensor, ψ 

the Helmholtz free energy, α  the internal variables that sum up the microstructural 

state of the material. On the right-hand side of the equation d1 = (𝛔 − ρψ,ε): 𝛆̇ −

ρψ,α: α̇ is the intrinsic dissipation term, sthe = ρTψ,ε: 𝛆̇ is the thermoelastic source 

term, sic = ρTψ,Tα: α̇  is the internal coupling source and rext  is the external heat 

source, respectively. 

In order to quantify the heat source by infrared thermography processing, the 

following hypotheses are made: 

⚫ Mass density and specific heat are material constants independent of the 

thermodynamic state. 

⚫ The external heat supply rext  is characterized by the heat exchange between 

specimen and environment. It can be influenced by heat conduction, convection, 

and radiation. These variables are very hard to be estimated as they strongly rely 

on the boundary conditions of the test set-up. Thus, rext is supposed to be time-

independent and can be written as [27]: 
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rext = −k∆T0                                (2) 

where ∆  is the Laplace operator and T0  the equilibrium temperature field. 

Because the fatigue tests were performed in an air-conditioned environment with a 

constant temperature ( ± 2 K), the initial temperature of the specimen at the 

beginning of the test can be set to ambient temperature. 

⚫ The increase in temperature during the test has no influence on the microstructure 

if a certain temperature value is not exceeded. Normally this value is set to a 

maximum change in temperature of 40 K. The coupling source sic under the given 

boundary conditions can be neglected in Eq. (1) as the thermal processes due to 

fatigue are considered as pure dissipation mechanisms. 

Under those hypotheses Eq. (1) can be rewritten in the following form [33]: 

ρC
∂θ

∂t
− k∆θ =  s = s the+ d1                           (3) 

where θ = T − T0  indicates the change in temperature, s  denotes the overall heat 

source due to the thermoelastic effect and the heat dissipation processes. 

To further simplify Eq. (3) it is assumed that the heat source distribution is consistent 

at any time before a localization of temperature is set in the stress and strain fields being 

applied. A 0D model has been proposed by Boulanger et al. [13] to solve Eq. (3). For 

symmetric linear boundary conditions (i.e., upper and lower part of the specimen are 

geometrically the same) and initial conditions corresponding to a uniform temperature 

distribution, based on the heat loss due to heat conduction, convection and radiation, 

which is linear to the temperature variation  θ, −k∆θ can be approximated using the 

following relationship [13]: 

−k∆θ = ρC
θ

τeq
                                  (4) 

where symbol τeq denotes a time constant characterizing the thermal exchange (e.g., 

thermal convection and thermal radiation) between the specimen and its environment. 

Hence, the heat diffusion can be rewritten as the following equation: 
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ρC (
dθ

dt
+

θ

τeq
) = sthe+ d1                             (5) 

Eq. (5) can be used to separate the temperature sources. Therefore, the term 

expressing the temperature of thermoelasticity θthe  can be induced by sthe . It is 

assumed that the thermoelastic behavior is isotropic and linear, and the volume of the 

thermoelastic source can be approximated as [34]: 

sthe ≈ −λT0(σ̇ + λEθ̇)                             (6) 

where σ̇ is the stress rate within the loading function, E the Young’s modulus, and λ 

the linear thermal expansion coefficient. The value of T0Eλ2/ρC obtained by entering 

Eq. (6) into Eq. (5) can be set to 0 when taking the data in Table 2 into account. Even 

if the temperature is close to the thermal equilibrium θ ≪ T0,  d1 can be neglected. If 

this is taken into consideration in Eq. (5) and Eq. (6) is used to express s the, Eq. (7) 

can be derived: 

dθ

dt
+

θ

τeq
= −

λT0

ρC
σ̇                                (7) 

For a sinusoidal cyclic loading, σ can be expressed as a time dependent function: 

σ(t) = σasin(2π𝑓t)                               (8) 

where 𝑓 indicates the loading frequency and σa the stress amplitude. 

Following that Eq. (7) can be written as [13]: 

θthe(t) = −
2T0λσa

ρC

π𝑓

√τeq
−2+4π2𝑓2

sin(2π𝑓t + φ)                  (9) 

where φ = arctan(2π𝑓τeq) . From Eq. (9) one can get the thermoelastic range as 

follows: 

∆θthe =
2T0λσa

ρC

2π𝑓

√τeq
−2+4π2f2

                          (10) 

and the thermoelastic relation results in:  
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θa.the =
∆θthe

2
=

T0λσa

ρC

2π𝑓

√τeq
−2+4π2𝑓2

                     (11) 

Here τeq =80 s is used as suggested in the literature which looks to be valid for 

common steels [13]. 

3. Experimental details 

3.1. Material and specimen 

The material investigated is the unalloyed medium carbon steel designated as 

SAE1045 (German DIN-standard: C45E) and being widely used for engineering 

components and structural parts. The material was delivered as round bars with a 

diameter of 20 mm and a length of 5 m with a scaly surface because of heat treatment. 

The microstructure consisted of a ferritic-pearlitic portion resulting in an ultimate 

strength of 710 MPa, a yield strength of 413 MPa, and a Brinell hardness of 210, 

respectively. The chemical composition and material properties are given in Tables 1 

and 2. 

All specimens tested were machined from the steel bars with the length direction 

being parallel to the rolling direction. The hourglass shaped specimen geometry and 

dimensions are given in Fig. 2. Since infrared thermography was applied during the 

fatigue tests, the specimens were painted with a thin mat black coating to increase their 

thermal emissivity (emission factor 0.97), avoiding reflections from the environment 

and enhancing the reliability of the temperature measurements. 

3.2. Experimental setup 

The experiments were performed on a Shimadzu type RHF-L servo-hydraulic testing 

machine with a 21/25 kN cyclic/quasi-static load capacity up to a maximum number of 

2×106 cycles or specimen failure. Tests were run under load control mode at a stress 

ratio of R = −1 and a load frequency of 5 Hz. Further details regarding the fatigue 

testing setup can be found in the literature [10,11]. During fatigue tests, the temperature 

of the specimen surface was recorded as a result of the average temperature of a defined 

square measurement area (10×10 pixels) in the middle of the gauge length. The IR-

camera used is a Micro-Epsilon ThermoIMAGER type TIM450, with a spectral range 
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between 7.5 and 13 μm, an optical resolution of 382×288 pixels and thermal sensitivity 

of 0.04 K, respectively. 

To ensure the stability of temperature conditions and avoid heat conduction from the 

upper and lower grips being connected to the servohydraulic circuit, the grips were 

continuously thermally stabilized by a Peltier-element cooled water-circuit. The 

complete experimental set-up is shown in Fig. 3. 

3.3. Fatigue test procedures 

The combination of LITs and CATs allows fatigue parameters to be identified and 

heat dissipation mechanisms to be analyzed. A schematic load-time history of a LIT is 

shown in Fig. 4. The details for LITs and CATs used here have been set as follows: 

⚫ Test 1: LITs with block load-step length of ΔN =9000 cycles each. Five tests were 

started at σa,start =100 MPa, with different load-increase steps of Δσa =20, 25, 

30, 35, 40 MPa analyzed; 

⚫ Test 2: LITs with a stepwise-load increase Δσa kept at 25 MPa. Five tests were 

started at σa,start =100 MPa, with varying step lengths of ΔN =1000, 2000, 3000, 

4500, 6000 cycles, respectively; 

⚫ Test 3: Seven CATs at stress amplitudes σa =275, 300, 320, 340, 360, 380, 400 

MPa, respectively. 

In order to avoid too big data volumes, the infrared camera was set to a recording 

frequency of 100 Hz. Environmental noise effects were neglected by using software 

embedded filters. 

4. Results and discussion 

4.1. Results of thermal investigations 

The evolution of the change in temperature θ in LITs and CATs are given in Fig. 5 

and Fig. 6, respectively. In test 1 and test 2, the value of θ was set to 0 before the cyclic 

loading was applied. After starting the fatigue loading, the temperature evolution 

process in a CAT (shown in Fig. 6) is in accordance with the three-stage-behavior 
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shown in Fig. 1. Also, for the temperature-based characterization of the cyclic 

deformation behavior of LITs (shown in Fig. 5) this three-stage-behavior is applicable, 

whereby for the lower steps (predominantly elastic) the mean value of the change in 

temperature is close to zero. For stress amplitudes above σa =300 MPa (elastic-plastic) 

the appearance of the first two stages can be observed, whereas the third stage indicates 

the specimen fracture and is through this limited to the last load level of the LIT 

(predominantly plastic). 

In order to estimate the fatigue limit, Luong [6,7] used the abscissa value, which 

corresponds to the intersection point of two straight lines of the LITs’ describing the 

surface temperature of the specimen in the elastic and plastic range, and the schematic 

illustration is given in Figure 8. From the fitted lines (marked in black in Fig. 7), the 

intersection is seen to be an average value of σf = 300 MPa for the investigated SAE 

1045 steel. This estimated value of the fatigue limit from the LITs is in good agreement 

with the conventionally determined fatigue limit when considering the CATs (test 3).  

Following the approach by Eq. (11), the relationship between the thermoelastic 

relation θa,the  and stress amplitude σa  can be fitted to a straight line, even in the 

transition state when the material is slightly plastic deformed (Fig. 9, on the right from 

the dotted line). Fig. 9 presents the temperature amplitude due to the thermoelastic 

relation of LITs at each load level. The results derived from the approach (Eq. (11)) are 

in a good agreement with experimental ones, with a slight deviation for the results of 

the LIT with Δσa =20 MPa and ΔN =9000 cycles. It is verified that 0D simplified 

thermodynamic equations (Eqs. (7) and (11)) can be used for the described applications. 

As previously expected, the higher the stress amplitude is, the higher the thermoelastic 

relation becomes. 

4.2. Heat dissipation 

In order to investigate the intensity of the thermoelastic and the dissipative heat 

source, a combined heat source s(t)  is estimated by using a finite difference 

approximation of the differential operator of Eq. (5) and which can be rewritten as: 

s = ρC(θ̇ +
θ

τeq
 )                           (12) 
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When integrating the combined heat source in accordance to Eq. (12) the heat Wh 

is obtained, and can be expressed through Eq. (13) 

Wh = ∫ s(t)dt
τ

0
                           (13) 

This heat can be defined as the equivalent dissipated energy caused by the fact, that the 

thermoelastic energy is vanishing at the end of each loading cycle. 

The results of the accumulated dissipated energy are shown in Fig. 10. In the elastic 

regime, the cumulation of dissipated energy is lower and is not in full accordance with 

the theoretical background. This is possibly resulted from the low load frequency, which 

might provide the uncertainties values that it can be caused by the surrounding 

conditions and the fact that the change in temperature θ in the elastic regime is close 

to zero and there are small changes in the ambient temperature. It shows that Wh 

increases progressively from cycle to cycle in the micro-plastic regime and the 

dissipated energy data can be approximated by straight lines for each load level of the 

LIT through a least-squares fit. By computing slopes of those lines (shown in Fig. 10 

a), one can get the equivalent intrinsic dissipation rate d1/ρC  under different load 

levels. The relationship between the equivalent intrinsic dissipation rate and the stress 

amplitudes is plotted in Fig. 11 showing an exponential growth. As can be seen from 

Fig. 11, the equivalent intrinsic dissipation rates of the CATs are meeting the trend of 

the LITs. It can, therefore, be assumed that the thermodynamic model used here looks 

to be independent of the load-time-history applied and the intrinsic dissipation rate 

reaches the same value for a given stress, independent of the load sequence having been 

applied before. Hence the damage condition, at least as an average per load level in the 

LIT. However, the intrinsic dissipation rate follows a non-linear relationship with the 

stress being applied, which makes it interesting to be considered for further damage 

accumulation assessments. 

4.3. Thermography based STEP for S-N data determination 

The total cumulated dissipated energy Ec for fatigue failure of a specimen can be 

calculated by accumulating the damage induced equivalent intrinsic dissipation rate 

d1/ρC of the CATs, where Ec can be expressed as: 
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Ec = ∫  
d1

𝑓
dt

Nf

0
                             (14) 

 The resulting relationship is given in Fig. 12. The correlation between the total 

dissipated energy of each specimen and different stress amplitudes shows an 

exponential declining tendency. 

Based on the theory that fatigue failure occurs once the total dissipated energy 

reaches a certain value, where it has been postulated that there is a threshold value of 

total dissipated energy which can be considered as a material constant being 

independent of the load-time history [21]. However, it is clearly shown that the energy 

dissipation of SAE 1045 steel decreases with the increase of the stress amplitude value. 

Another energy related parameter ∅ = ∫ θ dN
Nf 

0
, proposed by Risitano [5] for different 

load-time functions of the stress amplitude versus the fatigue limit being a constant 

cannot be confirmed by the findings described here when taking the data in Fig. 6 into 

account. The relationship between ∅  and the stress amplitude not explicitly shown 

here provides a behavior comparable to that shown in Fig. 12.  

Mareau et al. [15] found as well that the dissipative mechanisms are totally different 

depending on the stress amplitude. For lower stress amplitudes the dissipation is 

dependent on an anelastic mechanism, where the strain is irreversible but can be 

recovered from a mechanical point of view. For higher stresses, the dissipative 

mechanism is inelastic, where strain is irreversible and unrecoverable. A more detailed 

explanation for the total dissipated energy for SAE1045 steel which is from the findings 

not constant for tests with hourglass shaped specimens in the HCF regime has to be 

given in the future and is an initial point for further research activities. The transition 

from an anelastic to an inelastic dissipation mechanism could be responsible for the 

different total dissipated energy of an SAE1045 steel for CATs with the critical 

threshold stress amplitude of 350 MPa taken from Fig. 12. 

The calculated number of cycles to failure Nf.c for different stress amplitudes can 

be given by using Eq. (15)  

Nf.c =
Ec 

d1/𝑓
                                 (15) 
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As the total dissipated energy in CATs follows an exponential decline, the micro-

plastic range identified in a LIT can be divided into two stress amplitude regions. From 

an evolution of the change in temperature θ in the LIT curve, one can define the stress 

range of the HCF regime. Here Ec is described as an either linear or hyperbolic function 

determined by the experimental values obtained at stress amplitudes of 320 MPa and 

380 MPa as shown in Fig. 12 and then divided by the intrinsic dissipation rate of each 

corresponding stress amplitude level in the LIT of the two regions respectively. Fig. 13 

shows the comparison between the estimated fatigue lives based on the energy approach 

of the LITs and the S-N data evaluated in conventional CATs. The estimated S-N data 

based on loads and fatigue cycles are in very good agreement with the results obtained 

the conventional way, however, the latter requiring a much larger number of specimens. 

In summary, the approach made that a material has an energy potential that can be 

dissipated as a result of the fatigue process may open a variety of new considerations 

on how energy could be analyzed in focus of describing damage accumulation along a 

randomized service load sequence and can determine the fatigue lives of a material 

independent of load load-time-history by calculating the intrinsic dissipation rate in the 

LIT and the total energy dissipation in the CATs. Significant advantages with respect to 

materials data generation can be expected. 

5. Conclusions 

Short term evaluation procedures allow complete S-N data to be determined with 

three fatigue tests only or even less. The evaluation is done based on the classical 

parameters such as stress and strain. However, there is a variety of other physical 

parameters mostly related to non-destructive evaluation methods that can be used to 

characterize a material’s loading, fatigue behavior, and damage evolution. One of these 

quantities is the temperature or its change where thermography has provided a wide 

range of possibilities. Stress controlled load increase tests (LITs) and constant 

amplitude tests (CATs) with a load ratio of R = −1, performed at room temperature on 

hourglass specimens of unalloyed medium carbon steel SAE1045 have allowed to draw 

the following main conclusions: 

(1) When the stress amplitude in LITs is above the first micro plastic deformations, the 

specimens’ surface temperature increases with increasing stress amplitude. The 
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intersection of two straight lines, fitted from the stabilized temperature in the elastic 

and microplastic regime, can be regarded as the fatigue limit. 

(2) The simplified intrinsic dissipation calculation model can be used for cylindrical 

specimens. The energy method applied uses the intrinsic dissipation of the material 

as an indicator for microstructural changes and damage evolution processes leading 

to characteristic values such as the fatigue limit. 

(3) The intrinsic dissipation rate can be directly related to the stress amplitude 

independent of what sequence has been applied to the LIT. The energy method 

based on the intrinsic dissipation in the process of accumulation of fatigue damage 

can be used to predict the S-N data of a material with a fraction of effort when 

compared to conventional means. 

(4) The short-term evaluation procedure requires three specimens in total, one load 

increase test (LIT) and two constant amplitude tests (CATs) when comparing to the 

traditional fatigue test which needed 20-30 specimens. Two CATs can give the total 

dissipated energy for high and low stress loads, and the satisfied S-N data can be 

calculated via the dissipated energy divided by the intrinsic dissipation rate of each 

stress level in LIT. 
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Table 1 

Chemical compositions of normalized SAE 1045. 

(Wt.-%) C Si Mn P S Cr Mo Ni 

DIN 
min. 0.42 - 0.50 - - - - - 

max. 0.50 0.40 0.80 0.030 0.035 0.40 0.10 0.40 

Customer’s 

report 
0.47 0.23 0.72 0.012 0.013 0.06 0.014 0.07 

 

Table 2 

Material properties of normalized SAE 1045. 

Property Unit Value Property Unit Value 

Ultimate strength MPa 710 Mass density kg m-3 7821 

Yield strength MPa 413 Specific heat capacity J kg-1 K-1 474 

Poisson’s ratio — 0.3 Heat conduction coefficient W m-1 K-1 48 

Young’s modulus GPa 214 Linear thermal 

expansion coefficient 
10-6 K-1 11 

Brinell hardness HB 210 

Thermophysical parameters taken from the Ref [31]. 
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Fig. 1. Schematic representation of the temperature evolution process during a constant 

amplitude test. 

 

Fig. 2. Shape and dimension (in mm) of specimen. 

 

Fig. 3. Experimental setup. 
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Fig. 4. Schematic diagram of LIT procedure. 

 

Fig. 5. Change in temperature vs. the number of cycles in load increase tests for (a) 

constant step lengths (ΔN =9000 cycles) and varying step heights; (b) constant step 

heights (Δσa =25 MPa) and varying step lengths. 

 

Fig. 6. Change in temperature vs. the number of cycles in constant amplitudes tests. 
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Fig. 7. Change in temperature in the saturated state vs. the stress amplitude in load 

increase tests for (a) constant step lengths (ΔN =9000 cycles) and varying step heights; 

(b) constant step heights (Δσa =25 MPa) and varying step lengths. 

 

Fig. 8. Schematic illustration of the evaluation of fatigue limit proposed by Luong. 

 

Fig. 9. Thermoelastic relation vs. stress amplitude in load increase tests for (a) constant 

step lengths (ΔN = 9000 cycles) and varying step heights; (b) constant step heights 

(Δσa =25 MPa) and varying step lengths. 
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Fig. 10. Equivalent dissipated energy vs. time in load increase tests for (a) constant step 

lengths ( ΔN = 9000 cycles) and varying step heights; (b) constant step heights 

(Δσa =25 MPa) and varying step lengths. 

 

Fig. 11. Equivalent intrinsic dissipation rate vs. stress amplitude in load increase tests 

for (a) constant step lengths (ΔN =9000 cycles) and varying step heights; (b) constant 

step heights (Δσa =25 MPa) and varying step lengths. 
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Fig. 12. Total dissipated energy vs. stress amplitude in constant amplitude tests (the 

total dissipated energy of 300 MPa is excluded as it runs out sometimes10). 

 

Fig. 13. S-N data obtained by the energy method and traditional fatigue tests (some 

experimental S-N points taken from literature [10]). 
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a Chair of Non-Destructive Testing and Quality Assurance, Saarland University, Saarbrücken 66125, 
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Abstract 

This paper advances a unified approach by evaluating the evolution of the intrinsic 

thermal dissipation and the microplasticity strain amplitude of SAE1045 steel. The 

intrinsic dissipation is utilized to understand the fatigue behavior and to link the 

materials’ microstructure evolution directly. The microplasticity strain amplitude is 

related to a fatigue process and correlated to fatigue life that can be deducted from the 

change in temperature. With only one load increase test and one constant amplitude test 

in the present case, an S-N curve can be evaluated being in very good agreement with 

experimentally determined data obtained the traditional way. 

 

Keywords: Thermography; high-cycle fatigue; intrinsic dissipation; microplasticity; 

fatigue life evaluation 
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Nomenclature 

b fatigue strength exponent 𝚺  macro stress tensor (MPa) 

c fatigue ductility exponent Σa macro stress amplitude (MPa) 

Cp specific heat capacity (J kg-1 K-1) Σf macro fatigue strength (MPa) 

d1  intrinsic dissipation term (J m-3 s-1) ΔΣa stress amplitude increment (MPa) 

Ed dissipated energy (J m-3) 𝛔 micro stress tensor (MPa) 

Es stored energy (J m-3) σa micro stress amplitude (MPa) 

𝑓 loading frequency (s-1) σf
′ fatigue strength coefficient (MPa) 

k thermal conductivity (W m-1 K-1) E macro strain tensor 

K Young’s modulus (MPa) 𝛆 micro strain tensor 

K′ cyclic strain hardening coefficient (MPa) εa,e micro elastic strain amplitude 

n′ cyclic strain hardening exponent εa,p microplastic strain amplitude 

N number of cycles  εf
′ fatigue ductility coefficient 

∆N loading step length 𝛆𝐩 microplastic strain tensor 

Nf fatigue life θ change in temperature (K) 

Nf,c calculated fatigue life τ period of one loading cycle (s) 

rext external heat source term (J m-3) τeq time constant (s) 

R stress ratio μ shear modulus (MPa) 

Si  internal coupling source term (J m-3) ρ  mass density (kg m-3) 

Sthe thermoelastic source term (J m-3) 𝜉 material constant 

T measured temperature (℃) 𝛽 material constant 

T0 equilibrium temperature field (℃) v Possion’s ratio 

Wp plastic energy (J m-3)   
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1. Introduction 

From a microscopic point of view, fatigue is the process of progressive, localized, 

and non-recoverable microstructural developments that can lead to final failure of 

specimens or structures [1,2]. A typical feature of the microstructural changes during a 

fatigue process is that a part of the repeated elastic-plastic deformation is dissipated 

irreversibly as heat. It is widely recognized that loading of metals and resulting fatigue 

are a process that includes heat dissipation [3-6] and the self-heating regime within the 

material is closely related to the mechanisms of fatigue damage [7], including effects 

resulting from microplasticity. The continuous improvement in materials’ performance 

and related structural design requires appropriate characterization where fatigue plays 

an essential role. Ageing infrastructure is just one example where an increasing number 

of fatigue related information is required ex post. To obtain such information the 

traditional way may require tens of tests to be performed. This can cost more than one 

month in time to get a single S-N curve determined in the case of high cycle fatigue 

(HCF) including the appropriate levels of data confidence [8]. Alternatives are therefore 

in need to reduce the experimental duration and effort, which have been developed 

based on material response to carry out the evaluation of fatigue properties. 

A means to retrieve possibly a maximum of a material’s response has been realized 

through the application of non-destructive evaluation techniques, where thermography 

and its related measurement is one of the techniques being very much sought. The 

thermal manifestation of materials due to fatigue can be measured by using infrared 

cameras or thermocouples, going back to the pioneering work of people such as Dengel 

[9], Chrysochoos [10], or Luong [11], in which the measured thermal parameters have 

been used to model or predict fatigue properties such as fatigue strength and fatigue life. 

Most of those approaches are based on the relationship between fatigue damage and the 

corresponding change in temperature in the macroscopic regime, e.g. One- [12], Two-

Curve Method [13], Physically Based Fatigue Life- (PHYBAL) [14], SteBLife- [15], 

StressLife- [16], StrainLife- evaluation approach [17], and a temperature integral model 

[18]. 

The change in temperature due to fatigue loading is not only an intrinsic 

manifestation of changes in the materials’ microstructure but is also influenced by the 
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heat conduction and convection with the environment. Hence, some new approaches 

have been developed that regard the dissipated energy as a fatigue damage indicator for 

a microstructural evolution resulting from plastic deformation at the microscopic scale 

at some well-oriented micro defects. Boulanger et al. [19] separated mathematically the 

thermoelastic and dissipative source of the heat generated during fatigue processes of 

steel with calorimetric analysis. Regarding the dissipation rate as a characteristic fatigue 

indication, Connesson et al. [20] proposed a data processing method to obtain the heat 

source generated and to reveal the rapid determination of fatigue strength based on 

physical response. It is verified that the change of intrinsic dissipation versus applied 

stress can give an indication of a material’s fatigue strength. Guo et al. [21] and Wang 

et al. [22] established a rapid evaluation model of intrinsic dissipation and determined 

the S-N curves, respectively. 

Considering the main deformation of the material to be the macroscopic elasticity 

shakedown, it is indicated that fatigue damage occurs at a microscopic scale caused by 

microplasticity. Doudard et al. [23,24] proposed a probabilistic two-scale model for 

high cycle fatigue (HCF) that accounts for the failure of specimens. Fan et al. [25] 

developed a unifying energy approach for rapid assessment of fatigue parameters in the 

HCF regime and this approach is applicable for the characterization at the macro and 

micro scale. 

The main aim of the work described here is to present a short-term evaluation 

procedure (STEP) where S-N data has been generated for a SAE1045 steel based on a 

mathematical and materials’ mechanical evaluation procedure considering the intrinsic 

thermal dissipation and microplasticity evolution, taking advantage of results obtained 

through non-destructive measurements performed under different loading conditions. 

The methodology used to bridge the gap of the fatigue behavior between the 

macroscopic and microscopic regime is introduced (section 2), applied and validated 

by experimental results (section 3) and finally assessed in the frame of some 

conclusions drawn (section 4). 

2. Methodology 

2.1. Intrinsic dissipation 
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Combining the first and second laws of thermodynamics and neglecting the coupling 

effect between the microstructure describing internal variables and temperature, 

Boulanger et al. [19] measured temperature fields of a specimens’ surface during fatigue 

tests and deduced a specific form of heat diffusion to determine the heat source. It is 

expressed as: 

ρCpθ̇ − div(k: gradθ) = Sthe + Si + d1 + rext              (1) 

where ρ, Cp and k are the material thermodynamic parameters corresponding to mass 

density, specific heat capacity, and thermal conductivity. θ = T − T0 is the change in 

temperature, where T  is the measured temperature and T0  the equilibrium 

temperature. Sthe  is the thermoelastic source term, Si  the internal coupling source 

term, d1 the intrinsic dissipation term dependent on the microplasticity at the grain 

scale, and rext the external heat source term, respectively. 

In adiabatic conditions, the dissipated energy rate equals the internal energy 

accumulation rate, while the internal coupling source term Si and the external heat 

source term rext can be neglected [26]. Subsequently, the local heat diffusion equation 

can be rewritten as: 

ρCp (
∂θ

∂t
+

θ

τeq
) = d1 + Sthe                     (2) 

where τeq  denotes a time constant characterizing the heat exchanges between the 

specimen’s surface and the environment, e.g. heat convection and heat radiation. During 

a HCF test, the thermoelastic source Sthe vanishes after each loading cycle due to the 

cyclic load mode, and the temperature variation tends to be asymptotic with 
∂θ

∂t
= 0, 

such that the dissipated energy within an unit time can be simplified as: 

d1 = ρCp
θ

τeq
                            (3) 

2.2. Microplasticity strain assessment 

For HCF tests, the applied cyclic load level can be still less than the macroscopic 

yield strength and the main deformation of the material is dedicated to macroscopic 
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elasticity shakedown [25]. However, at the microplastic scale, the inconsistent grain 

boundaries, localized dislocations and inhomogeneous grain size in the material can 

incite a high stress concentration, then microplasticity at some isolated grains can 

therefore already be activated and microstructures permanently be changed with the 

most intuitive form being heat dissipation. 

Lemaitre et al. [27] firstly proposed a two-scale model to study the local damage 

accumulation at a microscopic scale in a deterministic way. The schematic diagram of 

the activation scenario of sites is demonstrated in Fig. 1, 𝚺 and E are the macroscopic 

stress and strain tensors, 𝛔  and 𝛆  the microscopic stress and strain tensors, 

respectively. 

Undoubtedly, the higher the stress level is, the larger number of activated sites can 

be expected, which consequently results in a higher level of dissipated energy. The 

local fatigue damage accumulation is supposed to be on the microscopic scale and its 

dimensions are smaller than the volume element associated with a mesoscopic scale. 

Then the representative volume element can be divided into two phases: A matrix of 

generally elastically loaded grains, among which the volume accounting for the 

grains, where local plasticity already occurs is included. It is assumed they have the 

same elastic behavior and the yield stress of the elasto-plastic inclusion is less than 

the matrix that still remains in an elastic state. 

The relationship between the macroscopic stress tensor to the microscopic stress 

tensor and plastic strain tensor is deduced by the law of localization and 

homogenization [23,29]: 

𝛔 = 𝚺 − 2𝜇(1 − 𝛽)𝛆𝐩                    (4) 

where 𝛔  is the microscopic stress tensor, 𝚺  the macroscopic stress tensor, 𝛆𝐩  the 

microplastic strain tensor, 𝜇 the shear modulus, and 𝛽 =
2(4−5𝑣)

15(1−𝑣)
 a parameter given 

by Eshelby’s analysis of an ellipsoidal inclusion in an elastic strain field [30], where v 

denotes Possion’s ratio. 

2.3. A unified energy approach 
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Resorting to the energy balance law, it is necessary to establish a relationship between 

the plastic energy and the dissipated energy. As being well known, the dissipated energy 

takes the majority of the plastic energy but not the entire. During the loading process of 

the plastic work, a part of the mechanical energy is stored in the material participating 

in the microstructure evolution process, being named the stored energy Es  and 

resulting from micro defects, crystal lattice or dislocation structures. The fraction of 

plastic energy Wp converting to dissipated energy Ed can be expressed by a factor ξ 

as follows: 

ξ =
Ed

Wp
=

Wp−Es

Wp
                          (5) 

The energy balance between the plastic work and the dissipated energy can be 

mathematical described by the Eq. (5). 

The hysteresis loop for the stress-strain can be simplified according to [31] in an 

elliptical form and the plastic work in a load cycle can be estimated as: 

Wp ≈ πσaεa,p                           (6) 

where σa  is the microscopic stress amplitude and εa,p  the microplastic strain 

amplitude, respectively. 

Based on the estimated heat source assessment in the thermal equilibrium stage, the 

dissipated energy during a loading cycle can be computed through the integration of the 

intrinsic dissipation d1: 

Ed = ∫ d1 dt
t+τ

t
                          (7) 

where τ = 1 𝑓⁄  indicates the period of one loading cycle. 

Studies have shown that for many metallic materials, the proportion of 80-100% of 

the plastic work dissipates into the surroundings as heat, leading to an increase in the 

specimen’s temperature [25,32-34], it is commonly assumed 𝜉  as an independent 

material constant. It is then reasonable to adapt the intermediate value 𝜉 = 0.9 simply 

for the material considered here. 
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By introducing Eqs. (6) and (7) into Eq. (4), a relationship between the 

microplasticity strain amplitude εa,p and the intrinsic dissipation rate d1 is derived as: 

d1

𝑓
= 𝜉πσaεa,p = 𝜉π[Σa − 2𝜇(1 − 𝛽)εa,p]εa,p              (8) 

Solving Eq. (8), the microplasticity strain amplitude can be obtained: 

εa,p =
Σa

4𝜇(1−𝛽)
− √[

Σa

4𝜇(1−𝛽)
]

2

−
d1

2𝜇𝑓𝜉π(1−𝛽)
                (9) 

By using the intrinsic thermal dissipation methodology, Eq. (9) presents a meaningful 

method to evaluate the macro- and micro fatigue behavior of a material and improve 

the theoretical background of fatigue in terms of thermographic measurements in view 

of fatigue life evaluation which is discussed in the following sections. 

3. Experimental details 

3.1. Material 

The material studied here is an unalloyed medium carbon steel, SAE1045 (German 

DIN-standard: C45E) which is widely used in mechanical engineering and whose 

chemical composition analysis is compared to the DIN EN 10083-1 standard in Table 

1. The material consists of a mostly ferritic-pearlitic microstructure with an ultimate 

strength of 710 MPa and a yield strength of 413 MPa. The main mechanical and 

thermophysical properties are summarized in Table 2. 

3.2. Experimental setup 

The experimental setup included a servo-hydraulic fatigue test system (Shimadzu 

EHF-L) with a 20/25 kN cyclic/quasi-static load capacity and an infrared imaging 

system (Micro-Epsilon thermoIMAGER TIM 450), as shown in Fig. 2. The fatigue tests 

were run at a stress ratio of R = -1 and a loading frequency of 5 Hz. Temperature 

measurement areas (10×10 pixels) defined on the specimens’ surface were recorded by 

using the IR camera with a resolution of 382×288 pixels in the full window mode and 

a thermal sensitivity of 0.04 K at room temperature. In order to have a stable 

temperature condition and avoid heat conduction from the upper and lower clamps of 
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the servo-hydraulic circuit, a Peltier-element cooled water-circuit was used to 

continuously stabilize the temperature of the clamps, i.e. both ends of the mounted 

specimen. 

To ensure a high and uniform thermal emissivity, the surface of the specimens were 

painted by a thin layer of matt black paint (emission factor 0.97). The geometric details 

of the test specimen are shown in Fig. 3. The specimens were manufactured from round 

bar steel with a diameter of 20 mm and machined to a scaly surface because of heat 

treatment. 

3.3. Fatigue tests 

The uniaxial fatigue tests were carried out at room temperature in a load control mode 

with a sinusoidal waveform. The applied stress as a result of the 5 Hz loading frequency 

can be expressed as Σ(t) = Σasin(10πt). Two kinds of fatigue tests were performed, 

a load increase test (LIT) and a constant stress amplitude test (CAT) with details of the 

loading block sequences being as follows: 

Test I: LITs were conducted to identify the intrinsic dissipation model parameters. 

All the tests started with a constant stress amplitude of Σa,start = 100 MPa. Each time 

when a fixed loading step length of ΔN cycles was reached, the stress amplitude has 

been increased by an increment ΔΣa . Such load increase has been repeated until 

specimen failure. Several LITs were conducted in this paper with two variations as 

shown in Fig. 4: (i) ΔN has been kept constant at 9000 cycles, but ΔΣa has been varied 

(20, 25, 30, 35, 40 MPa) from test to test. (ii) ΔΣa has been kept constant at 25 MPa 

but ΔN has been varied (1000, 2000, 3000, 4500, 6000 cycles). 

Test II: Conventional stress-controlled constant amplitude tests were carried out at 

Σa = 360 MPa to determine the fatigue ductility coefficient εf
′. 

Eleven specimens were used for the tests in total and each test only conducted with 

an unloaded specimen from the origin state. To get enough data points for avoiding 

aliasing but not to overflow the measurement PC system by a too high data rate, the 

recording frequency of the infrared camera was set to 100 Hz. Environmental noise 
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effects were minimized by using an averaging function within the same temperature 

measurement area during recording and further smoothing of the data. 

4. Results and discussion 

4.1. Results of the macro fatigue parameters 

Fig. 4 graphically shows the evolution of the change in temperature θ of Test I with 

the LITs under the different load increase parameters considered. As for the 

temperature-based characterization of the cyclic deformation behavior of the LITs, 

predominantly in the elastic region, the mean value of the change in temperature only 

oscillates around 0 K in the first loading steps. This is due to the thermoelastic effect, 

causing nearly no increase in the θ − N  curve. However, above a certain stress 

amplitude value, predominantly within the elastic-plastic deformation region, the θ 

value increases constantly at each loading step level. Carefully observing this 

development within a single loading step allows two different phases to be 

distinguished: an initial temperature increase phase and a subsequent temperature 

stabilization phase. In the last step of each test, a sudden temperature increase phase 

occurs shortly before the specimen reaches the final fracture. 

Fig. 5 presents the evolution of the intrinsic dissipation rate on the subsequent 

macroscopic stress amplitude levels of the same LIT with ΔΣa = 25 MPa and ΔN = 

2000 cycles. Generally speaking, under a non-adiabatic test condition, at different stress 

amplitudes the intrinsic dissipation rate d1 is not staying constant. Instead, the higher 

the stress amplitude, the higher the intrinsic dissipation rate becomes. From Figs. 4 and 

5 it becomes obvious that both the change in temperature and the dissipated energy rate 

show a similar equilibrium behavior, whereas a relatively constant value can be 

obtained when the heat generation rate inside the material is supposed to be equal to 

the heat exchange with the surroundings. 

Fig. 6 shows the variations of dissipated energy rate for each sucessive stress 

amplitude level and the loading parameters of the different LITs, where the values of 

d1 were extracted at half of the number of cycles ΔN of each load step. The higher 

stress amplitudes yield a higher intrinsic dissipation rate. With the increasing stress 

level, the dissipated energy increases continually being caused by the progressive 
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evolution of the microstructure, e.g. sliding, tangling, multiplication and pile-up of the 

dislocations, creation of (persistent) slip bands, and even the predominant deformation 

of the specimen with a macro-elastic shakedown. 

A clear transition from a constant to an increasing behaviour can be seen from Figs. 

4 and 6 where both ΔT and d1 start to increase significantly from a constant value 

around zero while the stress amplitude keeps rising. This inflection point, which 

represents the onset of microplasticity, connects the so-called fatigue strength with the 

finite fatigue life regime. Thus, the fatigue strength of a material could be evaluated at 

the corresponding stress amplitude level Σa being around 300 MPa in the present case, 

representing also the yield stress at microscopic level of an elasto-plastic inclusion. In 

general, when the macroscopic stress is lower than such a value being called here Σf, 

it can be supposed that there is not enough fatigue damage which can lead to a failure 

in the material. Since the energy dissipation takes place in some isolated grains at the 

microscopic scale and results in the consecutive fatigue damage accumulation [36,37], 

there should be also no energy dissipation below the fatigue strength, which explains 

the extremely low value of d1 below 300 MPa for the SAE1045 material used here. 

In order to investigate the underlying physical mechanisms of the macro 

fatigue strength, Granato-Lucke dislocation model [38] and Frank-Read dislocation 

multiplication theory [39] will be introduced to revel to the macroscopic phenomenon 

of energy dissipation due to the material microstructure motion [21]. It is assumed that 

within the material, there are lots of micro defects, e.g., dislocation lines, inclusions, 

and vacancies, etc. Normally, the motions of the micro defects are fixed by pinning 

points in the crystal lattice when the material subjected to a certain stress amplitude. If 

this applied stress amplitude is below the fatigue strength, the motions of the micro 

defects are reversible due to the strong pinning effect makes an important influence in 

the adjacent crystals [11,25,40,41]. This motion is regarded as non-plastic effect 

accompanied with very few energy dissipation, like internal damping and anelasticity 

[42]. There is no fatigue damage accumulation in the reversible micro mechanism 

during this period. For the stress amplitude above the fatigue strength, the micro defects 

will break through the strong pins, and then generate new micro defects, such as 

dislocation sources [21]. The dislocations multiplication accompanies with permanent 

dislocation motion and rearrangement in some isolated crystals, this irreversible 
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microstructure motion will lead to permanent strain, namely, microplastic deformation 

[43], and this irreversible process will have continuous release of energy dissipation. 

As stated above, the energy dissipation of the reversible micro mechanism is negligible, 

while the irreversible part is strongly related to microplastic deformation. Thus, the 

macroscopic fatigue strength can be regarded as the yield stress of micro defects. From 

the perspective of physics, the variations of change in temperature are acceptable to 

evaluate the macro manifestation of energy dissipation. 

4.2. Results of microplasticity 

Morrow [44] proposed a formulation of a power law to express the stress-strain 

correlation at the macroscopic scale. Herein, we assume that it is also applicable in the 

microscopic scale and is expressed as: 

σa = K′εa,p
n′

                         (10) 

where K′  is the cyclic strain hardening coefficient, n′  the cyclic strain hardening 

exponent, σa  the stress amplitude and εa,p  the plastic strain. In general, this 

relationship being based on a calorimetric method can be used for any kind of metallic 

material and can provide a potential value of the plastic strain response of materials, 

especially in the case of micro-strain [34]. Fig. 7a provides the relationship between 

εa,p and σa for the LITs at each loading step level. As the εa,p fits very consistent 

with σa of each LIT, drawing a Morrow line through these results being plotted in a 

logarithmic scale leads to the result shown in Fig. 7b and the parameters being 

K′ =1104.5 MPa and n′ =0.1174. 

The Manson-Coffin law is expressed according to Eq. (11) where in the case here the 

microplasticity stain amplitude εa,p and the fatigue life Nf are related as: 

εa,p = εf
′(2Nf)

c                        (11) 

and εf
′  is the fatigue ductility coefficient and c the fatigue ductility exponent, 

respectively. 

Another formula being widely used to describe the relationship between stress 

amplitude and fatigue life is the Basquin equation expressed as: 
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σa = σf
′(2Nf)

b                         (12) 

where σf
′ is fatigue strength coefficient and b is the fatigue strength exponent. 

Using exponent n′ in the Morrow formulation the exponents of the Manson-Coffin 

and Basquin equations can be calculated as follows [44]: 

c =
−1

5n′+1
                            (13) 

b =
−n′

5n′+1
                            (14) 

with c = -0.63, b = -0.074 being the numbers determined in the present case. Herein, 

the parameter c  is used for fatigue life calculation and b  is for validating this 

relationship. 

4.3. Results of constant amplitude fatigue life evaluation 

Based on the above work, the microplasticity strain amplitude εa,p can be evaluated 

by Eq. (9) and the fatigue ductility exponent c by Eq. (13) with the unknown fatigue 

ductility coefficient εf
′ in the Manson-Coffin law mainly to be obtained through the 

respective fatigue life and plastic strain amplitude measured from the CAT. Since the 

plastic strain can be related to the dissipated thermal energy, which has been specifically 

expressed by Eq. (9), observations can be further related to temperature measurements. 

Fig. 8 shows the evolution of change in temperature for a CAT with a macro-stress 

amplitude of Σa = 360 MPa. The number of cycles to failure for the specimen is Nf = 

2.7×104 cycles. The temperature evolution process is in accordance with a typical three-

stage-behavior including an initial temperature increase stage, a temperature 

stabilization stage, and a stage of a sharp temperature increase before fracture. The 

thermographs present the temperature evolution corresponding to the initial measuring 

sequence. 

The microplasticity strain amplitude εa,p of the constant stress amplitude Σa = 360 

MPa in the stabilized stage was determined with the same method as for the LITs by 

using Eq. (9). As the three parameters, εa,p, Nf, and c, have already been known the 

fatigue ductility coefficient of this SAE1045 steel determined through Eq. (11) turned 

out to be εf
′ = 0.0586. When taking the other CATs performed into consideration [45], 

εf
′ shows a similar value when compared to that of 360 MPa, being 0.0581 for 380 
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MPa and 0.0591 for 400 MPa, respectively. 

It is generally acknowledged that the plasticity at microscopic scale associated with 

the irreversible cyclic slip and the microplasticity strain amplitude at this scale is 

regarded as a more intrinsic fatigue indicator than the stress amplitude and it is preferred 

to be related with the fatigue life. The Manson-Coffin law is usually used to express the 

relationship between this stress and strain, which is formulated through Eq. (11). This 

law is conventionally used in the low cycle fatigue (LCF) regime, but its applicability 

has also been extended into the HCF regime [34], which is a justification that this also 

holds at microscopic scales. The constant amplitude fatigue life of the SAE1045 steel 

considered here can be evaluated considering the microplasticity strain amplitude 

determined through Eq. (11) and evaluating the respective fatigue life as follows: 

Nf,c =
1

2
(

εa,p

εf
′ )

c−1

                                  (15) 

where Nf,c is the number of applicable load cycles. 

The results of the evaluated constant amplitude fatigue lives based on the intrinsic 

thermal dissipation are shown in Fig. 9. Those are compared to experimental results 

obtained the conventional way (red dots) where data have been taken from [46]. A good 

agreement between the evaluated and the validated data can be observed. 

The whole microplasticity strain amplitudes taken from the LITs are in coincidence 

with the curve which is given in Fig. 7b, and here it is assumed that this mathematical 

formula can even be used for each one LIT in short. With this an S-N curve determined 

on the basis of the STEP proposed here with temperature being the parameter to be 

monitored and considered as a basis, only two fatigue experiments are required, one for 

the LIT and the other for the CAT. This is a huge enhancement in determining a 

material’s S-N curve in terms of time and cost required when compared to the 

traditional way of S-N curve determination where a reduction factor of 15 in time and 

cost looks to be realistic. 

4.4. Validation of the STEP approach 

In the HCF regime the predominant behavior in a material is an elastic shakedown, 
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but at a microscopic scale the microplasticity strain is an essential indicator for the 

primary mechanism of the HCF damage accumulation [25,37]. Fig. 10 shows the linear 

relationship between the microplasticity strain amplitude εa,p  and the constant 

amplitude fatigue life Nf,c evaluated plotted in a bi-logarithmic scale. The regression 

for the function based on Eq. (11) has been determined by the method of least squares.  

It can be assumed that the elastic behavior at the microscopic scale follows Hooke’s 

law in the HCF regime, hence an equivalent micro-elasticity strain amplitude is 

determined as: 

εa,e =
σa

K
                            (16) 

where K  is Young’s modulus and σa  the stress amplitude applied. The Basquin 

equation (Eq. 12) can then be rewritten as: 

εa,e =
σ′

f

K
(2Nf,c)

b
                       (17) 

Finally, the relationship between micro-elasticity strain amplitude εa,e  and the 

evaluated constant amplitude fatigue life is shown in Fig. 11 in a bi-logarithmic scale. 

The regression line has again been determined by the method of least squares. The value 

of fatigue strength exponent b has been fitted to -0.071 being very close to the value 

of -0.074 determined from Eq. (14). As a result, the accuracy and feasibility of the STEP 

for the calculated fatigue life are illustrated. 

5. Conclusions 

Temperature is a parameter that can be used to monitor the fatigue related damaging 

behavior in a metallic material. It can be correlated to the plastic strain. This plastic 

strain does not need to be apparent at macroscopic scale but can rather be observed at 

microscopic level resulting from inhomogeneities between grains and hence strain 

concentrations at microscopic scale. Those strains having been considered here as 

microplasticity strains can be considered in the HCF regime of metals as the incubators 

of fatigue damage and can be clearly measured as the material’s intrinsic behavior by 

thermography provided the resulting temperature inducing effects can be clearly 

separated from other thermal effects generated through environment.  
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Short term evaluation procedures (STEP) are an elegant way to determine S-N curves 

at 5 to 10% of an effort when compared to the traditional way. This is specifically true 

when considering temperature as the parameter to be monitored and the various 

constitutive relationships provided by people such as Morrow, Manson-Coffin or 

Basquin. Just two experiments on un-notched specimens, a LIT and a CAT, are required 

to determine a complete S-N curve including the LCF and the HCF regime as well as 

the so-called fatigue limit. 

An interesting observation has been made that the input parameters of the LIT being 

the step size of load increase Δσa or the number of cycles ΔN at each load level is 

rather insensitive in terms of the parameters describing the constitutive behavior of the 

material considered, would it be the stress-strain relationship or the fatigue life behavior 

respectively. An important criterion in that regard is certainly that the material’s fatigue 

behavior at each load level, that must have stabilized on the one hand and a sufficient 

number of representative load levels that must have to be examined on the other. 

The approach presented here has been demonstrated for the very popular carbon steel 

SAE1045 for which plasticity is clearly measurable at various scales. However, 

validation on other types of steels may be useful to demonstrate the generality of the 

approach in the longer term. 
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Table 1 

Chemical compositions of normalized SAE 1045 [45]. 

(Wt.-%) C Si Mn P S Cr Mo Ni 

DIN 
min. 0.42 - 0.50 - - - - - 

max. 0.50 0.40 0.80 0.030 0.035 0.40 0.10 0.40 

Customer’s 

report 
0.47 0.23 0.72 0.012 0.013 0.06 0.014 0.07 

 

Table 2 

Material properties of normalized SAE 1045 [45]. 

Property Unit Value Property Unit Value 

Ultimate strength MPa 710 Mass density kg m-3 7821 

Yield strength MPa 413 Specific heat capacity J kg-1 K-1 474 

Poisson’s ratio — 0.3 Heat conduction coefficient W m-1 K-1 48 

Young’s modulus GPa 214 Linear thermal 

expansion coefficient 
10-6 K-1 11 

Brinell hardness HB 210 

Thermophysical parameters taken from the Ref [31]. 
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Fig. 1. Schematic representation of the activation scenario of microplastic sites within 

an elasto-plastic matrix [28]. 

 

Fig. 2. Experimental setup of hydraulic servo fatigue test and thermographic 

measurement [45]. 

 

Fig. 3. Shape of fatigue specimen (dimensions in mm) [45]. 
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Fig. 4. Change in temperature θ and stress amplitude Σa versus number of cycles of 

different experiments from Test I: (a) LITs with different load increments at constant 

loading step length; (b) LITs with different step lengths but constant load increments. 

 

Fig. 5. An example of the evolution of the intrinsic energy dissipation rate at different 

macro-stress amplitude levels of the same LIT: ΔΣa =  25 MPa and ΔN =  2000 

cycles in its plastic regime. 
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Fig. 6. The intrinsic dissipation rate d1 at diffident macro-stress amplitudes ΔΣa  of 

LITs. 

 

Fig. 7. (a) Plastic strain amplitude εa,p  versus stress amplitude σa  at microscopic 

level; (b) Fitted line in accordance to Morrow formulation of data shown in (a). 

 

Fig. 8. Temperature evolution on the specimen’s surface at stress amplitude Σa = 360 

MPa and corresponding thermographs at 5, 50, and 100% of fatigue life. 
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Fig. 9. Experimental and calculated S-N data. 

 

Fig. 10. Correlation between microplasticity strain amplitude and evaluated constant 

amplitude fatigue life. 

 

Fig. 11. Correlation between micro-elastic strain amplitude and the calculated fatigue. 
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Abstract 

A non-destructive thermographic methodology is utilized to determine the fracture 

fatigue entropy for evaluating the fatigue damage in metals within the high cycle fatigue 

regime. Thermodynamic entropy is shown to play an important role in the fatigue 

process to trace the fatigue damage as an irreversible degradation of a metallic material 

being subjected to cyclic elastic-plastic loading. This paper presents a method to 

evaluate fatigue damage in the normalized SAE 1045 steel being based on the concept 

of thermodynamic entropy and its non-linearities. The procedure looks to be applicable 

to constant and load increase tests proven by experiments. 

 

Keywords: Thermodynamic entropy; High cycle fatigue; Fatigue damage; Damage 

accumulation 
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Nomenclature 

Ak Thermodynamic force εf
′
 Fatigue ductility coefficient 

D0 Initial damage εp Plastic strain 

Dc Critical damage σf Fatigue strength 

Dk  Damage parameter at k-th stage σf
′
 Fatigue strength coefficient 

Dk−1 Damage parameter at (k-1)-th stage τeq Time constant 

Ed Dissipated energy ∆σa Load increase step 

Es Stored energy ∆N Load step length 

Jq Heat flux vector ∆U Change in internal energy 

Nf Number of cycles to failure T Temperature 

Ni 
Number of cycles to failure at stress 

amplitude σa 
A Material parameter 

Nk Number of cycles at k-th stage B Material parameter 

Nk−1 Number of cycles at (k-1)-th stage D Damage variable 

T0 Equilibrium temperature Q Heat dissipation 

Vk Internal state variables R Stress ratio 

Wp Plastic energy W Mechanical work 

cp Heat capacity b Fatigue strength exponent 

d1 Intrinsic dissipation term c Fatigue ductility exponent 

ni 

Number of cycles at a given stress 

amplitude σa 
f Frequency 

rext Heat exchange k Heat conductivity 

ṡ Entropy generation rate t Time 

s0 Initial entropy generation u Specific internal energy 

sc Critical entropy generation 𝛔 Cauchy stress tensor 

sf Maximum entropy generation β Taylor-Quinney coefficient 

si Internal coupling source term γ Entropy per unit volume 

sk−1 Accumulated entropy at (k-1)-th stage ε Total strain 

sthe Thermoelastic source term θ Change in temperature 

tf Time to failure ρ Mass density 

𝛆̇ Eulerian strain rate tensor τ Time of one loading cycle 

εe Elastic strain ψ Helmholtz free energy 
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1. Introduction 

Components in engineering are susceptible to fatigue and fracture if they are 

subjected to cyclic loads under operating conditions, which can lead to reduced usage 

or, in the worst case, to failure if threshold values are exceeded. In particular, the 

evaluation of the cumulative fatigue damage during the operation of those components 

and systems with regard to the prediction of fatigue life or for monitoring the integrity 

plays a decisive role [1]. Due to accumulation fatigue damage increases with an 

increasing number of load cycles and ultimately leads to failure, whereby the time 

between damage initiation and failure depends on the load level, the type of load, the 

environmental conditions, and possibly other factors. The fatigue damage of metals 

comprises four stages [2], including 

• Formation of dislocations and persistent slip bands; 

• Nucleation of dislocations with the transition to micro-cracks; 

• Micro-cracks direction perpendicular and then towards the maximum shear 

stress, 

• Formation of the macro-cracks resulting in the generation of high stress 

intensities at the crack tips. 

Moreover, the final stage includes the propagation of macro-cracks and breaks the 

metal into two parts. 

From the view of Continuum Damage Mechanics (CDM), fatigue damage is a 

process of accumulation that once reaches a critical state, the structural elements will 

have a failure and cannot be serviced. Being able to grasp this damage accumulation 

allows a structure’s remaining life to be assessed and even as a warning of the imminent 

failure that could be considered in the context of structural health monitoring (SHM) 

[3]. In recent decades, many different models have been proposed for evaluating fatigue 

damage, whereby the following variables can be classified as: 

• Change in dynamic response: i.e., stress, strain, etc. [4,5] 

• Change in mechanical properties: i.e., elastic modulus, hardness, tensile 

strength, reduction area, etc. [4,6-8] 



Paper 3 

129 

 

• Change in physical properties: i.e., thermal-, electric-, magnetic properties, 

etc. [4,9] 

Those approaches are mostly derived from the theories of creep or plastic damage, 

there is always a margin for the improvement to make them more exquisite, and this is 

what should be discussed. The classic and most commonly used model is the Palmgren-

Miner (P-M) rule [10], which is characterized by its simplicity and can be written as 

follows: 

D = ∑
ni

Ni

k
i=1                          (1) 

where ni and Ni are the number of cycles at a given stress amplitude and the lifetime 

at the same stress amplitude from the corresponding S-N curve, respectively. Damage 

D  accumulates continuously starting from a pristine condition with D =  0  and 

reaches D =  1 when the component fails. The quality of the residual life assessment 

with this rule very much depends on the parameter describing the fatigue life curve. 

Traditionally this parameter has been stress or strain only. However, more complex 

combinations such as those proposed by Smith, Watson and Topper [11], Morrow [12] 

or Vormwald [13] are examples on how effects generating from notches, mean stresses, 

load sequence effects or others can be considered as well. Much of this can be found in 

textbooks such as Schijve [2], Haibach [14], Radaj/Vormwald [15]. Still the damage 

parameter D can vary by a factor of 2 or more being the result of a variety of other 

material intrinsic effects not covered so far by parameters nor possibly monitored by 

any sensing device. Much research work has been done in that regard including many 

non-linear stress-dependent cumulative damage theories such as to be found in Refs. 

[5,16-20] where the accumulated damage versus the stress amplitude applied follows 

an exponential growth. The results obtained by the classic P-M rule are often 

overestimated when compared with nonlinear models or experimentally obtained data. 

In order to improve the prediction of damage accumulation processes, various 

physically based measurement methods can be used, which can also be assigned to the 

field of non-destructive testing (NDT). In this context temperature measurement in 

particular provides parameters that can be used to evaluate the fatigue-related damaging 

behavior of metallic materials. As the damage can be an energy dissipative process, it 
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must obey the laws of thermodynamics fundamentally related to an entropy approach 

[21]. In general, the fatigue mechanisms of a specimen or component are the result of 

irreversible thermodynamic processes taking place in the specimen or component 

during damage evolution. Degradation is a time dependent index with the increasing 

disorder [22]. Thus, a basic parameter of thermodynamics is entropy, which can be 

derived from temperature measurements and can describe the degradation of the 

material due to fatigue loading. 

Classical and statistics-based methods derived from entropy have been proposed to 

evaluate the fatigue damage as well as the remaining lifetime of materials and structures 

[23-26]. The accumulation of entropy generated during a fatigue test is calculated and 

regarded as a material property named the Fatigue Fracture Entropy (FFE), where this 

parameter stays constant for a certain material until failure. This parameter is moreover 

independent of loading sequences, frequency, and amplitudes, etc. [27] and affects the 

fatigue such as damage evaluation [28], temperature response [29], and reliability [30] 

of the material. However, those FFE calculation models have not taken the evolution of 

temperature variation entropy before final facture into account, which should be much 

higher than in the initial phase. 

In the work presented here, the FFE approach has been modified and used as an index 

of degradation to monitor fatigue damage for the normalized SAE 1045 steel. The 

approach is based on temperature measurements carried out during constant amplitude 

and variable amplitude loading tests in the high cycle fatigue regime. The experimental 

procedure is presented below followed by a methodology being related to damage 

accumulation based on the concept of the thermodynamic entropy. The results obtained 

are discussed with regard to the concept of entropy under plastic deformation and 

conclusions are finally drawn. 

2. Experimental procedure 

2.1. Material 

The material used in this study is the unalloyed medium carbon steel SAE1045 

(German-standard: C45E), which is in accordance to DIN EN 10083-1. The requested 

and manufacturer determined chemical compositions and the material properties are 
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listed in Tables 1 and 2, respectively.  

2.2. Fatigue testing 

Tension-compression fatigue tests were performed using a servo-hydraulic fatigue 

testing system (Shimadzu EHF-L) with a 20/25 kN cyclic/quasi-static load capacity as 

shown in Fig. 1 and run at a loading frequency of 5 Hz and a stress ratio of R = −1, 

respectively. Temperature measurement areas (10×10 pixels) defined on the specimens’ 

surface were recorded by using an IR camera (Micro-Epsilon thermoIMAGER TIM 

245) with a resolution of 382×288 pixels in the full window mode and at a thermal 

sensitivity of 0.04 K at room temperature and with a 100 Hz recording frequency in 

order to avoid too big data volumes. The cylindrical hourglass specimen was designed 

with an arc radius of 30 mm and a minimum diameter in the gauge length of 5.8 mm, 

and the surface of the specimens were coated with a thin layer of matt black paint for 

having a high and uniform thermal emissivity. 

The fatigue tests were carried out in load control mode with a sinusoidal waveform 

and a stress function to be expressed as σ(t) = σasin(10πt). In order to evaluate the 

processes of fatigue damage evolution, two types of fatigue tests were performed, the 

one being a constant amplitude and the other a load increase test, respectively. The 

details of the respective load types for the tests performed are summarized below: 

• Constant amplitude tests: 5 tests at stress amplitudes between 320 and 400 MPa, 

with each test differing in 20 MPa of stress amplitude. 

• Load increase tests:  All tests starting from a stress amplitude level of 

σa,start = 100 MPa, being below the fatigue strength, σf = 300 MPa [32], of 

the SAE 1045 steel investigated at R = −1  and being loaded for a defined 

number of cycles ∆N before increasing the stress amplitude by an increment 

∆σa to a next stress amplitude level while cycling again the specimen with a 

number ∆N of cycles and this to be continued so forth until the specimen failed. 

A distinction has been made between tests in which (a) ∆N  was retained 

constant at 9000 cycles and ∆σa increased in steps of 5 MPa from 20 to 40 

MPa as well as in tests where (b) ∆σa was kept at 25 MPa and ∆N was varied 

to step lengths of 1000, 2000, 3000, 4500, and 6000 cycles, respectively. 
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3. Methodology 

3.1. First law of thermodynamics 

The first law of thermodynamics describes the energy balance status, which can be 

applied to every thermomechanical process. For a defined volume of material under 

load such as the volume of a fatigue specimen in its minimum cross-section this can be 

formulated as: 

∆U = Q + W                             (2) 

where ∆U  indicates the change of the internal energy, Q  is the thermal energy 

dissipated as heat and W  is the work applied to deform the material under elastic-

plastic conditions. For a given quantity term Eq. (2) can be formulated as: 

ρu̇ = 𝛔: 𝛆̇ − divJq                          (3) 

where u  denotes the specific internal energy, 𝛔  the Cauchy stress tensor, 𝛆̇  the 

Eulerian strain rate tensor and Jq  the heat flux vector. The term 𝛔: 𝛆̇  is the stress 

power for uniaxial cyclic loading expressed as 𝛔: 𝛆̇ = σ: (ε̇e + ε̇p) where εe and εp 

are the elastic and plastic strain portions respectively. 

The heat flux, internal energy, entropy, and Cauchy stress are the state functions in 

thermodynamics. For an ideal thermoelastic state, those parameters are a function of 

the deformation and the temperature state variables [33]. However, if the deformation 

is in the inelastic state, the situation is more complex and the internal state variables, 

such as mechanical, thermal, electrical, etc. in the history of deformation sequence need 

to be considered.  

Furthermore, those variables can be associated with defects in a material such as 

dislocations or voids in the materials’ microstructure [34]. 

The Helmholtz free energy is defined as a part of the internal energy of a system and 

can be expressed as: 

ψ = u − Tγ                           (4) 
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where T is the temperature and γ the entropy per unit volume. The Helmholtz free 

energy  ψ  is considered as a function of temperature and multiple internal state 

variables [35], and can be stated as: 

ψ = ψ (εe, T, Vk)                            (5) 

where Vk is introduced as a set of internal state variables. Following this the rate of 

free energy can be developed as: 

ψ̇ =
∂ψ

∂εe
: ε̇e +

∂ψ

∂T
: Ṫ +

∂ψ

∂Vk
: V̇k                     (6) 

By using the thermoelastic relationships valid for small strains, where σ =
∂ψ

∂εe
 and 

γ = −
∂ψ

∂T
, and further substituting Eqs. (4) and (6) in (3), the thermodynamic energy 

balance equation can be written as follows: 

ρcpṪ = σ: ε̇p − divJq + T
∂σ

∂T
: ε̇e + (Ak − T

∂Ak

∂T
) V̇k            (7) 

where cp =
T

ρ

∂γ

∂T
  represents the heat capacity, Ak = −

∂ψ

∂Vk
 , where Ak is the 

thermodynamic force associated with the internal variables and k the heat conductivity, 

ρ the materials’ density. ρcpṪ is the rate of the change in internal energy. σ: ε̇p is the 

heat generation due to the plastic deformation and symbolized as wp, divJq is the heat 

transfer by conduction, T
∂σ

∂T
: ε̇e  is the thermoelastic coupling, and (Ak − T

∂Ak

∂T
) V̇k 

is related to the internal state variables. Thus, the mean temperature rise within the 

specimen’s gauge length section is related to the plastic strain energy term and the 

thermoelastic effect to the thermoelastic coupling term, whereby tension results in a 

decrease and compression in an increase in the temperature respectively [33]. 

3.2. Second law of thermodynamics 

The second law of thermodynamics (Clausius-Duhem inequality), which is applied 

to a specimen subjected to fatigue, is generally written as follows: 

ṡ = div (
Jq

T
) + ργ ̇                              (8) 
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and can be further developed as: 

ṡ = ργ̇ +
Jq

T
− (

Jq

T2
∙ ∇T) ≥ 0                         (9) 

where ṡ  is the entropy generation rate resulting from the irreversibility of 

thermodynamic transformation. The use of the first law of thermodynamics Eq. (3) and 

the Helmholtz free energy Eq. (4) applied to the second law of thermodynamics Eq. (8) 

leads to 

ṡ =
σ:ε̇

T
−

ρ

T
(ψ̇ + γṪ) − (

Jq

T2
∙ ∇T) ≥ 0                  (10) 

Combining Eqs. (6) and (10) and using εp = ε − εe  as a simplification due to a 

small strain assumption in the case of high cycle fatigue, the specific entropy generation 

flow can be expressed as: 

ṡ =
σ:ε̇p

T
−

AkV̇k

T
− (

Jq

T2 ∙ ∇T) ≥ 0                    (11) 

Where [36]: 

• 
σ:ε̇p

T
 is the specific entropy generation derived from plastic deformation. 

• −
AkV̇k

T
 is the specific entropy generation caused by irreversible deformation, 

such as strain hardening, phase transformation, etc. 

• 
Jq

T2 ∙ ∇T is the specific entropy generation provided through heat conduction. 

Therefore, the entropy generation accumulation can be obtained by integrating Eq. 

(11): 

s = ∫ ṡ
t

0
dt                               (12) 

Thus, the fracture fatigue entropy, namely the maximum entropy generation at the 

onset of fracture generated by irreversibility during the fatigue process is sf = ∫ ṡ dt
tf

0
, 

where tf is the time to failure. In the case of materials with low hardening potential 

and at sufficiently high fatigue test frequencies, the second and the third term of Eq. 
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(11) can be neglected as it was proposed in [36]: 

|
AkV̇k

T
| ≪ |

σ:ε̇p

T
| ,   |

Jq

T2 ∙ ∇T| ≪ |
σ:ε̇p

T
|                     (13) 

In this case, the generated entropy can be simplified as: 

sf = ∫
σ:ε̇p

T
 dt

tf

0
                            (14) 

The cyclic plastic strain energy generation per second, Wp = σ: ε̇p, can be expressed 

by an empirical relation, which was originally proposed by Morrow [37]: 

Wp = 22+b+cσf
′εf

′ (
c−b

c+b
) Nf

b+c                     (15) 

where b  and c  are the fatigue strength exponent and the fatigue ductility exponent 

respectively, σf
′  is the fatigue strength coefficient, εf

′  is the fatigue ductility 

coefficient, and Nf is the number of cycles to failure. The above-mentioned relation 

can be further used to evaluate the entropy generation rate [24,26,38]. The constant Wp 

is given as a default constant, since the above parameters are determined constantly for 

a fatigue test.  However, numerous studies [39-48] have shown that the temperature 

evolution of a specimen or a component that had been exposed to a load amplitude 

higher than its fatigue limit appears in three stages, which is schematically represented 

in Fig. 2. This can be divided into an initial temperature increase (stage I), a 

predominant temperature stabilized stage (stage II), and a sudden temperature increase 

stage close before fracture (stage III). What needs to be addressed is that the entropy 

generation rate in the first stage cannot be higher than in the second stage and then in 

the third respectively. To circumvent this disadvantage and to modify the entropy 

calculation, a method for evaluating Wp based on intrinsic dissipation is presented in 

the following sections. 

3.3. Intrinsic dissipation 

Following the laws of thermodynamics, Boulanger et al [49] proposed a specific form 

of heat diffusion of a local heat by measuring the temperature fields of the surface of a 

specimen during fatigue tests which are formulated as: 
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ρcpθ̇ − div(k: gradθ) = sthe + si + d1 + rext             (16) 

where cp is the heat capacity, θ = T − T0 the change in temperature with T0 being 

the equilibrium temperature, and k the thermal conductivity. On the right-hand side of 

Eq. (16), sthe indicates the thermoelastic source term, si the internal coupling source 

term, d1  the intrinsic dissipation term, and rext  the heat exchange between the 

specimen and the surroundings, respectively. 

For the fatigue tests were performed at room temperature, the external heat source 

rext denotes the heat loss into the environment and it can be influenced by conduction, 

convection, and radiation. Those elements are very hard to be accurately estimated as 

they strongly depend on the boundary conditions of the test setup. Normally, it is 

supposed to be a simple time-independent and linear-solution [50]: 

rext = −ρcp
θ

τeq
                         (17) 

where τeq represents a time constant characterizing the heat loss. Here, it is assumed 

the change in temperature during the high cycle fatigue tests do not influence the 

microstructure, and then the internal coupling source si can be neglected under the 

given boundary condition because the thermal process due to fatigue is considered as a 

pure dissipation mechanism. Considering the 0D heat diffusion model is used in the 

present case, then Eq. 16 can be further simplified as: 

ρcp (
∂θ

∂t
+

θ

τeq
) = d1 + sthe                    (18) 

In the fully reversed tension-compression fatigue test, the thermoelastic source sthe 

turns out to be zero after each loading cycle due to the cyclic load mode, and the 

temperature variation tends to be asymptotic with θ̇ = 0 . According to the above 

estimates, the dissipated energy within a time unit can be simplified as follows [49,51]: 

d1 = ρcp
θ

τeq
                           (19) 

3.4. A unified entropy approach 

According to the energy balance principle, the dissipated energy takes up most of the 
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plastic energy generated during cyclic loading but not all. The remainder is stored 

within the material, stored energy, that takes part in the process of the microstructure 

evolution and results from micro defects, crystal lattice, or dislocation structures, as 

well as possibly others. 

This energy is described as stored energy Es and is comparable to the stored energy 

of cold work associated with plastic deformation. The Taylor-Quinney coefficient52,53, 

β  is used to bridge between the fraction of plastic energy Wp  and the dissipated 

energy Ed: 

β =
Wp−Es

Wp
=

Ed

Wp
                          (20) 

For metallic materials studies have shown that approximately 80-100% of the plastic 

work dissipates as heat, leading to an increase in the specimen’s temperature 

[50,51,54,55] and it is normally assumed β to be an independent material constant. 

For the material considered here the intermediate value is adapted to β = 0.9. 

The dissipated energy during one loading cycle can be integrated as: 

Ed = ∫ d1 dt
t+τ

t
                           (21) 

where τ = 1 f⁄  indicates the period of one loading cycle. Substituting Eqs. (19), (20), 

(21) into Eq. (14), the entropy generation is obtained as: 

s(t) =
ρcp

fβτeq
∫ (

T−T0

T
) dt

t

0
                      (22) 

3.5. Damage accumulation 

Based on the theory of continuum damage mechanics (CDM), failure of the specimen 

occurs when the damage parameter reaches a critical value. Chaboche [16] defined this 

value as the breaking point of the continuum element, which is the point where fatigue 

damage results in the initiation of macro-cracks. Thus, the fatigue damage accumulation 

can be regarded as a degradation of the material. A relationship between degradation 

caused by damage and entropy generation was proposed by Naderi [38] using 

degradation entropy generation, which is: 
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D = A + B ∙ ln(1 − s sf⁄ )                       (23) 

where D is a damage parameter, and A and B are material parameters respectively. 

Damage is initiated by slipping and then followed by slip bands, intrusions and 

extrusions which result in micro-cracks, whereby different of the micro-cracks merge, 

leading to micro-cracks finally before a complete fracture occurs. Here, Dc is defined 

as the critical damage value which corresponds to the onset of the macro-crack initiation 

and sc is the critical entropy generation value, which corresponds to the onset of the 

temperature rise at the beginning of the macro-crack initiation or before the complete 

failure. This critical condition is considered as an indication of an imminent fracture 

and could be used as a marker for the purposes of SHM. In addition, let s0 be defined 

as the initial entropy generation value with respect to the initial damage of D0 for a 

constant stress amplitude fatigue test, then Eq. (23) yields to:  

{
D0 = A + B ∙ ln(1 − s0 sf⁄ ) 

Dc = A + B ∙ ln(1 − sc sf⁄ )
                  (24) 

Solving A and B and substituting into Eq. (23): 

D = D0 +
Dc−D0

ln [(1−sc/sf)/(1−s0/sf)]
ln (

1−s/sf

1−s0/sf
)               (25) 

Eq. (24) provides a relationship between damage evolution and the history effect 

of entropy generation. For constant amplitude tests, the initial damage is zero (D0 = 0) 

with no entropy generated. Eq. (25) can be simplified to: 

D =
Dc

ln (1−sc/sf)
ln (1 − s/sf)                      (26) 

In engineering applications, most components are subjected to variable amplitude 

loading and hence should have “entropy memory”. Then Eq. (25) can be further 

extended to an n-stage sequence: 

Dk = Dk−1 +
Dc−Dk−1

ln [(1−sc/sf)/(1−sk−1/sf)]
ln (

1−s/sf

1−sk−1/sf
) ,   for k = 1, 2, … , n   (27) 

where Dk−1 and sk−1 are the damage parameter and the accumulated entropy for (k-

1)-th stage, respectively.  
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The schematic principle for the fatigue damage evolution versus the number of cycles 

is shown in Fig. 3 for load increase tests, where Nf is the number of cycles to failure 

and (Nk − Nk−1) is the number of cycles of the corresponding loading stage. During 

the fatigue process, the degradation progresses with the existing micro-cracks and the 

nucleation and propagation of the new micro-cracks. Meanwhile, the entropy generates 

due to the progressed irreversibility at each stage of loading. The degradation grows 

and the entropy accumulates from the beginning to the onset of the second stage. 

Similarly, the accumulated damage at the end of one loading stage is the initial damage 

of the next stage and the transition point is named as the knee point. The number of 

micro-cracks increases and the entropy increases as well. Finally, in the last stage, as 

soon as the macro-cracks once occur, the entropy and hence damage propagates 

exponentially perpendicular to the stress amplitude level and up to the final failure. 

4. Results and discussion  

4.1. Evolutions of entropy generation rate 

The evolutions of the entropy generation rate at constant amplitude and load increase 

tests are given in Figs. 4 and 5, respectively, for the SAE 1045 steel. For the constant 

amplitude tests, the progress of the rate development is similar to the three-stage 

behavior schematically shown in Fig. 2. 

During the first few thousand cycles, the entropy generation rate increases and then 

reaches a more stationary state with the rate development starting at zero. For the 

different stress amplitudes, the average rate drifts upwards with an increasing number 

of cycles until a steady-state is achieved. With the exception of the stress amplitude of 

400 MPa, the rate in stage II is somewhat lower may cause by cyclic hardening effects. 

There is no doubt that the stable mean entropy generation rate along the gauge of the 

specimen increases monotonically with increasing stress levels. Finally, the rate 

increases strongly due to the large plastic deformation caused by stress intensities at the 

crack tips. 

For the load increase tests the entropy generation rate remained close to zero at the 

beginning of the loading sequence, indicating that for stress amplitudes below the 

fatigue limit fatigue damage due to the internal friction effect is not measurable [56], 
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shear stresses within the lattice structure are below a certain critical value, and 

dislocation reactions, such as dislocation movement, the formation of walls or sub-

grains, are limited. When the stress amplitude is above the fatigue limit zones of 

localized microplastic deformation emerge and dislocation reactions such as increase 

or decrease in dislocation density or movement appear. Those processes lead to an 

irreversible microstructural change and consequently to an increase in dissipated energy, 

which is reflected in the macroscopic appearance of the temperature [51]. The 

development of the entropy generation rate obviously shows an accelerated increase 

corresponding to the stepwise increased stress amplitudes and the first two stages can 

be observed while stage III indicates the fracture of the specimen and is limited to the 

last loading sequence of the load increase test. 

4.2. Damage evolution in constant amplitude tests 

Fig. 6 shows the evolution of the damage parameter for the SAE1045 steel at 

different stress amplitudes of the constant amplitude loading tests. The specimens have 

a low defect density at the beginning, where D0 = 0. It can be clearly seen that in the 

early stages of the fatigue life, the damage parameter can be approximated to increase 

monotonically with the slope increasing continuously in a non-linear way with an 

increasing number of cycles until final fracture. This development is different for the 

different stress amplitudes being applied as can be seen from the results shown in Fig. 

6. This further proves that the linear accumulation postulated in the P-M rule does not 

hold. 

Fig. 7 graphically presents the damage evolution versus normalized entropy 

generation (s/sf) for different stress amplitudes. At the same normalized entropy level, 

the higher stress amplitudes result in higher values of the fatigue damage parameter. 

The discrepancy in the evolution of the damage parameter for the fatigue test with a 

stress amplitude of 400 MPa is due to cyclic hardening processes shown in Fig. 4 and 

has, therefore, to be considered separately. 

According to Eq. (26) the result shows a good relationship between fatigue 

degradation and entropy generation. It is therefore pointed out that thermodynamic 

entropy as an index of fatigue degradation can be used to assess the fatigue damage in 

the cyclic loading process. 
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4.3. Damage evolution in load increase tests 

A load increase test is an interesting experiment to study the entropy development at 

different stress levels within a single experiment. Using the fatigue damage equation 

and the entropy generation relationship, the evolution of the fatigue damage can be 

evaluated.  

The damage evolution versus the fatigue life of the SAE1045 steel exposed to the 

load increase sequence as described before is shown in Fig. 8. In the unloaded state, the 

specimens show initially a low defect density, D0 = 0 , namely no micro-cracks or 

damage, and to be free from an entropy history expressed as si = 0. When the stress 

amplitudes are lower than the fatigue limit no measurable fatigue damage is observed 

from the entropy information. Measurable degradation starts with the typical fatigue 

characteristics resulting from intrusions and extrusions that can be observed on a 

specimens’ surface. Thereafter micro-cracks start to nucleate and then move along the 

slip planes of maximum shear stress, which is in the case of uniaxial loading 45° related 

to the loading direction. The higher the stress amplitude is applied, the more sites of 

microplastic deformation are activated being a consequence of inconsistent grain 

boundaries, localized dislocations, and inhomogeneous grain size. When the stress is 

higher than the fatigue limit, plastic deformation becomes measurable and the entropy 

progressively increases from load level to load level. It can be observed from Fig. 5 that 

stage I and stage II can be described for each loading level and it is therefore logical to 

assume that what has been accumulated at the end of stage I corresponds to the initial 

value of stage II, and being continued so forth. Thus, the rate of the degradation changes 

with the amount of stress being applied which can be observed from the knee points 

indicated by arrows in Fig. 8a. As the number of cycles increases, micro-cracks are 

nucleated and connected to form a macro-crack, which can be referred to as the critical 

damage through measurement of a critical entropy formation. Near the final failure, the 

damage size increases dramatically and the fracture occurs after the formation of 

macro-cracks with the fatigue damage parameter reaching the value of 1. 

As discussed above, the entropy generation during the fatigue process can be used as 

an index to evaluate the fatigue degradation. Simultaneously with the rise of the 

degradation, the entropy continuously increases as well towards the final fracture 
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fatigue entropy (FFE). Based on former work the FFE for a certain material is constant 

[36,38], regardless of the type of the mechanical fatigue load, such as tension-

compression, bending or torsion, frequency, and geometry, and possibly others, which 

has been proven through the application of different models of FFE calculation [27,36]. 

Based on Eq. (21), the results of FFE calculations for fifteen specimens are given in 

Fig. 9. The spreading of final test data is a bit large, excluding the two too high points, 

the FFE for SAE 1045 steel is about 8.6 MJ/m3K. For a more precise fatigue damage 

calculation, the above used FFE data came from its own test instead of the average 

value. Besides, more load-history tests will be performed in the future to quantify the 

dispersion of the FFE of SAE 1045 steel. 

The evolution of fatigue damage versus the normalized entropy generation is 

depicted in Fig. 10. As the damage progresses towards the final fatigue failure, the 

accumulated entropy increases monotonically until FFE. The agreement is very good, 

which can prove that FFE is independent of the load sequence. It should also be noted 

that the cumulative entropy generation gives a unit value which can be used as a 

criterion for the onset of fatigue damage or can be used with regard to SHM activities 

for detecting damage before final fracture. 

5. Conclusions 

A modified approach based on thermodynamic entropy generation is an effective 

strategy for monitoring the development of fatigue damage, which has been verified 

through various constant amplitude and load increase tests. The evolution of the entropy 

generation rate during the fatigue testing can be well given based on this modified 

entropy calculation method. The tests were carried out at room temperature under 

stress-control and a stress ratio of R = −1. The material investigated was the unalloyed 

medium carbon steel SAE 1045, which is widely used for engineering components. 

Unlike the Palmgren-Miner’s rule, the proposed method takes the temperature or the 

fracture fatigue entropy as an index of degradation, and a non-linear equation is used to 

characterize the relationship between the degradation provided by damage and entropy 

generation. It can be seen from the results that the fracture fatigue entropy is 

independent of the load-time history and can be calculated to a value of ~8.6 MJ/m3K. 

As expected, there is an overestimation of the fatigue damage by using the linear 
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Palmgren-Miner’s rule, which underlines the advantages of non-linear damage 

accumulation approaches. 

Another thermodynamic parameter, exergy, can also be used to evaluate fatigue 

damage since it considers the influence of the environment on the irreversibility of the 

thermodynamic system and the calculation process is similar to the entropy, which will 

be discussed in the future. In addition, the proposed approach still has to be subjected 

to a comprehensive experimental validation, whereby in addition to different stress 

amplitudes also different load time histories have to be included in the verification, and 

even with different metals and alloys, or with heat-treatment procedures. 

Corresponding investigations are currently ongoing and will be continued within the 

framework of further research work. 
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Table 1 

Chemical compositions of normalized SAE 1045 [32]. 

(Wt.-%) C Si Mn P S Cr Mo Ni 

DIN 
min. 0.42 - 0.50 - - - - - 

max. 0.50 0.40 0.80 0.030 0.035 0.40 0.10 0.40 

Customer’s 

report 
0.47 0.23 0.72 0.012 0.013 0.06 0.014 0.07 

 

Table 2 

Material properties of normalized SAE 1045 [32]. 

Property Unit Value Property Unit Value 

Ultimate strength MPa 710 Mass density kg m-3 7821 

Yield strength MPa 413 Specific heat capacity J kg-1 K-1 474 

Poisson’s ratio — 0.3 Heat conduction coefficient W m-1 K-1 48 

Young’s modulus GPa 214 Linear thermal 

expansion coefficient 
10-6 K-1 11 

Brinell hardness HB 210 

Thermophysical parameters taken from the Ref.31 
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Fig. 1. Experimental setup with servo-hydraulic fatigue test system and thermographic 

measurement [32]. 

 

Fig. 2. Schematic representation of the temperature evolution process during a single 

loading stage. 
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Fig. 3. Schematic of damage accumulation vs. number of cycles during load increase 

tests. 

 
Fig. 4. Entropy generation rate vs. the number of cycles in the constant amplitude tests. 

 

Fig. 5. Entropy generation rate and stress amplitude vs. the number of cycles of load 

increase tests: (a) in constant loading step length; (b) in constant load increments. 
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Fig. 6. Damage parameter vs. the number of cycles of constant amplitude tests. 

 

Fig. 7. Damage parameter vs. normalized entropy of constant amplitude tests. 

 

Fig. 8. Damage parameter vs. the number of cycles of the load increase tests: (a) in 

constant loading step length; (b) in constant load increments. 
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Fig. 9. The values of fatigue fracture entropy of SAE 1045 steel. 

 

Fig. 10. Damage parameter vs. normalized entropy of load increase tests: (a) in constant 

loading step length; (b) in constant load increments. 
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Abstract 

The change of mechanical stress-strain-hysteresis and different physical parameters 

during fatigue tests have been measured to demonstrate the fatigue behavior and 

damage evolution processes of metallic materials. The electrical resistance e.g., can 

provide important information regarding the microstructural alteration by indicating the 

development of dislocation density. The states of such parameters of a fatigue specimen 

in a load-free sequence can represent the state of a component with a defined cyclic 

loading history. Therefore, conventional techniques measuring these parameters of 

common fatigue tests or even of service load tests with additional load-free sequences 

should have the application potential of remaining service life estimation and must be 

experimentally validated. In the scope of this paper, characteristic cycle-dependent 

changes of diverse physical parameters of fatigue specimens made from normalized 

SAE 1045 steel were determined and correlated with the residual stress state and 

dislocation density quantified by X-ray diffraction (XRD) and transmission electron 

microscopy (TEM) respectively. 

 

Keywords: Fatigue behavior; Load-free sequence; Thermography; Electrical 

resistance measurement; TEM; XRD 
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1. Introduction 

For a suitable dimensioning and material selection, the understanding of the cyclic 

deformation behavior is fundamental for reliable and economical operation of fatigue-

loaded components. The underlying mechanisms are very closely linked to the present 

microstructure characterized by the complexity of the interrelated processes within the 

fatigued material volume. Cyclic loadings cause micro- and microplastic deformation 

of metallic materials, while characteristic dislocation structures and deformation 

properties are formed during cyclic softening and hardening processes. It is the initial 

point for fatigue, which will consequently lead to failure and eventually the fracture of 

the component in service, if the applied load level is beyond a critical threshold value. 

From the conventional point of view, changes in the mechanical behavior under 

stress-controlled fatigue loading are in general characterized by the evolution of the 

plastic strain amplitude εa,p [1,2]. Hence, they are expressed as a function of the number 

of cycles N and providing so-called cyclic deformation curves. For the fatigue 

experiments within this work, the change in temperature ΔT [3–5] and the change in 

electrical resistance ΔR [6–9] are determined from additional non-destructive 

measurement technologies with high accuracy. The electrical resistance mentioned 

within this paper is measured just for the test section in the middle of the fatigue 

specimen, where the most microscopic changes take place in the whole volume of the 

bulk material. It depends on the specimen geometry as well as on the material-

dependent resistivity ρTotal, which changes during plastic deformation due to variations 

in defect, i.e., predominantly the changes in dislocation structure and density in the first 

fatigue state up to 15% of the lifetime. Within that range, no micro-crack formation or 

propagation takes place. It is therefore the motivation and also the focus of this work, 

to look closely at the correlation between the macroscopic change in electrical 

resistance and the changes taken place on the microscopic scale. A DC-based electrical 

resistance measurement has been applied for evaluating progressive fatigue damage 

[10,11]. Especially the potential drop measurement is an established method to 

characterize the fatigue crack growth behavior [12]. In contrast to the method presented 

within the scope of this paper, the former methods of measuring electrical resistance 

were mostly aimed at the crack-related change in specimen geometry (remaining cross-

section area) but not at the damage-related change in the microstructure of the material, 
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although the interpretation of the measurement curves requires generally other 

considerations [13]. Methods for measuring the change in electrical resistance are also 

suitable for continuous application to complex components in load-free sequences 

referring to condition monitoring. 

Referring to the microscopic damage characterization, dislocations can be observed 

by means of etch pit, X-ray diffraction or transmission electron microscopy (TEM) [14], 

but they do not provide an accurate spatial distribution of the depicted dislocations. 

Thus, formation of dislocation cell boundaries and micro-bands in deformed steel 

cannot be detected using the former two techniques. In this regard, TEM provides the 

highest spatial resolution for the characterization of dislocations. Multiple 

measurements are needed for a statistically significant result, as only a local sample 

area is analyzed. 

During TEM measurements, thin samples (with a thickness of approx. 100 nm) are 

exposed to a high-energy electron beam (200 keV). Due to the strain field associated 

with dislocations, lattice planes are locally bent. The bending decreases for an 

increasing distance from dislocations. Depending on the diffraction condition from the 

bent planes, a diffracted beam with a dark contrast can be formed. Therefore, 

dislocations appear as dark lines in a bright field TEM image [15]. The width of the 

dark contrast is related to the strain field of the dislocations. Based on this, the 

observation of dislocation networks and pileups at boundaries can be performed by 

using TEM [14]. Quantitative information such as the Burgers vector and the slip plane 

of dislocations can be obtained. By analyzing the TEM images, the dislocation density, 

i.e., the number of dislocations per unit area or the length of dislocation lines per unit 

volume, can also be calculated. 

Thin samples could be troublesome, since they are mostly bent and show therefore 

high internal stress. On the other hand, comparably thick samples would show a dark 

contrast [16]. Because the sample thickness affects the dislocation density 

measurements. The sample thickness needs to be measured accurately. The foil 

thickness can be determined in a TEM using a wedge sample, convergent beam electron 

diffraction (CBED), electron energy loss spectroscopy or the projection of inclined 

stacking faults [17]. However, there are certain drawbacks in applying these techniques. 



Paper 4 

157 

 

If the region of interest (ROI) does not show any formation of bend contours, the sample 

thickness cannot be determined by using a wedge sample. Also, the error involved in 

thickness calculation using the CBED technique is approx. 10% under certain condition 

[18]. 

2. Material, specimen geometry and methods 

2.1. Material and specimen geometry 

The material investigated is SAE 1045 (C45E) steel, which is in accordance to DIN 

EN 10083–2:2006–10 [19]. The raw material was delivered as round bars with a length 

of 5000 mm, a diameter of 20 mm and a scaly surface due to the heat treatment, which 

was performed by the manufacturer. The steel experiences at first an austenitisation at 

850 ◦C, which is followed by a controlled slow cooling to ambient temperature, with 

the aim to obtain an almost ferritic-pearlitic microstructure, which is as depicted in Fig. 

1a. In the micrograph, ferrite is displayed in light gray and represents about 50% of the 

displayed microstructure. Pearlite occurs near the ferrite regions in-between the 

cementite lamellas (black). 

The hourglass-shaped specimen geometry, which applied identically for all fatigue 

tests, is shown in Fig. 1b. The surface of the test section is polished and the roughness 

afterwards could be determined as Ra = 0.25 μm and Rz = 5.99 μm by a confocal 

microscope (Smartproof 5, company Zeiss). 

The SAE 1045 (C45E) steel in the normalized condition is a ductile material and 

exhibits a Brinell hardness of 210 HB. The chemical composition from the 

manufacturer’s report in comparison with DIN EN 10083-2 is summarized in Table 1, 

the mechanical and quasi-static properties are summarized in Table 2. 

2.2. Fatigue testing system and test procedures 

All tests were performed at laboratory ambient conditions and room temperature (RT) 

with a servo-hydraulic testing system (EHF-U, company Shimadzu). The load capacity 

of the servo-hydraulic testing system is ±50 kN and the applied load cell allows to 

measure in force with an accuracy of ±0.5% of the nominal load range. One load 

increase test (LIT) and several constant amplitude tests (CAT) were conducted stress-
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controlled with a constant stress ratio of R = -1, a test frequency of f = 5 Hz and a 

sinusoidal load-time function. The total fracture of the fatigue specimen or an ultimate 

number of cycles Nmax = 2 × 106 was defined for the stop criterion. In case of total 

fracture, the number of cycles would be counted as Nf. The procedure of the LIT is 

determined as starting at a stress amplitude of σa,start = 100 MPa with a stepwise increase 

of Δσa = 20 MPa after every ΔN = 9 × 103 cycles until specimen fracture. 

Fig. 2 shows schematically the different experimental procedures. In addition to LIT 

and CATs, one CAT with load-free sequences (σa = 0 MPa) were carried out to evaluate 

measured values load- and temperature-independently, in order to characterize the 

intermediate damage state as it was done for railway wheel steel [11]. The result of a 

LIT describes the cyclic stress-strain behavior and can be used to estimate the fatigue 

limit at the same time with only one single test. The stress amplitude starts with a 

significantly low value and is increased each time after a certain number of cycles is 

reached. 

Within the scope of this paper, M can represent the plastic strain amplitude εa,p, the 

change in temperature ΔT or the change in electrical resistance ΔR of the specimen, 

respectively, which were continuously and simultaneously measured during fatigue 

tests. For strain measurements, an extensometer (Dynastrain, company Shimadzu) was 

fixed to the specimen’s gauge length. To prevent leakage of electric current through the 

machine frame during the electrical resistance measurement, the grips were electrically 

isolated. 

The characterization of the fatigue behavior is based on measurement data from 

mechanical stress-strain hysteresis, quantitative thermography and particularly 

resistance measurement using a test setup shown in Fig. 3 [20,21]. 

2.3. Quantitative thermography 

The change in temperature was measured via an infrared camera (thermoIMAGER TIM 

450, company Micro-Epsilon). This system provides a spectral range of 7.5 μm–13 μm, 

an optical resolution of 382 pixels × 288 pixels and a thermal sensitivity of min. 40 mK. 

The data was acquired by the supplied software. For the temperature measurements, 

three ROIs of 10 pixels × 10 pixels were defined along with the specimen in certain 
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pixel positions in the field of view (FOV) of the IR-camera: one in the middle of the 

gauge length (T1) and two at each shaft (T2 and T3). The cross-sectional area of the 

shafts is much bigger than that of the gauge length. Due to this, temperatures on the 

shaft are subtracted from the temperature in the middle of the specimen, in order to 

eliminate the influences caused by the elastic portion and the surrounding. The change 

in temperature was calculated according to following equation: 

∆T = T1 − 0.5 ∙ (T2 + T3)                       (1) 

Due to the push-pull fatigue loading without mean stress (R = -1), there is only a 

negligible elongation of the specimen during the fatigue test and the effects from the 

transverse strain was neglected. 

The reasonableness of the application of quantitative thermography in fatigue 

behavior characterization can be derived from the consideration of the stress-strain 

hysteresis loop. The enclosed area of a single hysteresis loop describes the energy from 

plastic deformation per cycle per unit volume of the specimen [22], which will be 

transformed into other kinds of energy [4,23–25]. Thus, microstructural changes such 

as dislocation reactions, micro- and macro-cracking and their propagation can be 

activated. The predominant proportion of about 90%–95% of the deformation energy 

turns into heat dissipation, which is the reason why the temperature change can be 

correlated directly with the plastic deformation or the cumulative damage [26]. In 

general, for metallic materials, the dissipated energy can be characterized easily by 

measuring the change in temperature on the specimen surface, since the thermal 

conductivity is mostly quite high. 

For the temperature measurement, all specimens were sprayed with a matt black paint, 

obtaining an emission factor of ~0.97 on the surface of the specimen. Since the 

maximum temperature change occurring during the tests was only approx. 13 K, the 

change in the emissivity during fatigue tests can be neglected. For the sake of thermal 

stability as well as the accuracy during long durations of the experiments, the infrared 

camera system has been improved by an active cooling system (Fig. 3, detail 3). 

In addition, to stabilize the temperature of specimen grips, a separate cooling system 

based on Peltier-elements with liquid coolant was developed, which is an essential 
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precondition for using sensitive thermometric techniques. 

2.4. Resistometry 

For highly sensitive resistance measurements, the specimen was subjected to a direct 

current of I = 3 A and the electrical resistance R of the test section was accurately 

measured by applying the common four-point technique [27]. The DC is supplied via a 

pair of copper electrodes on the shafts of the fatigue specimens. The voltage across the 

test section is picked up through two wires, which are attached closely to the edges of 

the shafts at Ø12, by a highly sensitive 24-bit data acquisition card. The R value can be 

then calculated with the known current value according to the Ohm’s law. Besides 

negligible geometry-changes under mean stress-free loading, the electrical resistance R 

and its change ΔR before micro-crack initiation and macro-crack propagation depend 

exclusively on the specific electrical resistance ρTotal, which is a function of 

deformation-induced microstructural changes. The following equation reveals the 

relationship between the electrical resistance and the specific electrical resistance: 

R = ρTotal ∙
L

A
                       (2) 

Where L and A are the length and the cross-sectional area, respectively, of the test piece. 

According to the Matthiessen’s rule [28], ρTotal consists of at least 2 terms described 

as ρ0 and ρIdeal, where ρ0 is nominally temperature-independent, determined by the 

internal defect structure such as the concentration and distribution of dislocations, 

impurities, vacancies and grain boundaries, while ρIdeal is highly temperature-dependent: 

ρTotal = ρ0 + ρIdeal(T)                       (3) 

If the temperature is stabilized, it can be assumed that ρTotal is only dependent on ρ0, 

i.e., the internal defects. Micro-cracks result in material separation, as well as the 

reduction of the effective specimen cross-section, increase additionally the electrical 

resistance of the investigated volume. 

2.5. XRD 

X-ray diffraction (XRD) investigation is primarily used for phase analysis and 
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residual stress evaluation of crystalline materials. Residual stresses of a component or 

a specimen can be influenced e.g., by manufacturing processes as well as by mechanical 

load and can, therefore, indicate their durability. 

The diffraction of the incident X-ray occurs, when the spacings of the crystal lattice 

planes are in the same order of the wavelength, which is in the range of 0.01 nm–10 

nm, corresponding the case of crystalline materials. Due to the 3-dimensional lattice 

structure, a spatial diffraction grating is generated. The X-rays are diffracted under the 

Bragg angle θ at the electron shells of the irradiated atoms, whereby the diffracted 

waves interfere with each other. Depending on the distances between the atoms, 

diffracted waves have different path differences. At which angel a constructive or a 

destructive interference occurs, depends therefore on the distances between the atoms. 

Depending on the angular position for constructive interference, micro-strains can be 

determined, which in turn are used to evaluate the residual stresses in the crystalline 

metallic material. 

For the evaluation of the load- and cycle-dependent change of residual stresses near 

to the surface, X-ray measurements were performed by using a diffractometer type 

Seifert XRD 3000 PTS with a primary Cr-Kα-beam having a diameter of 150 μm. The 

scanning range of 2θ (between the incident and the reflected beam) was set to angles 

between 148◦ to 162◦ to measure interferences at the {211} plane, were 2θ is 156.08◦ 

for a residual stress-free condition according to PDF-2 2016 Database Version 2.1603 

[29]. For compression (tension) residual stresses, the interference peak is shifted to 

lower (higher) 2θ values. To consider different grain orientations, the specimen was 

tilted stepwise by 29 increments for Ψ angles in the range from -45◦ to +45◦ during the 

measurement. For the distribution of line positions, 2θ values are plotted vs. sin2 Ψ in 

equidistant increments. Based on this relationship and depending on the focus or cross-

correlation method, the X-ray software calculates the residual stress values [30]. 

2.6. TEM 

For TEM investigations, specimens were machined out from the gauge lengths of the 

fatigue specimens. Using focused ion beam (FIB) milling, thin lamellae of 2.7 μm × 

6.7 μm (w × l) were prepared. All TEM measurements were conducted with a cold field 

emission gun (JEMARM 200F, company JOEL) equipped with a hexapole Cs corrector 
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(ASCOR). By using this type of TEM, dislocations can be observed when the sample 

is aligned in a specific position concerning the incident electron beam. For realising 

this arrangement, the sample is tilted using a double tilt holder. 

A TEM-based dislocation density study is difficult to conduct for C45E steel because 

of its ferromagnetism, so that the objective lens astigmatism needs to be corrected [16] 

for different sample tilting positions. Progressing fatigue cycles lead to the formation 

of dislocations which create in turn internal stress fields. The stress fields lead further 

to the formation of diffuse Kikuchi diffraction pattern lines. Therefore, achieving the 

two-beam diffraction contrast condition for imaging dislocations becomes troublesome 

[16]. Furthermore, the two-beam diffraction contrast needs to be evaluated from each 

micro-grain. Due to the limitation of the maximum tilt angle in a TEM, the two-beam 

condition can only be achieved in a small number of grains. This results in the 

evaluation of a small sample area. 

The local sample thickness was calculated by using energy-filtered transmission 

electron microscopy (EFTEM). In this regard, by measuring the local energy loss in 

EFTEM, the thickness to mean free path ratio (t/λ) maps are acquired by using (i) the 

zero-energy loss peak and (ii) the whole energy loss spectrum. Five t/λ maps were 

captured for samples in different fatigue conditions of the SAE 1045 (C45E) steel. The 

mean free path was calculated from the sample composition by using Digital 

Micrograph script [31]. The Digital Micrograph script is based on the model given in 

Ref. [32]. The mean free path λ of the SAE 1045 steel was calculated to be 110.5 nm. 

Thus, the sample thickness was obtained using Eq. (4) [33]. 

t = λ ∙ ln (It/I0)                       (4) 

In equation (4), t is the sample thickness (nm), λ is the mean free path (nm), It is the 

total area of the energy loss spectrum (nm2) and I0 is the area under the zero-loss peak 

(nm2). The zero-loss peak was estimated with a filter of width 10 eV. The mean sample 

thickness varied approximately between 160 nm and 350 nm for all specimens. 

For measuring the dislocation density, a square grid containing equally spaced 

horizontal and vertical lines was drawn on the TEM micrograph. The total length of all 

the horizontal and vertical lines in the square grid L was determined. The total 
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intersection points of the horizontal and vertical lines with dislocations were counted 

as N, while the intersection points with the grain boundaries were disregarded. 

Afterwards, the dislocation density was calculated using equation (5) [34]. 

ρ = 2N/(L ∙ t)                      (5) 

where ρ is the dislocation density (m-1) and t is the local sample thickness (m). 

3. Results and discussions 

In Fig. 4, ΔT calculated according to equation (1) during the LIT is plotted beside σa 

versus the number of cycles. From σa = 280 MPa (N = 81 × 103) on, there is a slight 

change in the ΔT-N-slope indicating the first micro-plastic deformations (Fig. 4, detail). 

Based on this result, the fatigue limit (stress amplitude at transition) can be estimated 

with a value between σa = 280 MPa and 300 MPa agreeing very well with the transition 

to the fatigue strength of normalized SAE 1045 (C45E) steel evaluated in a 

conventional manner [35]. 

After the LIT, CATs were performed to validate the results of the LIT regarding the 

estimation of the fatigue limit and to acquire data for further fatigue life calculation 

methods (e.g., PhyBaL [36], StressLife [37], StrainLife [38]), which are less relevant 

to the purpose of this paper. Furthermore, the progress of different material responses 

measured simultaneously can be compared. 

Fig. 5 proves that the progress of ΔT (Fig. 5b) is in good accordance with the results 

from conventional strain measurements using εa,p (Fig. 5a). CATs at 320 MPa and 380 

MPa were repeated once respectively, resulting in very similar courses of the 

measurands with only slightly change of Nf and the maximum of ΔT after the first cyclic 

softening, which can be explained by normal scattering of the material. 

The cyclic deformation behaviour under different stress amplitudes is characterized 

for both measurands, εa,p and ΔT, by the varying incubation intervals respectively, 

where the measurands are close to zero until the first cyclic softening coming up with 

obviously increasing εa,p and ΔT values. After reaching the cyclic softening maximum, 

cyclic hardening process leads to decreasing measurand values until shortly before the 

final failure. The macroscopic crack formation and propagation leads to fictive 
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secondary cyclic softening. It can be seen from Fig. 5, that the cyclic deformation 

behavior can be equivalently described through measurands derived from mechanical 

stress-strain hysteresis as well as temperature measurements. This can be traced back 

to the common physical background of both methods and the related cross-effects 

described in the paragraph 2.3. 

This finding is stated with the result of linear regression shown in Fig. 6, where ΔT 

and εa,p values from the same CAT are compared at identical, logarithmically counted 

cycles (N = 1, 2, …, 10, 20, …, 100, 200, …1000, 2000, …), namely for all 6 conducted 

tests. From this diagram, it can be seen clearly that there is a reliable linear correlation 

between the two quantities with a high compliance factor (R2), independent from the 

load level of the CAT performed. 

For the validation of the applied test strategy with load-free pauses as presented in 

Fig. 2c, CATs at σa = 343 MPa until a certain percentage of the estimated Nf are 

conducted, according to the S–N-curve calculation based on the results shown in Fig. 

5. Here the values are determined as 5%, 15% and 50% of the number of cycles at 

specimen fracture. Besides ΔT and εa,p, the change in electrical resistance ΔR (averaged 

over several cycles) was also measured and calculated in this case, as shown in Fig. 7. 

It is to be seen at first, that all three measured parameters show congruent courses. 

Features of these curves like the length of the incubation phase, the cyclic softening and 

hardening effect are almost identical to the results of the CAT conducted under a very 

closed stress amplitude of 340 MPa (Fig. 5, green curves). While the values of the 

curves from the CAT stopped at 5% Nf are still increasing due to cyclic softening, at 

15% Nf, all three measurands reach here almost the maxima of the curves. A tiny 

fallback can be observed at the end of the curves from the CAT until 50% Nf, since the 

test located then in the state of cyclic hardening. 

Furthermore, there is indeed a different behavior of ΔR. Unlike ΔT and εa,p with the 

typical “s-shape” increasing behavior during the cyclic softening, the courses show 

different linear-like increments in ΔR. This is a clear indication, that the change in ΔR 

is not totally depended on the temperature as it was already stated before. 

Following the test strategy shown in Fig. 2c, a CAT with load-free (σa = 0 MPa) 

sequences having the same holding time of 1800 s was performed, in order to determine 
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the change in electrical resistance ΔRload- free at ΔT = 0 K [11], so that ΔRload-free can be 

determined without any temperature influence. The CAT was hold load-free when the 

incubation interval (100 cycles), as well as the 5%, 15% and 50% of Nf, are reached 

respectively. The change in electrical resistance detected in an unloaded condition, 

therefore, provides reproducible results on the proceeding fatigue damage due to 

increasing defect density and is virtually unaffected by phonons, which is in accordance 

to Matthiessen’s rule [28]. 

Fig. 8 summarizes the results of ΔT and ΔR changing after the test time. The applied 

measurement methods are equally suitable for fatigue assessment. Within the 

incubation phase of 100 cycles, the both parameters show minimal changes. It is also 

hardly to see due to the short loading duration on the time axis with a unit of hour. After 

each load-free sequence, the last values of the previous loading sequence are “recovered” 

again with the same manner of the increment. The values and the increasing manner of 

the curves from the single CAT with pauses are almost identical, comparing to the 

results obtained from different CATs as shown in Fig. 7. This is an evidence, that the 

measured physical values are exclusively dependent on the applied loading but not 

affected by the load-free sequences. Therefore, the applied test strategy can lead to 

comparable results for CATs until the same phase of fatigue life, as demonstrated in 

Fig. 7. 

The detail, that the first significant raise of the both curves are slightly different, can 

be observed in Fig. 8, too, as already mentioned for Fig. 7: While the slope of the raising 

part of the ΔR-Time-curve keeps almost constantly linear, the course of ΔT-Time has 

a special “s-shape”. A maximum change in temperature of 5.38 K and a maximum 

change in electrical resistance of 5.12 μΩ are noted at the stage of maximum cyclic 

softening after 15% Nf at t = 1.5 h, respectively. Decreasing ΔT and ΔR values due to 

cyclic hardening in the fourth cyclic loading section can also be seen, as already 

confirmed from the results of CAT until 50% Nf shown in Fig. 7. 

The specimen of the single CAT with pauses was neither for TEM sample 

preparation nor for investigations with in-situ TEM considered. Therefore, for TEM 

analysis, the three different CAT specimens from Fig. 7 along with one more specimen 

in an undeformed state as reference are used. These samples were also used for the 
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XRD measurements furtherly. 

In Fig. 9a and b, the TEM results reveal the presence of ferrite (pointed out by light 

blue arrows) and cementite (dark red arrows). Cementite is observed to form an 

elongated lamellar morphology. The interlamellar spacing between cementite varies 

between 250 nm – 370 nm. The width of the cementite lamellae is 48 nm. A dark 

contrast due to dislocations can be noticed as well. In addition, Fig. 9b displays 

dislocations between two lamellas of cementite (red arrows). In the initial state (N = 0 

cycles), a homogeneous dislocation distribution (yellow arrows) occurs in ferrite (Fig. 

9c). Here, the dislocation lines appear intertwined. The dark contrast is either due to the 

strain field of the surrounding dislocations or diffraction contrast. In Fig. 9d, fatigue 

cycling to 5% Nf leads to a parallel array arrangement of the present dislocations. 

Moreover, in Fig. 9e, representing the point of maximum cyclic softening (N ≈ 15% 

Nf), elongated dislocations are observed, which is typical for normalized SAE 1045 

steel. The dislocation contrast increases from 0% to 15% Nf. A fatigue loading up to 

50% Nf leads to significant changes in both the dislocation arrangement and the 

dislocation density (Fig. 9f). Here, the dislocations (pointed out by yellow arrows) can 

be found to be isolated from each other. In addition, an apparent decrease in the 

dislocation density is noted. 

In contrast to earlier investigations, e.g., Ref. [11], only the formation of dislocation 

walls but not dislocation cells were observed during fatigue loading. This can be 

explained by the fact that the stress amplitude with σa = 343 MPa is comparatively low 

and no sufficiently high wavy sliding behavior is obtained with regard to the dislocation 

movement. 

The dislocation structure in combination with residual stress measurements indicates 

significant influences on the specific electrical resistance ρTotal, which is directly linked 

to the electrical resistance. In view of the above, Fig. 10 summarizes the individual 

behaviour of all microstructure-related parameters determined from each measurement 

in different fatigue stages. The dislocation density ρ and the residual stress σES were 

measured on CAT specimens until certain stages of the estimated fatigue life. The 

change in electrical resistance ΔRload-free was calculated by averaging the ΔR values 

measured during the stable load-free period (Fig. 8). Until 15% Nf, all the three 
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parameters (electrical resistance, residual stress, and dislocation density) increase 

monotonously. Thereafter, all three parameters drop on different scales. At 50% Nf the 

σES drops to a value similar to the original state. The ΔRload-free value falls to a value in 

between it is measured for 0% and 15% Nf. The ρ decreases slightly from its estimated 

maximum at 15% Nf. 

In the end, Fig. 11 shows the relation between the three parameters in detail. Besides 

the initial state (N = 0% Nf), pairs of values are specified for the state of pure cyclic 

softening (N = 5% Nf), for the beginning of cyclic hardening (N = 15% Nf) and in the 

saturation state (N = 50% Nf), connected with trend lines for the ρ-ΔRload-free and σES-

ΔRload-free data-pairs. Up to a fatigued state of 15% Nf, the change of the both values 

follow the increasing ΔRload-free similarly in the positive direction, but not in a 

monotonous linear manner. Hereby the ΔRload-free value increases up to 2.6 μΩ. 

Afterwards, all three values drop at 50% Nf, but differently. The ΔRload-free falls more 

than 50% back to 1.1 μΩ, which is slightly lower than it was at 5% Nf, while ρ reduces 

only back to a level somewhat lower than the maximum at 15% Nf. σES falls on the 

contrary completely back to the initial state, since the formation of microcracks releases 

the local residual stress. 

Consequently, different microstructural mechanisms dominate the increasing change 

in the electrical resistance depending on the fatigue state. It can be assumed that up to 

5% Nf, the increasing dislocation density is responsible for the comparatively slight 

increase in the change in electrical resistance. For N ≤ 50% Nf, micro-crack formation 

and propagation are decisive for the sharp decrease in the change in electrical resistance 

[11]. As a consequence of the progressive microcrack propagation and accumulation in 

the range of 15%–50% Nf, stresses in the microstructure are released, which causes the 

obvious drop of the residual stress value. This is also, but not exclusively, associated 

with a reduction in dislocation density, although its drop is not proportional to the 

change of residual stress. 

4. Conclusions 

In this paper, investigations by means of non-destructive testing (quantitative 

thermography, strain, and electrical resistance measurement), XRD and TEM were 

carried out to characterize the fatigue behavior of SAE 1045 steel. The potential of LIT, 
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conventional CAT and CAT with load-free sequences were introduced. According to 

the simultaneously measured change in temperature, electrical resistance and plastic 

strain amplitude during the whole test procedures, similar behavior indicating the 

fatigue damage development can be determined, whereby little difference of the cycle-

dependent changes between ΔR and ΔT (as well as εa,p) can be identified, providing an 

evidence for the more sensitive reliability on microscopic change of the electrical 

resistance measurement. It can be summarized, that the change in electrical resistance 

is well suited to characterize fatigue induced deformation and damage processes. 

Further experiment strategies, which aim at introducing load-free sequences and stop 

criterion till certain stadium of fatigue life into conventional CATs, have revealed 

further correlations between the macroscopic ΔR and the microscopic parameters, like 

the residual stress σES and the dislocation density ρ. The investigations on SAE 1045 

(C45E) steel specimens have shown, that fatigue tests under the same stress amplitude, 

no matter with or without load-free sequences, have comparable fatigue progresses. 

With the occurring of cyclic hardening, ρ decreased for about only 14% from the 

maximum until the saturated state at 50% Nf, whereas the change in electrical resistance 

in load-free sequences ΔRload-free was reduced by 58%. The TEM image taken from the 

sample without damage show intertwined dislocations, while other TEM graphs taken 

from samples fatigue loaded up to 15% Nf indicate an increasing dislocation contrast. 

A formation of parallel arrays of dislocations takes place in the sample fatigued until 

5% Nf. In the sample which has experienced the stage of maximum cyclic softening 

(15% Nf), elongated dislocations are observed. These dislocations become isolated in 

the 50% Nf-sample. Therefore, as proven by TEM investigations, changes of the 

dislocation structure e.g., decreasing cell diameters take place in this range of the 

number of cycles, where the distance and the possibility of dislocation movement are 

limited. As the formation and propagation of micro-cracks are intensified, ΔRload-free 

depict the defect density of the material integrally. Thus, the implementation of ΔR 

measurement in structural integrity inspection can be therefore expected, when the 

specimen is thermal stabilized and also in a load-free situation. 
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Table 1 

Chemical composition of normalized SAE 1045 (C45E) steel. 

(wt%) C Si Mn P S Cr Mo Ni 

DIN [13] 
min. 0.42 - 0.50 - - - - - 

max. 0.50 0.40 0.80 0.030 0.035 0.40 0.10 0.40 

Manufacturer’s 

report 
0.47 0.23 0.72 0.012 0.013 0.06 0.014 0.07 

Table 2 

Mechanical and quasi-static properties of normalized SAE 1045 (C45E) steel. 

Parameters  DIN [13] Manufacturer’s information 

Yield strength Rp0.2 (MPa) min. 305 413 

Tensile strength Rm (MPa) min. 580 710 

Ultimate strain A (%) min. 16 23.5 

Notch impact strength KCU (J∙cm-2) - 56 

Hardness (HB) - 210 
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Fig. 1. (a) Ferritic-pearlitic microstructure of normalized SAE 1045 (C45E) steel; (b) 

hourglass-shaped fatigue specimen geometry. 

 

Fig. 2. Schematic representation of the experimental procedures, (a) LIT; (b) CAT; (c) 

CAT with load-free sequences, M represents the measured material response, i.e., 

different physical quantities. 
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Fig. 3. Schematic illustration and photograph of the experimental setup for 

measurements of mechanical stress-strain hysteresis, temperature, and electrical 

resistance. 

 

Fig. 4. Change in temperature and the stress amplitude versus the number of cycles of 

a LIT. The number of cycles is displayed linearly. The section of the estimated fatigue 

limit is shown in detail. 
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Fig. 5. Cyclic deformation curves based on the plastic strain amplitude (a) and the 

change in temperature (b) determined from constant amplitude tests for specimens of 

normalized SAE 1045 (C45E) steel. The number of cycles is displayed logarithmically. 

 

Fig. 6. Correlation between εa,p and ΔT from different CATs shown in Fig. 5. 
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Fig. 7. Cyclic deformation curves based on the change in temperature (curves on the 

bottom), the plastic strain amplitude (curves in the middle) and the change in electrical 

resistance (curves on the top) determined from CATs at σa = 343 MPa until 5%, 15% 

and 50% of predicted Nf respectively. The number of cycles is displayed 

logarithmically. 

 

Fig. 8. Courses of the change in temperature and the change in electrical resistance of 

a CAT with load-free sequences (σ = 0 MPa) after incubation phase as well as after 5 %, 

15 % and 50 % of Nf. The time is displayed linearly. 
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Fig. 9. Transmission electron microscopy (TEM) micrographs showing the dislocation 

structures for samples, after: (a)-(c) 0%; (d) 5%; (e)15%; and (f) 50 % of Nf from CATs 

with a stress amplitude of 343 MPa. 
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Fig. 10. Change in dislocation density, electrical resistance and residual stress with % 

of the number of cycles to failure (i.e., 0%, 5%, 15% and 50% of Nf). Data points are 

connected with smoothed trend lines. 

 

Fig. 11. Values of dislocation density and residual stress vs. the change in electrical 

resistance determined from specimens in the stage of 0%, 5%, 15% and 50% of Nf. 

Data points are connected with straight trend lines. 
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Abstract 

This paper is focused on the mechanical and magnetic behavior of an ultrafine-

grained (UFG) medium manganese (Mn) transformation-induced plasticity (TRIP) 

steel in its plastic instability. The in-situ methods of digital image correlation (DIC) and 

magnetic Barkhausen noise (MBN) are used to macroscopically characterize the 

propagation of the Lüders band (stretcher-strain marks) and the evolution of MBN 

activities during quasistatic tensile deformation. The evolution of microstructure during 

the plastic instability is ex-situ investigated using X-ray diffraction (XRD) and 

transmission electron microscopy (TEM) for selected plastic strain states. The results 

show that the plastic instability of this steel is associated with an increase of hardness 

and enrichment of dislocation density, which can also amplify the MBN signal, while 

the derived coercivity behaves reversely on an overall trend due to work hardening. The 

different stress response of the medium Mn steel is closely related to the kinetic 

martensite microstructure, which in turn modifies the domain-structure response. Thus, 

the MBN can be used as a potential means for non-destructive evaluation (NDE) for 

the strengthening of the UFG medium Mn TRIP steel. 

Keywords: Medium manganese steel; Plastic instability; Magnetic Barkhausen noise; 

X-ray diffraction; Transmission electron microscopy 
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1. Introduction 

The increasing demand for crashworthiness-improvement and weight-reduction in 

the automotive and other transportations vehicles has led to the development of the third 

generation of advanced high strength steels (AHSSs) [1,2]. Moreover, long-term use of 

lightweight steels can lead to a reduction in fuel consumption and thus detrimental 

emissions, contributing to carbon-neutrality targets in the longer term. Among those 

steels, the ultrafine-grained (UFG) medium Mn (3-12 wt.%) transformation-induced 

plasticity (TRIP) steels, containing retained γ-austenite islands or films dispersed in an 

α-ferrite or αʹ-martensite matrix, emerge a great potential to be a strong candidate due 

to its excellent strength, ductility, and toughness performance [3]. 

The TRIP effect leads to big advantages with respect to forming processes, being 

specifically relevant for automotive application. On the one hand, this includes 

hardening due to martensitic transformation and higher stiffness due to the forming of 

profiles on the other. The TRIP effect normally appears at higher strains during the 

tensile loading, where retained γ-austenite presented in the medium Mn steel transforms 

to αʹ-martensite resulting in high strength and elongation since the metastable austenite 

structure has higher ductility and a better ability to accommodate plastic strain. 

However, a discontinuous yielding phenomenon is the main drawback in such steels 

[4], which is to be observed from the yield point, followed by a stress plateau in the 

tensile stress-strain curve, where the Lüders band normally forms and propagates in 

such a stage. As a kind of plastic instability or localized deformation behavior, the 

Lüders band, which occurs in the tensile test is not desired in cases such as for 

automotive application, as such a behavior can deteriorate the surface quality of the 

material and result in an unexpected weakening of the material’s structural stability and 

even premature failure in some cases [5]. Hence, such a plastic instability problem was 

investigated previously by a considerate number of studies with different 

characterization methods, e.g., in-situ measurements including digital image correlation 

(DIC) [5-7], neutron diffraction [8,9], infrared thermography (IRT) [5,6] and ex-situ 

methods like Electron Back Scatter Diffraction (EBSD) [10,11], X-ray diffraction 

(XRD) [12,13], as well as transmission electron microscopy (TEM) [14-16]. Moreover, 

the underlying mechanisms for the plastic instability of medium-Mn steel can be 

referred from the review literature [17,18]. Nowadays, non-destructive testing (NDT) 
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is in huge demand due to its enhanced capabilities for evaluating mechanical properties. 

With many of those techniques the operation becomes increasingly intuitive, the 

measurement is non-invasive, and can even be contactless. Amongst the wide range of 

NDT techniques, magnetic Barkhausen noise (MBN) has been chosen to characterize 

the plastic instability/work-hardening of the medium Mn TRIP steel analyzed along 

tensile tests to be presented here. 

In contrast to ferromagnetic body-centered cubic (bcc) α-ferrite/body-centered- 

tetragonal (bct) αʹ-martensite, face-centered cubic (fcc) γ-austenite is paramagnetic. 

The cold-worked medium Mn TRIP steel therefore has detectable magnetic properties, 

which can be determined by MBN. MBN is emerged from the ferromagnetic materials 

through the discontinuous domain wall (DW) movements [19], which can be induced 

across a sample by applying a time-varying magnetic field. The MBN recorded in the 

form of an electrical voltage pulse, measured through applying a pick-up coil or any 

similar sensing device located near the sample’s surface. Furthermore, the MBN is 

strongly influenced by the types and numbers of pinning sites of the domain walls 

within the material being tested, where the pinning sites act as barriers for the DW 

movement and are resulted of various microstructural defects, e.g., voids, inclusions, 

phase transformations, grain boundaries, and dislocations [20,21]. However, it is not 

easy to directly link the magnetic properties with the amount of deformation-induced 

martensite directly. The MBN is very sensitive to the microstructure and 

applied/residual stress. The lattice defects induced by strain hardening can temporarily 

pin the domain walls, and the high internal stress which is generated due to an 

incompatible phase transformation strain, can also affect the motion of the magnetic 

domain [22]. The gradual deformation-induced martensite transformation will increase 

the work hardening of the medium Mn TRIP steel, and the fine martensite grains that 

generate inside the austenite grains will make the dislocation movement more difficult 

[23]. Thus, monitoring the MBN properties can be helpful for the evaluation of the 

Lüders band formation or the deformation degree of medium Mn TRIP steel, even in 

the relatively early stages before the ultimate fracture, which seems to have been barely 

studied and understood, as can be concluded from lack of literature so far. 

What follows, details of the experiments are presented first, which includes the 

material information, test procedures of in-situ DIC, MBN, and ex-situ XRD as well as 
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TEM. The MBN profile curves, dislocation densities, hardness, and phase content 

determined for selected strains are compared to find out, what changes in 

microstructural, mechanical, and magnetic properties occur, where the Lüders 

propagation is then given and discussed systematically. The results are discussed 

systematically to draw final conclusions. 

2. Material and methods 

An ultrafine-grained (UFG) medium Mn TRIP steel with a chemical composition of 

Fe-7Mn-0.14C-0.2Si (in wt.%) is studied in the current investigation. The steel was 

cold-rolled and annealed, in which the material was heated at a rate of 5 ℃/s until 

620±15 ℃ was reached and then kept for 24 h in a nitrogen atmosphere protection. The 

intercritical annealing temperatures range from 593.7 ℃ (A1) to 691.3 ℃ (A3). After 

that, the steel was cooled in air to room temperature. The microstructure consists of two 

dominant phase contents: ferrite and retained austenite. The grain size of the annealed 

material is ~360 nm, and the overall γ-austenite has ~34.7% volume fraction measured 

by XRD. The inverse pole figure map and the phase map of the material are observed 

by EBSD as shown in Fig. 1. The magnetic domain images of the annealed material can 

be visualized by using magneto-optical Kerr effect microscopy (MOKE). Fig 2 shows 

the evolution of the intensity of the magnetic domain images at 4.96 mT, 19.97 mT, 

35.01 mT, and 40.01 mT, respectively, with the range of magnetic field from -170 mT 

to 170 mT. 

In this investigation, a standard dog-bone-shaped specimen with a gauge dimension 

of 35×6×1.4 mm3 was designed and machined along the rolling direction from the 

annealed steel plate. The entire specimens’ surfaces were polished to a mirror-like finish 

before uniaxial tensile tests were carried out with a universal tester (SHIMADZU AGS-

X, 10 kN) and performed at a cross-head constant speed of 1 mm/min at room 

temperature. 

The surfaces of the specimen were speckled patterned with white and black paints to 

obtain a better contrast for the DIC measurement. To evaluate the strain distribution, 

optical photos of such prepared sample surfaces were taken at a framerate of 1 fps 

during the test. The kinematic strain field measurement was performed by a Canon 6D 

Market II camera with an EF 100mm f/2.8L IS USM lens. 
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The MBN was investigated by using a µmagnetic measurement system of QASS. 

The sinusoidal magnetic signal was excited at a frequency of 10 Hz with a coil voltage 

amplitude of 955 mV. Each excitation lasted 500 ms (5 cycles). The applied sensor was 

positioned with a minimal lift-off of ~0.3 mm, perpendicularly to the surface of the 

specimen. The raw signal was processed by selecting a region of interest (ROI) within 

a frequency band of 120 Hz -500 Hz, while denoising of the signal was made in both 

frequency and time domain. To avoid phase shift, only envelope curves were extracted 

rather than using a smoothing algorithm. The MBN signal peaks (unitless) and their 

positions (in mV regarding the coil voltage) were determined and used to characterize 

the microstructural changes on the specimens. The peak positions are considered to be 

correlated with the coercivity. 

Quantitative XRD measurements were performed to examine the distribution and 

transition of the phases for the selected strains of the tensile deformation using a Seifert 

XRD 3000 PTS diffractometer equipped with monochromatic Cr K 𝛼  radiation 

(lambda = 2.2897 Å) with a scanning range (2θ) of 35°-160°. The voltage applied to 

the X-ray tube was 40 kV with a current of 40 mA in a scanning step of 2θ of 0.01°. 

The measured area was located in the middle center of the interrupted samples, however, 

for the final fractured sample, it was measured close to the fracture surface. 

For the transmission electron microscopy (TEM) investigations, the samples from 

the gauge section after the interrupted tensile tests were thinned to a thickness of ~400 

µm (Struers Secotom-5). The sides of the samples cut in rolling direction (RD) to the 

transverse direction (TD) were polished to a thickness of ~100 µm using abrasive 

papers. After that, disks with a diameter of 3 mm were punched from these samples. 

Electron transparent samples were prepared by twin jet electropolishing (Struers 

Tenupol-5). The electropolishing was conducted at 21 V, 18 mA, -21 ℃ using a 

solution with 5% perchloric acid and methanol. TEM was performed with a JEOL JEM-

ARM 200F microscope operating at 200 kV acceleration voltage. For dislocation 

imaging, suitable tilting of the samples was undertaken in a double tilt sample holder. 

The sample thickness was measured using the energy-filtered transmission electron 

microscopy (EFTEM) mode. During EFTEM operation images of the same region were 

taken (i) using a 10-eV energy filter placed on the zero-loss peak and (ii) without an 

energy filter. For dislocation density calculation, equally spaced horizontal and vertical 
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lines were drawn on the TEM images of samples taken at the same magnification. The 

intersection points of the lines with dislocations were counted. Subsequently, the 

dislocation density was calculated by ρ = 2N/Lt  [24], where ρ is the dislocation 

density, N the total intersection points, L the total length of the horizontal and vertical 

lines, and the sample thickness. 

3. Results and discussion 

3.1. Mechanical behavior and damage 

Two exemplary tensile stress-strain curves obtained at room temperature of the 

medium Mn TRIP steel tests are illustrated in Fig. 3. One of them was accompanied by 

DIC and the other by MBN measurement. The result shows a 0.2% offset stress of 

1025 MPa, with total elongation of ~28%. Such excellent strength-ductility trade-offs 

have been reported elsewhere for the medium Mn steels having ultrafine-grained (UFG) 

microstructures [8,25,26]. Furthermore, this behavior is contributed from the 

deformation-induced γ→αʹ-martensitic transformation, where significant grain 

refinement and a high strain hardening rate occurs [27]. 

The material shows an elastoplastic behavior, after reaching the upper-yield point. 

Here, the stress rapidly decreases from 1060 MPa to 985 MPa (from point A to B) when 

strain is increased, with a small step in between, before this stress is becomes a nearly 

a constant value until a strain of 11.8% (from point B to C) is reached. Such stress 

plateau indicates the Lüders deformation behavior, of which the first Lüders strain of 

~11% tensile elongation is measured as the strain magnitude of the stress plateau on the 

engineering stress-strain curve. After such a stress plateau, a slight strain softening and 

hardening occurs, and is noticeably followed by the second Lüders band formation, 

which reaches a strain of 23.5%, corresponding to point D, and then disappears. When 

the second pass of the Lüders band is over, the ultimate tensile strength of 1020 MPa is 

shortly achieved at a strain of 28%. Afterwards, necking occurs and is followed by a 

final failure. 

The corresponding evolution of the 2D-distribution of the strain rate during the 

tensile test at selected points in time, calculated on the basis of the DIC results, is 

illustrated in Fig. 4a, while Fig. 4b highlights the details of the Lüders band nucleation 



Paper 5 

187 

 

from a strain of 0.9% up to 1.65% sequentially in correspondence to Fig. 4a. It has been 

observed from a strain level at point B (Fig. 3), which corresponds to the lower-yield 

point at a strain of 0.9%, that a Lüders band nucleates first at the upper-right shoulder 

of the sample, and then develops across the gauge of the sample, showing a +60° angle 

to the tensile direction. After the band fully penetrates the width of the sample, a second 

band is initiated and develops through the first band, being inclined under -60° to the 

tensile direction. Hence, both overlapped bands form an X-shaped strain field in a 

localized region, which propagates continuously downwards and eventually stops at 

point C as to be seen in Fig. 3. By using a confocal microscope (Zeiss Smartproof 5), it 

can be observed, that the Lüders band (area C in Fig. 5) does extrude, forming a 

protrusion with larger positive measured values than the undeformed area B. When 

continuing to apply tensile deformation, such bands further nucleate, almost at the same 

former position, and then propagated similarly from the upper to the lower end of the 

gauge section and are stopped in the end at a strain level corresponding to point D in 

Fig. 3. After that, the X-shaped strain pattern shows up once again at the original 

position and stays saturated with necking until the final fracture. Such an observation 

suggests that the deformation-induced γ→αʹ-martensite transformation, which 

promotes the enhancement of strength and ductility through the TRIP effect. 

One of the microscopic models of the occurrence of Lüders band are related to the 

Cottrell atmosphere, the formation of atmospheres around dislocations, which was 

proposed by Cottrell and Bilby [28]. It is postulated that the initial yielding needs high 

stress for pulling out of those atmospheres and be once released, the dislocations can 

be moved by lower stress. However, it is reported the Cottrell mechanism fails to 

explain the discontinuous yielding behavior in the current ultrafine-grained medium 

Mn steel in recent years [29-31]. With the help of advanced characterization technology, 

e.g., atom probe tomography [29] and in situ synchrotron high-energy X-ray diffraction 

[29,30], it is investigated that grain morphology and interface chemical decoration have 

direct influence on the yielding phenomenon in this air-cooled medium Mn steel grade. 

The rapid dislocation nucleation at the austenite-ferrite phase boundaries is responsible 

for the discontinuous yielding. The Lüders band governed elongation was explained in 

detail by Zhang [32], such as (1) Strain softening: The plastic instability emerges 

instantly once yielding occurs due to the UFG microstructure’s low work hardening 
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ability. This behavior results in a reduction in the cross-sectional area of the sample, 

and then an abrupt drop happens at the yielding point. With the development of 

inhomogeneous strain, deformation will then be localized in a narrow band; (2) Strain 

hardening: The TRIP effect induced by inhomogeneous strain is a very effective way to 

display the work-hardening ability. Such strain hardening counteracts the plastic 

instability and further restrain localized deformation; (3) Strain transfer: The 

inhomogeneous strain transfers from a hardened to an adjacent undeformed region, due 

to further localized deformation suppressed by the TRIP effect. 

3.2. Variation in the magnetic Barkhausen noise 

The variation in the curves of MBN signal intensities recorded versus coil voltage 

applied throughout the gauging zone is presented in Fig. 6a. The measurement was 

undertaken with a cyclic magnetization along the same direction in the sample as the 

tension stress was applied. It can be noticed, that the MBN intensity is highest in the 

unloaded condition, where no deformation has occurred. With increasing tensile 

deformation, the MBN signal intensity decreases as an overall trend. The variation of 

the MBN signal peak intensity and its peak position, where the peak position can be 

correlated to the coercivity of the material, were plotted together against the strain 

applied along the whole test procedure, as shown in Fig. 6b.  

It can be recognized that the 180° domain walls grow at the expense of the 90° 

domain walls during the elastic deformation, and thus the more obvious DW motion 

leads to the higher MBN response [19]. The MBN signal intensity in the elastic regime 

decreases nearly linearly, this is attributed to the stress-sensitive feature of MBN, which 

results in the reduced peak height. In the plastic regime, as the deformation increases, 

the reduction continues, followed by a plateau until the end of the test. In the plastic 

instable stage until the first Lüders band initiation takes place, which corresponds to the 

region from point B to C in Fig. 3, the change in MBN signal intensity is of special 

interest. From the upper-yield point to the valley of the σ-ε curve at a strain of ~4%, the 

MBN peak value undergoes an irregular evolution, which may be caused by the stress 

relaxation of the compressive residual stress in the steel from the cold rolling process 

[33]. After that, the MBN peak value decreases continuously till the strain of 7.5% is 

reached and then fluctuates around ~9.5×103. The fluctuation of the MBN signal 
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intensity is likely to be related to the plastic flow during the tensile deformation, and 

the macroscopic phenomenon of the plastic flow observed can be correlated to the 

Lüders band propagation. The signal intensity of the MBN drops to a negligible value 

(not shown in Fig. 6) at the point where the specimen reaches final fracture, since the 

local magnetization is interrupted. 

The hardness of the material increases with the elongation due to the increased 

dislocation density caused by tensile deformation and the thereon related cold work 

processes, which impedes the dislocation motion and works to harden the material [33]. 

The magnetic DWs can be held in place because of dislocation interactions or 

microstructural defects, so the magnetizing force is not strong enough to set the 

interactions free. Thus, the reduced DW motion will result in decreased Barkhausen 

activities [34]. This phenomenon is called the “pinning” of DWs, which was proposed 

by Kittel [35] and whose model takes the potential energy for the DW motion associated 

with the position to the potential obstacles, and further considers the inflexible wall 

whose motion is retarded by the defects density. If the defects are evenly distributed on 

both wall sides, then the force is zero, but otherwise, the force tends to move the wall 

to a more favorable position [19]. The plastic deformation creates an increase in 

dislocation which acts as the pinning site to the DW motion, and further increases the 

potential wells for DW motion [36]. 

The increase in hardness of the medium Mn steel is due to the increase in pinning 

density for the magnetic DW motion and dislocation motion by the deformation-

induced martensitic transformation (DIMT) and the dislocation structures around the 

ferrite and martensite grains [33]. With the increase in γ→αʹ-martensitic transformation 

and the dislocation density during the tensile deformation, strong pinning for the 

magnetic DW motion will emerge to decrease the signal intensity of the MBN which 

increases the coercivity of the material. When the magnetic field strength is fixed and 

higher than the maximum saturation level of the material even at a high deformation, 

the Barkhausen activity would be effected by the magnetic domains, and those domains 

will have enough energy to free them from the pinning sites. Thus, the increased plastic 

deformation results in the reduced DW motion, and which will, in turn, reduce the 

Barkhausen activity at a fixed applied magnetic excitation field [19]. 
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Magnetic materials with ultrafine grain normally reveal a high coercivity, because 

the high density of grain boundaries can provide more pinning sites for the DW motion 

[37]. Additionally, as mentioned above, the magnetic coercivity is a physical quantity 

reflecting the dislocation density, which prevents the reversible magnetic domain 

rotation if the applied magnetic field is not strong enough to free them from the pinning 

sites. Thus, the increased dislocation density will result in an increased coercivity [38], 

i.e., the coercivity can be used as a quantitative means to evaluate dislocation during 

tensile deformation of the medium Mn TRIP steel. 

3.3. Microstructural changes along with the tensile deformation 

The phase deformation and its resulting statistical analysis in terms of material 

characteristics can be supplied by XRD. The results for different states of the strain of 

the medium Mn steel are given in Fig. 7. The fcc austenite phase shows the diffraction 

peaks of {111}, {200}, and {220}, while the bcc ferrite/ bct martensite phases 

contribute the peaks of {110}, {200}, and {211}. As shown in Fig. 7a, as a result of the 

increasing tensile strain, the intensity of austenite peaks is decreased ({111} and {220}) 

and has even disappeared ({220}), while the intensity of ferrite/martensite peaks is 

increased with increasing tensile deformation. The volume fraction of retained 

austenite-𝑉γ was determined from the XRD analysis and decreased to ~9% at the final 

fracture as given in Fig. 7b, which indicates that a considerable portion of γ-austenite 

is transformed into αʹ-martensite. Hardness measurement with a load of 5 N and a 

holding time of 15 s was conducted on the samples using a Vickers hardness tester (Fig. 

7b). It becomes obvious that the hardness of the samples increased due to the 

martensitic phase transformation, and the increased dislocation density, as to be seen 

with the tensile deformation increasing from 370 HV in the annealed condition to 

427 HV in the final fracture state. 

The microstructure of the specimen before the tensile test observed by TEM is shown 

in Fig. 8a, and enlarged in Fig. 8b, showing the region of interest marked in (a), which 

contains only a few grains. It is observed from the TEM images that the amount of 

dislocation contained in the microstructure is considerably low: a few dislocation lines 

emerge in the ferrite grain and barely appear in the neighboring grains. The dislocation 

density of the initial sample is ~2.5×1013 m-2. Such a result is consistent with the 
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annealing process. It is therefore ensured that the initial dislocation density in the 

annealed material is at a reasonably low level before the Lüders deformation is reached. 

It should be noted that the martensitic transformation is not the cause of the Lüders 

band. Martensitic transformation and Lüders band generation are two independent 

mechanisms, that happen simultaneously under certain applied stress conditions [25]. 

The deformation-induced γ→αʹ-martensite transformation normally results in z hard 

and brittle martensitic phase with high dislocation density and high density of 

geometrically necessary dislocations (GNDs) in adjacent ferrite grains [39]. Then the 

samples were individually analyzed using a TEM at different strain states, as shown in 

Fig. 9 for the phase with ongoing Lüders deformation (ε = 7%, 17%, 25%) as well as 

for the final fracture at 28%. It can be recognized from the microstructures that massive 

dislocations appeared in the deformed condition. Comparison of Fig. 9 with Fig. 8 

allows to conclude, that the dislocation multiplications are on a very high level and lead 

to a high dislocation density generated during the Lüders band propagation. Thus, the 

reason why the deformation-induced γ→αʹ-martensitic transformation plays a role in 

the hardness increase, as shown before in Fig. 7b, is explained. The quantitative 

measurement of dislocations was conducted from the region of interest (ROI) of Fig. 8b 

and Figs. 9a1 to 9d1, and the dislocation density versus the tensile deformation diagram 

is given in Fig. 10, where both of the quantities are positively correlated, as discussed 

before. The dislocation density for the final fracture reached a very high value of ~1014 

m-2. Thus, more and more magnetic DWs will get pinned or arrested in their position 

by the dislocation interactions and the magnetizing force is not high enough to set them 

free. Finally, the reduced domain motion will result in the decreased MBN [40]. 

In the high-level deformation, the high-density GNDs normally work as the obstacles 

to hinder the dislocation to slide in the ferrite grains and further provide the extra strain 

hardening ability. Furthermore, the plastic deformation of the martensite with high 

dislocation density will also increase the strain hardening ability [15]. Such a behavior 

has a very close relation to the MBN activity and affects coercivity. Moreover, the 

deformation-induced γ→αʹ-martensitic transformation provides a minor contribution to 

sustain the Lüders band propagation by dislocation strength for the UFG medium Mn 

TRIP steel investigated here. 
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4. Conclusions 

The mechanical and magnetic behavior of UFG medium Mn TRIP steel has been 

investigated and presented here with the following main conclusions to be made: 

1. Nucleation and propagation of Lüders bands in plastic instability – at least for the 

TRIP steel presented here – can be visualized and possibly also further quantified by 

using digital image correlation (DIC). The Lüders band-governed elongation can be 

correlated to the plastic instability, which includes strain-softening, strain hardening, 

and strain transfer.  

2. Deformation-induced martensitic transformation (DIMT) during plastic instability 

was analyzed applying a transmission electron microscopy (TEM), which indicates that 

a minor contribution of this sustains the Lüders band propagation by dislocation 

strength and affects the deformation process of the Lüders band. 

3. Phase content, hardness, and dislocation density of the samples at different selected 

strains, measured ex-in-situ, allows the evolution of DIMT during tensile deformation 

roughly to be quantified. This affects the pinning sites of the domain walls and can 

further help to understand the mechanical and magnetic behavior in the material 

exposed to tensile deformation. 

4. DIMT behavior affects the MBN signal intensity and coercivity of the material. This 

non-destructive technique opens a wide range of possibilities to characterize and 

understand the deformation process in ferromagnetic materials, such as the UFG 

medium Mn TRIP steel. 
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Fig. 1. Crystallographic characteristics of the medium Mn TRIP steel: (a) EBSD inverse 

pole figure map; (b) EBSD phase map, ferrite and austenite are represented by red and 

blue color, respectively. 

 

Fig. 2. The evolution of the intensity of magnetic domain images by using a Kerr-

microscope at magnetic field of (a) 4.96 mT; (b) 19.97 mT; (c) 35.01mT; and (d) 40.01 

mT, respectively. 
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Fig. 3. Engineering stress-strain curves of the medium Mn TRIP steel obtained by 

tensile tests at room temperature until the rupture; and schematic geometry of the tensile 

specimen as the inset. 

 

Fig. 4. (a) Ten strain-rate contour maps at the selected moments during the tensile test; 

(b) a succession of strain-rate contour maps at the selected moments during the Lüders 

band nucleation. 
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Fig. 5. Three-dimensional topography of the Lüders band and non-Lüders band areas 

within a 4.3×4.3 mm2 area at a strain of 7%. The image is acquired by a confocal 

microscope. A and B represents the deformed and undeformed areas, respectively, while 

C the Lüders band. 

 

Fig. 6. (a) The MBN profiles measured at selected strains during the tensile test; (b) 

The MBN signal intensity and peak position versus the tensile strain. 
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Fig. 7. (a) XRD spectra measured at selected strains of the as-received samples; (b) the 

transformation kinetics of retained γ-austenite measured from (a) and the corresponding 

statistical hardness of the samples. 

 

Fig. 8. (a) TEM bright-field image of the as-received specimen before the tensile test. 

α: ferrite, γ: austenite. (b) Magnified view of the white dashed rectangle marked in (a). 

The white arrows indicate the dislocations; (c) high-resolution TEM image taken from 

the grain containing dislocations of the red circular region marked in (b); (d) fast 

Fourier transformation of the high-resolution TEM image. 
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Fig. 9. TEM images showing the evolution of the microstructures at the selected strains 

of (a) 7%, (b) 17%, (c) 25%, (d) 28%, respectively. α/αʹ: ferrite or martensite, the white 

arrows indicate the dislocations. 

 

Fig. 10. The dislocation density at selected strains of the as-received samples. 
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