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Abstract 

Self-heating measurements using thermography have proven to be an effective means of rapidly 

assessing the fatigue response of materials. The paper validates the use of a post-processing 

technique, called "heat source" reconstruction, in the case of cyclic loading with continuously 

varying stress amplitudes, offering significant advantages over classical self-heating 

approaches: considerably reduced test time (some minutes compared to a few hours); 

continuous measurement of mechanical dissipation versus stress amplitude; higher maximum 

stress amplitude achieved due to slower accumulation of fatigue damage during testing. The 

approach was validated by comparison with the classical procedure, and opens new 

perspectives for fatigue characterization. 
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1. Introduction 

 

Conventional fatigue characterization, such as Wöhler curves or staircases, involves long and 

costly testing. Typically, 20 to 30 specimens and several weeks of testing are required to build 

a Wöhler curve. However, procedures for the rapid determination of a material's fatigue limit 

have also been developed, such as the physically-based lifetime calculation (PhyBaL) method 

[1, 2] or methods based on self-heating. In the early twentieth century, Stromeyer showed that 

cyclic mechanical loading is accompanied by material self-heating [3]. Basing themselves on 

this effect, Luong, as well as La Rosa and Risitano, proposed in the late 1990s a fast procedure 

for fatigue limit evaluation using infrared (IR) thermography [4-7]. The general idea is to apply 

a series of cyclic loading blocks at constant stress amplitudes, increasing until specimen failure, 

and to distinguish two regimes in the measured thermal response, namely below and above the 

material’s fatigue limit. Generally, the duration of each loading block at constant amplitude is 

of some minutes in order to reach a stabilized temperature (temperature plateau), if such a 

plateau exists. Furthermore, a waiting time can be applied between the loading blocks in order 

to return to ambient temperature. It is thus possible to identify the fatigue limit of a material 

from a single specimen in a few hours, the duration depending on the number of stress 

amplitudes considered. Identifying the separation between the two thermal regimes is, however, 

complex. Different criteria have been compared in the literature; see for instance Ref [8]. The 

temperature plateau as a robust parameter to investigate the fatigue limit of steels was also 

discussed in Ref [9]. Studies have been also carried out on the understanding of the physical 

mechanisms related to self-heating, namely the progressive appearance of micro-plasticity 

during cyclic loading [10, 11]. Approaches based on self-heating measurements, including heat 

dissipation calculation, have been successfully applied to various materials such as steels [9-

23], aluminum alloys [23, 24], magnesium alloys [25-27], copper and copper alloys [28-30], 

titanium alloys [31], nickel-titanium shape memory alloys [32-35], ceramics [36] and 

composite materials [37-40]. 

 

It is well known that temperature changes during a mechanical test are not related only to 

deformation mechanisms in the material. Indeed, heat diffusion within the specimen and heat 

exchanges with the environment (ambient air, jaws of the testing machine) alter the temperature 

fields. In the late 1980s, Chrysochoos developed heat source reconstruction (HSR) techniques, 

based on the heat diffusion equation, to retrieve the calorific origin of the temperature changes 



in the specimen under mechanical loading [41, 42]. The term “heat source” designates here the 

heat power density (in W/m3) produced or absorbed by the material due to a change in its 

mechanical state. The approach can be described as “deformation calorimetry”. While the heat 

diffusion equation is classically used in finite element simulations to calculate temperature 

fields from the knowledge of thermal boundary conditions and heat sources, HSR aims to do 

the opposite: calculating heat sources within the specimen from the knowledge of the measured 

temperature variations. In practice, temperatures are acquired at the surface of the specimen by 

IR thermography, which requires specific versions of the heat diffusion equation, applicable for 

instance to thin or elongated specimens [43, 44]. It is worth noting that the heat sources are 

composed of a thermo-elastic coupling contribution and mechanical dissipation (also named 

intrinsic dissipation). The latter calorific quantity is associated with any irreversible mechanical 

phenomena such as plasticity, friction, viscosity, cracking or fatigue damage, depending on the 

loading conditions and the type of material. For fatigue characterization, HSR can be used to 

identify the calorific origin of self-heating, i.e. the mechanical dissipation. In this context, HSR 

has been applied to the study of the fatigue for various types of materials, such as steels [45-

48], aluminum alloys [49, 50], copper and brass [51, 52] and reinforced plastics [53-55]. In 

general, the advantage of using HSR is that it enables the analysis of a quantity which is 

intrinsically linked to fatigue damage (mechanical dissipation) as opposed to temperature 

variations, which depend in part on heat exchanges with the specimen's environment. 

 

In our previous study in Ref [56], HSR was applied to the fatigue characterization of an additive 

manufacturing (AM) steel. We evaluated the increase in mechanical dissipation as a function 

of stress amplitude using the classical loading procedure, i.e. a series of cyclic blocks at constant 

stress amplitudes. We compared the identified fatigue limit obtained with that obtained from 

conventional fatigue tests (Wöhler curve). This work showed that HSR enables a reliable and 

precise identification of the material’s fatigue limit. However, we believe that the potential of 

HSR for fatigue characterization can be revealed by applying another, even faster loading 

procedure. The objective of the present study is to perform HSR in the case of cyclic loading at 

continuously varying stress amplitude (instead of a series of loading blocks at constant 

amplitudes as in the classical approach) in order to obtain a continuous relationship between 

mechanical dissipation and stress amplitude. Other advantages will be presented in the course 

of the paper. 

 



In order to validate the new approach proposed, we applied it to specimens identical to those 

used in our earlier work [56]. These AM specimens were made using Laser Powder Bed Fusion 

(L-PBF) by the AddUp company, Cébazat, France. Two types of steel were tested. The first 

one was 18Ni300 Maraging – a portmanteau word for “martensite” and “aging” – steel. This 

material is quite common in the metallic L-PBF field, since it combines good weldability and 

interesting mechanical properties (high strength and good ductility) after aging heat treatment. 

Two porosity levels were compared in the present study. The second material was Nanosteel 

L40-BLDRMetal steel. L40 is a tool steel with high tenacity and toughness, also well known 

for being adapted to L-PBF manufacturing. L40 is attractive for highly demanding industries 

such as defense or aerospace, due to the good mechanical properties that can be achieved with 

this manufacturing technology. However, the fatigue behavior of additively manufactured parts 

is identified as being a sensitive issue. Being able to quickly (in some minutes) characterize the 

fatigue performance of AM materials would be of great benefit to designers and manufacturers 

in their search for optimized manufacturing parameters. Note finally that the main objective of 

the present study is not to identify the fatigue limit values of the different materials tested, but 

to show that the proposed new procedure enables a continuous and rapid assessment of the 

relationship between mechanical dissipation and stress amplitude. However, the identification 

of the fatigue limits of the tested materials will be discussed in the paper. 

 

The paper is structured as follows. Section 2 presents the experimental setup, in particular the 

new loading procedure and the specimen geometry. Section 3 is a background on HSR and the 

evaluation of mechanical dissipation during fatigue tests. Section 4 presents a preliminary 

numerical simulation to illustrate the thermal phenomena involved during a fatigue test at 

continuously varying stress amplitude. Section 5 presents the results for the maraging and L40 

steels. These results are compared with those obtained from the classical loading procedure 

(series of loading blocks at constant amplitudes). Finally, Section 6 is dedicated to comments 

about the data processing. 

 



2. Experimental setup 

 

2.1. New loading procedure 

 

As explained in the introduction, the classical study of self-heating under cyclic loading enables 

a fast identification of the material’s fatigue limit (in a few hours). The main purpose of the 

present paper is to propose and study a new loading procedure for an even faster fatigue 

characterization by post-processing the thermal data using HSR. Figure 1 shows the proposed 

mechanical loading in which the force amplitude linearly increases through time. In the present 

study, the maximum stress 𝜎max was increased by 0.1 MPa at each cycle. The load ratio 𝑅 and 

the load frequency 𝑓L were fixed to 0.1 and to 30 Hz respectively, as in our previous study [56] 

using the classical loading procedure for comparison. It can be noted in Fig. 1 that the first cycle 

was set to 𝜎max = 50 MPa rather than zero. This was done to avoid potential buckling at the 

start of the test. 

 

As will be shown from the experimental results, higher stress amplitudes can be reached by the 

proposed new loading procedure compared to the classical one. Indeed, the accumulation of 

fatigue damage is much slower as it is not necessary to wait for a temperature plateau at each 

stress amplitude. We chose to stop the tests when 𝜎max reached 90% of the 0.2% offset yield 

strength (𝑅𝑝0.2) of the material for safety considerations. 

 

By construction, no temperature stabilization is expected under this cyclic loading at 

continuously varying amplitude: the classical method cannot be applied. HSR is proposed in 

the present study to obtain a continuous relationship between mechanical dissipation and stress 

amplitude. 

 



 

Fig. 1 Mechanical loading. 

 

2.2. Loading setup and thermal measurement 

 

Figure 2-a shows the experimental setup. Cyclic tensile loading was applied using a ±15 kN 

MTS testing machine. Thermal measurements were made with a Cedip Jade III MWIR camera 

featuring a Noise Equivalent Temperature Difference (NETD) of 0.02°C at ambient 

temperature. The acquisition frequency 𝑓A and integration time were set to 100 Hz and 1500 μs 

respectively. Note that particular attention was paid to protecting the specimen from external 

heat disturbances. A tunnel and thick black curtains surrounded the environment from the IR 

camera to the specimen, to limit both radiative and convective perturbations. Thermocouples 

were used to monitor temperatures in the facility during testing. Specimens were painted with 

a thin layer of matte black paint to maximize thermal emissivity. The specimen geometry was 

in agreement with the ISO 1099:2017 standard: flat specimens 1 mm thick with gauge zones 

10 mm wide and 40 mm long connected by fillets to the heads. Note that a “thin” specimen (a 

few millimeters at most) is required here in the framework of the HSR technique to consider 

that the temperature is nearly homogeneous in the thickness. As shown in Fig. 2-b, the 

specimens also featured two additional “reference” zones, as proposed in Ref [57]. These 

references enabled us to track the slight temperature variations in the specimen’s close 

environment during the test. It was then possible to precisely measure the changes in 

temperature due to the changes in the mechanical state of the specimen’s gauge zone (see details 



in Section 3.4). Figure 2-c shows an example of a temperature map and the corresponding 

temperature changes with respect to the initial state before mechanical loading. Temperatures 

are higher in the upper part of the specimen due to the presence of the hydraulic actuator. It can 

be seen that the temperature change map is not homogeneous, due to the test machine jaws, 

which are heat sinks. HSR aims to retrieve the calorific origin of the temperature changes due 

only to the changes in the mechanical state of the material. In this context, it is necessary to 

track temperature variations in the grips of the test machine. Water-cooling of the mobile grip 

could also facilitate the processing of the thermal data, as was performed in Ref [23]. Particular 

attention must be paid to the heat exchange between the specimen and its environment. These 

conditions must be as stable as possible. To ensure this, the test machine was turned on several 

hours in advance of testing. A waiting time of about 10 minutes was also observed after placing 

the specimen in the jaws in order to reach a stable thermal state before starting mechanical 

loading. Finally, note that the IR camera was turned on over three hours prior to measurements 

to ensure a stable internal temperature. 

 



 

Fig. 2 a) Experimental setup, b) specimen, c) example of thermal maps under fatigue 

 



2.3. Materials and specimens 

 

Table 1 lists the additively-manufactured specimens tested using the loading procedure 

presented in Fig. 1: 

 three 18Ni300 maraging specimens with low porosity (type A) – Results were compared 

with thirteen data sets obtained with the classical loading procedure in our previous 

work (Ref [56]); 

 one 18Ni300 maraging specimen with a higher porosity level (type B) – Results were 

compared with three data sets obtained with the classical procedure in Ref [56]; 

 two L40 specimens – Results were compared with three data sets obtained with the 

classical procedure. 

 

The difference in porosity levels between type-A and type-B specimens is due to the 

manufacturing strategy. The first strategy aims to optimize mechanical properties, while the 

second aims to maximize manufacturing productivity for part areas not subject to high 

mechanical stress. Table 1 gives the 0.2% offset yield strength (𝑅𝑝0.2) of the materials [58]. 

Finally, Table 2 provides the density 𝜌 , specific heat 𝐶 and coefficient of thermal expansion 𝛼 

of the two materials [58], that will be used for HSR processing. 

 

Table 1 List and details of the AM specimens tested. 

Material Type Manufacturing strategy Yield 

strength  

Number of specimens 

   𝑅𝑝0.2 with the proposed 

new procedure 

with the classical 

procedure 

Maraging A For minimum defect 

density (low porosity) 

1260 MPa 3 13 

[Douellou et al. 2020] 

 B For rapid manufacturing 

(higher porosity) 

600 MPa 

 

1 3 

[Douellou et al. 2020] 

L40  For minimum defect 

density (low porosity) 

1331 MPa 2 6 

 

Table 2 Thermophysical properties of the two types of steel tested. 

 𝝆 (kg/m3) 𝑪 (J/kg.K) 𝜶 (K-1) 𝝉 (s) 

Maraging  8100 440 11.8 10-6 45 

L40 7780 442 11.2 10-6 48 

 



3. Mechanical dissipation calculation 

 

This section presents the thermal data processing used to calculate mechanical dissipation 

associated with fatigue damage. Section 3.1 is the background about thermomechanics and the 

principle of HSR. Sections 3.2 and 3.3 are dedicated to mechanical dissipation evaluation in the 

case of cyclic loading at constant amplitude and continuously varying amplitude, respectively. 

Section 3.4 provides information on measurement resolution. 

 

3.1. Thermomechanics and HSR background 

 

Any change in the mechanical state of a material is associated with a release or absorption of 

heat. The corresponding heat power density 𝑠 (in W/m3), named “heat source”, is actually 

composed of two parts [43, 44]: 

 one part is associated with thermomechanical couplings, which are limited to a thermo-

elastic coupling in most materials. For isotropic materials, the thermo-elastic coupling 

heat source 𝑠TE can be expressed by Eq. (1), where 𝜎ℎ is the hydrostatic stress and 𝑇 the 

temperature [59]. In the case of a uniaxial loading, 𝜎ℎ is equal to one third of the uniaxial 

stress 𝜎, so 𝜎ℎ = 𝜎/3. As 𝑇 is expressed in Kelvin, it can be considered as constant for 

variations of a few degrees. The minus sign in Eq. (1) shows that loading and unloading 

lead to heat absorption (temperature decrease) and heat release (temperature increase) 

respectively. It can finally be noted that the corresponding heat over a thermodynamic 

cycle is null. More specifically, 𝑠TE is null on average over a loading cycle during a 

fatigue test at constant stress amplitude. 

 

𝑠TE = −3 𝛼 𝑇 
d𝜎ℎ

d𝑡
         (1) 

 

 the other part is the mechanical dissipation, or intrinsic dissipation, which is often 

denoted 𝑑1 to be distinguished from the thermal diffusion 𝑑2 (both terms appearing in 

the Clausius-Duhem inequality 𝑑1 + 𝑑2 ≥ 0). It is associated with irreversible 

mechanisms such as plasticity, viscosity, or fatigue damage as in the present study. 

Mechanical dissipation (in W/m3) is the calorific origin of the self-heating (in °C) during 

a fatigue test. It is always positive: 𝑑1 ≥ 0. 

 



 

Thus, 

 

𝑠 = 𝑠TE + 𝑑1         (2) 

 

HSR is based on the heat diffusion equation. Several formulations of this equation can be used 

from experimental thermal data obtained by IR thermography at the surface of the material 

specimen. The reader can refer to Ref [44] for these different formulations. In the present work, 

the so-called zero-dimensional (0D) version can be applied. The 0D approach consists in using 

the temperature change averaged over the gauge zone of the specimen, denoted 𝜃 in the 

following. Its validity was discussed in Ref [28]. It can be recalled that the 0D approach does 

not require the temperatures within the specimen to be homogenous; it requires the spatial 

homogeneity of the heat sources. It was applied for instance in Refs [45, 50, 53]. In the present 

case, as there is no stress concentration in the gauge zone of the specimen, 𝑠TE can be considered 

as homogeneous. The same was considered for the mechanical dissipation 𝑑1. Homogeneity is 

assumed at the scale of the specimen, even though stress localizations probably exist around 

porosities. Equation (3) gives the 0D version of the heat equation: 

 

𝑠 =  𝜌𝐶 (
d𝜃

d𝑡
+

𝜃

𝜏
)         (3) 

 

where 𝜏 is a time constant characterizing the heat exchanges between the specimen and its 

environment (ambient air and jaws of the testing machine). Its value depends on the material’s 

thermal conductivity, but also on its geometry through the surface-to-volume ratios of the zones 

in contact with ambient air and with the jaws. The value of 𝜏 shall be preliminary identified by 

considering for instance a natural return to ambient temperature, the specimen being clamped 

in the jaws but without axial mechanical loading. Indeed, the solution to Eq. (3) for 𝑠 = 0 is an 

exponential function whose decay constant is 𝜏. The latter can therefore easily be identified 

from the experimental temperature decrease measured during a natural return to ambient 

temperature. Table 2 gives the values identified for the two types of material specimens. 

 



3.2. Mechanical dissipation calculation at constant stress amplitude 

 

Basically, HSR enables us to calculate the heat source 𝑠, which is the sum of sTE and 𝑑1, during 

a mechanical test from the knowledge of 𝜃 using Eq. (3). In the context of fatigue 

characterization, the question is then: how to isolate the mechanical dissipation 𝑑1? The answer 

is simple for cyclic loading at constant amplitude. As already mentioned, the thermo-elastic 

coupling heat source 𝑠TE is null on average over a thermodynamic cycle, and thus over an 

integer number 𝑛 of cycles: 〈𝑠TE〉 = 0, where the angled brackets mean: 

 

〈𝑥〉 =  
1

𝑛
 ∫ 𝑥 d𝑡

𝑛 cycles

 
        (4) 

 

Thus the time average of 𝑠 over an integer number 𝑛 of cycles directly gives the average 

mechanical dissipation: 〈𝑑1〉 = 〈𝑠〉. The average mechanical dissipation can then be directly 

obtained from the temperature changes measured by the IR camera as follows: 

 

〈𝑑1〉 =  〈𝜌𝐶 (
d𝜃

d𝑡
+

𝜃

𝜏
)〉        (5) 

 

Another possibility to calculate 〈𝑑1〉 consists in using the average value 〈𝜃〉 of the temperature 

change every 𝑛 cycles: 

 

〈𝑑1〉 =  𝜌𝐶 (
d〈𝜃〉

d𝑡
+

〈𝜃〉

𝜏
)        (6) 

 

Equations (5) and (6) are theoretically equivalent. The latter is simpler to use when the IR 

camera allows the real-time acquisition of the average every 𝑛 cycles, which is possible with 

the IR camera used in this study. In practice, this solution leads to much smaller-sized thermal 

data files recorded from the IR camera, enabling much longer tests to be post-processed. 

 

3.3. Case of continuously varying stress amplitude 

 

In the case of the proposed new loading procedure (see Fig. 1), the stress amplitude is non-

constant. Therefore 〈𝑠TE〉 ≠ 0. Nevertheless, the time average over an integer number of cycles 

is still useful, but the thermo-elastic contribution must be subtracted: 



 

〈𝑑1〉 =  〈𝑠〉 − 〈𝑠TE〉         (7) 

 

where 

 

〈𝑠〉 =  〈𝜌𝐶 (
d𝜃

d𝑡
+

𝜃

𝜏
)〉         (8) 

 

or  

 

〈𝑠〉 =  𝜌𝐶 (
d〈𝜃〉

d𝑡
+

〈𝜃〉

𝜏
)         (9) 

 

Equations (8) and (9) are theoretically equivalent. A comparison between these two post-

processing procedures will however be discussed in Section 6. The mean thermo-elastic 

contribution 〈𝑠TE〉 for temperature variations of a few degrees (𝑇 being nearly constant in 

Kelvin) can be calculated from the following equation: 

 

〈𝑠TE〉 = −3 𝛼 𝑇0  
d〈𝜎ℎ〉

d𝑡
       (10) 

 

where 𝑇0 is the overall temperature in Kelvin of the specimen during the test, which can also 

be considered as equal to the ambient temperature. For the loading shown in Fig. 1, d〈𝜎ℎ〉/d𝑡 

is constant, so 〈𝑠TE〉 is also constant. Note that 〈𝑠TE〉 can be experimentally identified at the 

beginning of the test (at the lowest loading levels), assuming that mechanical dissipation is 

negligible. 

 

3.4. Measurement resolution 

 

Temperature measurements are unavoidably noisy. Before presenting the results for fatigue 

tests, this section presents an identification of the measurement resolution of the heat source 〈𝑠〉 

in a simple case, with no mechanical loading applied to the specimen. 〈𝑠〉 should be equal to 

zero. The fluctuation in the identified values of 〈𝑠〉 thus gives information about the 

measurement resolution of the heat sources using HSR. 

 



The specimen was simply clamped in the jaws of the testing machine without axial mechanical 

loading. The thermal acquisition frequency 𝑓A was set to 100 Hz as in the fatigue tests. Figure 

3-a shows the temperature variation over 6 minutes (after waiting more than 10 minutes after 

placing the specimen in the machine). Four quantities are plotted against time: 

 𝑇gauge, 𝑇ref up  and 𝑇ref low  are the spatially-averaged temperatures over the gauge zone, 

the reference zone connected to the lower jaw and that connected to the upper jaw, 

respectively. It can be noted that the noise is much lower than the NETD of the camera 

(0.02°C) due to the spatial averaging operations. The resulting thermal measurement 

resolution is a few mK. However, a drift (less than 0.1°C) is observed for the three 

curves. This is due to thermal disturbances in the specimen’s environment; 

 𝑇gauge(init) + 𝜃 is the “corrected” temperature of the gauge zone after compensation 

for the drift, where 𝑇gauge(init) is the initial temperature and 𝜃 the temperature change 

calculated as follows [57]: 

 

𝜃 = 𝑇gauge −
𝑇ref up+𝑇ref low

2
− (𝑇gauge(init) −

𝑇ref up(init)+𝑇ref low(init)

2
)  (11) 

 

The red curve in Fig. 3-b shows the variations of 𝜃 against time. The black dots correspond to 

the 〈𝜃〉 values averaged every second (leading to a recording frequency 𝑓R of 1 Hz), as will be 

the case for the processing of the fatigue tests in the next sections. Figure 3-c then gives the 

variation in the mean heat source 〈𝑠〉 calculated from Eq. (9). It can be seen that 〈𝑠〉 fluctuates 

between about -4000 W/m3 and 2000 W/m3. These values are much lower than those of the 

mechanical dissipation during fatigue tests, as will be shown in the next sections. Finally, Figure 

3-d gives the statistic distribution of 〈𝑠〉. The standard deviation is equal to about 1200 W/m3, 

which can be considered as a resolution of the heat source measurement. 

 



 

Fig. 3 Identification of the resolution of the heat source measurement from a test without 

mechanical loading (using the same acquisition conditions as in the fatigue tests). 

 

 

4. Preliminary simulation 

 

Before presenting the results of the experimental fatigue tests, simulation results are discussed 

here. The first step consists in creating synthetic temperature changes reproducing the fatigue 

test presented in Fig. 1. The second step consists in processing these thermal data using HSR. 

 

4.1. Creation of synthetic thermal data 

 

For the simulation, mechanical dissipation 𝑑1 was assumed constant in each cycle. A 

mathematical model describing the relationship between 𝑑1 and the stress amplitude 𝜎𝑎 was 

identified for maraging type A steel in Ref [56]: see Eqs (12-14). The relationship is composed 



of two regimes. The first regime is described by a quadratic function 𝑓1, while an exponential 

trend 𝑓2 is added in the second one, above the material’s fatigue limit 𝜎D: 

 

𝑑1(𝜎𝑎) = 𝑓1(𝜎𝑎) +  𝑓2(𝜎𝑎)       (12) 

 

with 

 

𝑓1(𝜎𝑎) = 𝑎 × 𝜎𝑎
2        (13) 

𝑓2(𝜎𝑎) = {
0, if 𝜎𝑎 < 𝜎D 

𝑏 × (e𝑐×𝜎𝑎 − e𝑐×𝜎D), if  𝜎𝑎 ≥ 𝜎D
    (14) 

 

Following parameters were identified for type-A maraging steel: 𝑎 = 0.4415 W.m−3.MPa−2, 𝑏 

= 1.035.104 W/m3, 𝑐 = 0.007081 MPa-1 and 𝜎D = 281.2 MPa. 

 

Figure 4-a shows the input calorific data of the simulation reproducing the experimental fatigue 

test. The left graph corresponds to the variation of 𝑑1 against time. The right graph corresponds 

to the variation of the “total” heat source 𝑠 (in red), which is composed of the mechanical 

dissipation term 𝑑1 (in blue) and the thermo-elastic coupling contribution 𝑠TE defined by Eq. 

(1). In agreement with the latter, 𝑠TE oscillates at the loading frequency 𝑓L = 30 Hz, in opposite 

phase due the minus sign in the formula. It is worth noting that the magnitude of 𝑠TE is about 

three orders higher than that of 𝑑1. Thermo-elastic coupling is a “strong” coupling. Figure 4-b 

shows the variation in the temperature change 𝜃simul (in blue) calculated from Eq. (3). For this, 

a centered finite difference scheme with a time step of 10-3 ms was implemented and the 

calculated data were averaged every 10 ms to create thermal data 𝜃simul at a frequency 𝑓A of 

100 Hz. Finally, Gaussian noise with standard deviation of 0.02°C was added to mimic 

experimental data. 

 



 

Fig. 4 Simulation of a fatigue test with continuously increasing force amplitude: a) variation 

in the heat source 𝑠 composed of a low mechanical dissipation 𝑑1 and a thermo-elastic 

coupling contribution 𝑠TE, b) resulting thermal response, c) reconstructed mechanical 

dissipation. 

 

 

4.2. Reconstruction of mechanical dissipation 

 

HSR was then applied to the synthetic noisy thermal data 𝜃simul to retrieve the mechanical 

dissipation: 

 First, 𝜃simul was averaged every 𝑛 = 30 cycles, i.e. every second, leading to a frequency 

𝑓R of 1 Hz, as will be the case for the experimental data in the next sections: see the red 



curve 〈𝜃simul〉 in Fig. 4-c. It can be noted that the obtained values are initially slightly 

negative. This is due to the thermo-elastic coupling contribution before mechanical 

dissipation becomes preponderant. Indeed, the first mechanical cycle (at 𝐹max = 500 N) 

starts with a stress increase: d𝜎ℎ/d𝑡(𝑡 = 0) > 0, so 𝑠TE(𝑡 = 0) < 0. This is why the 

first value of 〈𝜃simul〉 is negative: 〈𝜃simul〉init ≈ −0.02°C Furthermore, 〈𝑠TE〉 remains 

negative throughout the test due to the continuously increasing mean stress. 

 Second, mean mechanical dissipation 〈𝑑1〉 was calculated using Eqs (7), (9) and (10): 

see red dots in Fig. 4-c. It appeares that the reconstructed mechanical dissipation is very 

close to the input quantity. 

 

The conclusion might be considered obvious, but it seemed important to illustrate the good 

reconstruction of the mechanical dissipation despite the high magnitude of the thermo-elastic 

coupling contribution (about three orders of magnitude as indicated above). Simulations were 

also used to define the number 𝑛 of cycles to be used in the averaging operation. A compromise 

(depending on the ratio 𝐹A/𝐹L) must actually be found between stress resolution and mechanical 

dissipation resolution when building the red plot in Fig. 4-c, see also Section 6. 

 

 

 

5. Experimental results 

 

This section presents the results of the fatigue tests on maraging and L40 steels (see Table 1). 

Firstly, Section 5.1 focuses on the results for one maraging specimen for illustration purposes. 

Secondly, Section 5.2 is dedicated to the comparison between the classical and new procedures 

for all the specimens tested. 

 

5.1. Focus on one maraging specimen 

 

Before comparing the experimental results between the different specimens in Table 1, Figure 

5 focuses on one type-A maraging specimen. Figure 5-a shows the real-time averaged 

temperature change 〈𝜃〉 at a frequency of 1 Hz. The increase in stress amplitude 𝜎𝑎 per second 

is 1.35 MPa. During the first 100 seconds, it can be seen that 〈𝜃〉 remains negative; see inset. 

This is due to the thermo-elastic coupling effect, as also observed in the numerical simulation 



in Fig. 4-b. Also, as expected, the first value of 〈𝜃〉 is negative due to the first cycle at 𝐹max = 

500 N: 〈𝜃〉init = −0.019°C. Assuming that there is negligible mechanical dissipation at the 

beginning of the test, the value of 〈𝑠TE〉 can be assessed by the first value of 〈𝑠〉: 

 

〈𝑠TE〉 = 𝜌𝐶 [(
d〈𝜃〉

d𝑡
)

init
+

〈𝜃〉init

𝜏
] = 𝜌𝐶 [−0.001 +

−0.019

𝜏
] = −5068 W/m3 

 

This value is low compared to the maximum value of 〈𝑑1〉 that will be calculated below. It is 

also in agreement with the theoretical value calculated from Eq. (1) and the value of d〈𝜎〉/d𝑡 

(which is here a constant, equal to 1.35 MPa/s). It gives the following numerical application, 

showing a difference of 5.7% compared to the previous approach that may be due to 

uncertainties in the values of the thermophysical properties of the material: 

 

〈𝑠TE〉 = −3 𝛼 𝑇0  
d〈𝜎ℎ〉

d𝑡
= − 𝛼 𝑇0  

d〈𝜎〉

d𝑡
=  −11.8 10−6 × 300 × 1.35 106  =  −4779 W/m3 

 

Figure 5-b shows the variation in mechanical dissipation 〈𝑑1〉 as a function of the stress 

amplitude 𝜎𝑎, calculated from Eqs (7) and (9). The mechanical dissipation model in Eqs (12-

14), which was fitted with the experimental data, is superimposed: see the blue curve. The 

transition between the two thermal regimes is more clearly visible when plotting the data in 

log-log scale: see Fig. 5-c. The linear trend of the experimental data in the second regime 

confirms the exponential trend in natural scale. The noise in the experimental data in log-log 

scale is due to the fact that the values are small at low stress amplitudes. 

 



 

 Fig. 5 Experimental results for a type-A maraging specimen: a) thermal response, 

b) reconstructed mechanical dissipation, c) same in log-log scale. 



 

5.2. Comparison between classical and new loading procedures 

 

This section is dedicated to the core of the study: the comparison between the classical 

procedure (series of cyclic loading cycles at constant amplitudes) and the proposed new 

procedure (cyclic loading cycles at continuously varying amplitudes). In our previous study in 

Ref [56], we measured the increase in mechanical dissipation using the classical loading 

procedure for type-A and type-B maraging specimens. The question is whether the new 

procedure leads to the same results. Figure 6 shows the results of both approaches. Concerning 

type-A specimens, both approaches give very similar results: the blue curves corresponding to 

the three samples tested with the new procedure are in the bundle of results obtained with the 

classical procedure. In addition to the better resolution in stress (one mechanical dissipation 

value every 1.35 MPa) and the much shorter test duration (less than 6 minutes), it can be noted 

that the new procedure leads to a maximum stress amplitude which is higher than that of the 

classical procedure. This is due to a slower accumulation of fatigue damage since it is not 

necessary to wait for a temperature plateau at each stress amplitude (for the classical procedure, 

each loading block at constant stress amplitude was applied for 5 minutes). A comment can be 

made here regarding the type of material tested. If the material exhibits significant cyclic 

softening or hardening, the mechanical dissipation is not measured in a steady state of cyclic 

deformation. For example, normalized carbon steels may, at stress amplitudes slightly above 

the fatigue limit, exhibit elastic cyclic deformation followed by a rapid increase in cyclic 

plasticity after a few hundred or thousand cycles. Conversely, metastable austenitic Cr-Ni steels 

may exhibit an endurance limit at about 2 106 cycles due to strain-induced martensite formation 

associated with cyclic hardening [60, 61]. Such effects cannot be fully discerned by the 

proposed method, which may lead to considerable deviations from more conventional 

approaches. Concerning the type-B specimens, it can be seen that the results do not coincide as 

well between the classical and new procedures. However, the difference with the type-A 

specimen is fairly well rendered by the new procedure, which enables us to rapidly compare 

printing strategies in terms of fatigue performance. Finally, a comment can be made concerning 

the fatigue limit values identified using the new procedure: see Table 3. Identification was 

performed by fitting the calorific data with the model in Eqs (12-14) to find the value of the 

fatigue limit 𝜎D of the material. For type-A maraging, the values in Table 3 are the average over 

the different specimens tested (14 for the classical procedure, 3 for the new procedure). The 



mean value for type-A maraging appears to be very close to that found with the classical 

approach. The excellent agreement between the two procedures could be a coincidence, given 

the small number of specimens and the large dispersion of the data. A large discrepancy is 

observed for type-B maraging, which could be explained by the small number of specimens 

tested (3 for the classical procedure, 1 for the new procedure) and a high porosity level leading 

to a more critical variability of the results. 

 

Table 3 Comparison of the average fatigue limit values for maraging steels between the 

classical and new procedures. Number of specimens for type A: 14 for the classical 

procedure, 3 for the new procedure. Number of specimens for type B: 3 for the classic 

procedure, 1 for the new procedure.. 

 Fatigue limit identified by 

 classical procedure [56] new procedure 

Type-A maraging  255 MPa 254 MPa 

Type-B maraging 106 MPa 140 MPa 

 

A comparison was also made for the L40 specimens: see Fig. 7. It can be noted first that the 

order of magnitude of mechanical dissipation is about one order lower than that of the maraging 

steels (maximum equal to about 6 104 W/m3 and 6 105 W/m3 respectively). The signal-to-noise 

ratio is therefore a priori penalizing for the accuracy of the mechanical dissipation 

measurement. However, it can be seen from the graph that the classical and new approaches 

give very close results. Based on the results for the two types of materials, the new loading 

procedure coupled with HSR is found to be effective in measuring the relationship between 

mechanical dissipation and stress magnitude. The next section provides additional information 

about the data processing. 

 



 

 Fig. 6 Comparison between the classical procedure and the proposed new approach for the 

two types of maraging steels (see Table 1). 

 



 

 Fig. 7 Results for L40 steels featuring very low mechanical dissipation (about 10 times lower 

than for maraging steels). 

 

 

6. Additional comments 

 

Before concluding this study, additional comments are now provided about the data processing, 

and in particular about the relevance of the real-time averaging operation. Calculating the mean 

mechanical dissipation 〈𝑑1〉 using 𝜃 from Eqs (7) and (8) or using 〈𝜃〉 from Eqs (7) and (9) is 

theoretically equivalent. However, the latter solution is in practice more precise (in addition to 

generating much smaller acquisition files). A comparison was made to illustrate this point. A 

test on a type-A maraging steel was performed at an acquisition frequency 𝑓A of 120 Hz without 

real-time average recording. An averaging operation to obtain 〈𝜃〉 at the frequency 𝑓R of 1 Hz 

(i.e. every 30 cycles) was performed in post-processing. Figure 8-a shows the variation in 

temperature change 𝜃 at 120 Hz (in blue). The red curve corresponds to the mean temperature 

change 〈𝜃〉 at 1 Hz. By construction, the blue curve cannot correctly “capture” the amplitude of 

the temperature fluctuation associated with the thermo-elastic coupling effect. Indeed, there are 

here only 4 temperature values per cycle (𝑓A/𝑓L = 4). However, by construction, the variation 

in the mean temperature change 〈𝜃〉 is correctly captured. Note that when 𝐹A is not a multiple 

of 𝐹L (as in the previous sections), the variation in 〈𝜃〉 can be also correctly captured using 



several cycles. Figure 8-b gives the mean mechanical dissipation 〈𝑑1〉 obtained from two 

processing procedures: 

 P1: from the heat sources calculated at 120 Hz and averaged afterwards (in blue); 

 P2: from the averaged thermal data at 1 Hz (in red). 

It can be seen that processing P1 leads to large errors in certain zones of the graph: see in 

particular between 360 MPa et 400 MPa. These errors are due to missing images during 

acquisition. In this case, the calculated thermo-elastic sources do not vanish over a mechanical 

cycle, which leads to significant errors. Apart from these large errors, it appears that processing 

P1 leads to slightly more noise than processing P2. This noise can be better evidenced in log-

log scale: see Fig. 8-c. The slightly higher noise can be explained by the resolution of the time 

base that plays an important role in the calculation of the time derivative d𝜃/d𝑡 by finite 

differences in the heat equation. 

 



 

Fig. 8 Processing from thermal data recorded at 120 Hz (illustration for a type-A maraging 

specimen). 



 

7. Conclusion 

 

Over the past decades, self-heating measurements by IR thermography have proven to be an 

effective way to rapidly evaluate the fatigue response of various types of materials. In addition, 

calculating mechanical dissipation from the measured temperatures is a relevant way of 

analyzing a quantity that is directly associated with fatigue damage. In this study, we have 

proposed to apply HSR in the case of cyclic loading with continuously varying stress amplitude 

in order to obtain a “continuous” relationship between mechanical dissipation and stress 

amplitude. We compared the results with those of the classical approach (a series of cyclic 

loading blocks with constant stress amplitudes) for two types of AM steels, which allowed us 

to validate the new proposed procedure. The following advantages of the new procedure can be 

highlighted: 

 the test time is considerably reduced compared to the classical procedure. In the present 

study, the duration of the fatigue characterization was about 6 minutes; 

 the stress resolution (in the relationship between stress amplitude and mechanical 

dissipation) is improved. In the present study, one mechanical dissipation value was 

measured every 1.35 MPa. A better stress resolution provides more data for a better 

identification of the transition between the two mechanical dissipation regimes (i.e. 

below and above the fatigue limit); 

 A higher maximum stress amplitude can be reached. This is due to a slower 

accumulation of fatigue damage during the test since it is not necessary to wait for a 

temperature plateau at each stress amplitude value. Achieving a higher stress level 

enables increased data acquisition in the second regime (above the fatigue limit), which 

may facilitate the identification of the fatigue limit in some cases. 

 

The perspective for the study is to apply the procedure to a wide range of materials, in particular 

AM materials. The latter are particularly targeted in order to perform an optimization of 

manufacturing parameters with respect to fatigue performance. This can now be envisaged 

thanks to the short duration of the characterization procedure proposed in this study. 
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