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Abstract
Background  Building S-N curves for materials traditionally involves conducting numerous fatigue tests, resulting in a time-
consuming and expensive experimental procedure that can span several weeks. Thus, there is a need for a more efficient 
approach to extract the S-N curves.
Objective  The primary purpose of this research is to propose a reliable approach in the framework of thermodynamics for 
the rapid prediction of fatigue failure at different stress levels. The proposed method aims to offer a simple and efficient 
means of extracting the S-N curve of a material.
Methods  In this paper, a method is introduced based on the principles of thermodynamics. It uses the fracture fatigue entropy 
(FFE) threshold to estimate the fatigue life by conducting a limited number of cycles at each stress level and measuring the 
temperature rise during the steady-state stage of fatigue.
Results  An extensive set of experimental results with carbon steel 1018 and SS 316 are conducted to illustrate the utility 
of the approach. Also, the efficacy of the approach in characterizing the fatigue in axial and bending loadings of SAE 1045 
and SS304 specimens is presented. It successfully predicts fatigue life and creates the S-N curves.
Conclusion  The effectiveness of the approach is evaluated successfully for different materials under different loading types. 
The results show that the temperature rise is an indicator of the severity of fatigue and can be used to predict life.

Keywords  Fracture Fatigue Entropy (FFE) · Thermography · S-N curve · Fatigue degradation · Self-heating

Nomenclature
A 	� Conjugated force of internal variable
Acond 	� Cross-sectional area
Asurf  	� Surface area
cp 	� Specific heat capacity
e	� Specific internal energy
Ėdiss 	� Rate of dissipated energy
Ėgen 	� Rate of internal energy generation
Ėin 	� Rate of energy entering the material
FFE	� Fracture fatigue entropy
h	� Heat transfer coefficient
k 	� Thermal conductivity
m	� Material Constant
Nf  	� Number of cycles to failure
�⃗q 	� Heat flux across the boundary

R� 	� Rate of temperature rise at the beginning of the 
fatigue process

s	� Specific entropy
t	� Time
T	� Temperature
Ts 	� Steady-state temperature
V	� Volume of the gauge section
Vk 	� Internal variable
WP 	� Mechanical dissipation due to plastic deformation
Ẇt 	� Rate of total energy generation
� 	� Non-negative entropy generation
�f  	� Entropy generation up to fracture
𝜀̇ 	� Total strain rate
�e 	� Elastic strain
�p 	� Plastic strain
� 	� Density
� 	� Symmetric stress tensor
� 	� Helmholtz free energy
� 	� Temperature rise of gauge section (The difference 

between gauge section and remote area)
�d 	� Temperature rise due to damaging energies
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�nd 	� Temperature rise due to non-damaging energies
Δz 	� Distance between gauge section and grips

Introduction

Mechanical components undergoing cyclic loading are vul-
nerable to degradation and fatigue failure [1]. It is widely 
acknowledged that when components are externally actu-
ated, they generate unrecoverable heat, resulting in self-
heating and an increase in temperature. Extensive experi-
mental studies have established a direct correlation between 
the applied load and the rise in surface temperature [2]. 
Consequently, temperature fluctuations during cyclic load-
ing have been extensively employed to assess the extent of 
fatigue degradation [3, 4]. Evaluating the heat production 
during fatigue is a method for assessment of fatigue degra-
dation. Luong [5] used an energetic approach to correlate 
the heat production and intrinsic dissipation mechanisms 
in the material. Boulanger et al. [6] proposed a thermody-
namic framework to determine the heat source from tem-
perature response during fatigue. They showed that heat 
dissipation is in direct relation with stress amplitude and 
frequency. Morabito et al. [7] and Chrysochoos et al. [8] 
utilized heat diffusion equations to quantify the dissipative 
heat sources. Although these methods require a great deal 
of data, they provide useful information about thermoelastic 
sources and damage evolution during fatigue.

In general, when a material undergoes fatigue, the surface 
temperature tends to rise rapidly during the initial stages of 
the fatigue process. Subsequently, it reaches a steady-state 
temperature that persists for most of the fatigue duration 
until a sudden increase occurs near the fracture point [3]. 
Numerous researchers have capitalized on this temperature 
pattern to investigate the behavior of metal fatigue. By lev-
eraging the temperature variations during the fatigue pro-
cess, one can gain valuable insights into the characteristics 
of fatigue in metallic materials [9–11]. La Rosa and Risitano 
[12] proposed a method for rapid evaluation of the fatigue 
limit of mechanical components by conducting a limited 
number of tests. Guglielmino et al. [13] proposed a method 
based on energetic release during a tensile test to assess the 
fatigue properties of a material. Palumbo and Galietti [14] 
used the thermoelastic signal as a parameter to evaluate the 
fatigue damage and predict the fatigue limit of welded joints. 
Finis et al. [15] developed a data analysis procedure to evalu-
ate the thermographic signals in order to estimate the fatigue 
limit of stainless steels.

On the other front, recent advances in infrared thermog-
raphy have incentivized researchers to develop a thermo-
dynamics framework for understanding fatigue as an irre-
versible process of damage accumulation. This framework 
applies to both metallic and non-metallic materials [16–21]. 

This approach considers the temperature changes observed 
during fatigue and incorporates them into a broader under-
standing of the underlying thermodynamic principles gov-
erning the progressive degradation of materials [22–24].

In the present study, we propose a method that directly 
uses the temperature rise to quantify the energy dissipation 
and correlates the plastic strain energy with the steady-state 
temperature rise. The concept of fracture fatigue entropy 
(FFE) is then utilized as a failure criterion to efficiently con-
struct the S-N curve. The damaging and non-damaging parts 
of energy production and temperature rise are evaluated for 
accurate prediction of fatigue limit and fatigue life at differ-
ent stress levels. An extensive set of experimental results is 
presented to investigate the efficacy of the proposed method 
to rapidly predict the S-N curve for different materials.

Theory and Formulation

First and Second Laws of Thermodynamics

Fatigue represents an irreversible degradation process char-
acterized by the dissipation of heat [23]. Consequently, 
the study of internal heat generation and temperature fluc-
tuations during cyclic loading necessitates the application 
of a thermodynamic framework. The first law of thermo-
dynamics for a material undergoing fatigue and subjected 
to small deformations can be written in terms of specific 
quantities as [25]:

where � represents density, e is the specific internal energy, 
and 𝜎: 𝜀̇ is the energy generation due to mechanical work. 
� denotes the applied stress and 𝜀̇ is the total strain rate 
( 𝜀̇ = 𝜀̇e + 𝜀̇p) , where �e and �p are the elastic and plastic 
strains, respectively. �⃗q is the heat flux across the boundary.

The second law of thermodynamics states that the entropy 
generation during a process is always non-negative as:

where s and T  are the specific entropy and temperature, 
respectively. Helmholtz free energy (HFE), � = e − Ts , 
relates the first and second laws of thermodynam-
ics to each other. It is a function of state variables as 
� = �(�, �e, �p, T ,Vk) , where Vk are internal state variables. 
Using the � function and combining equations (1) and (2) 
yields [25]:

(1)𝜌ė = 𝜎: 𝜀̇ − div �⃗q

(2)𝜌
ds

dt
≥ −div

�⃗q

T

(3)𝜎: 𝜀̇ − 𝜌
(

𝜓̇ + sṪ
)

−
q⃗.∇T

T

T
≥ 0
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Noting that �e = � − �p , the HFE function can be reduced to 
� = �(�e, T ,Vk) . Differentiation of � with respect to time yields:

Substituting equation (4) into equation (3), the second law 
of thermodynamics is expressed by the following equation:

where 𝛾̇ is the non-negative entropy generation rate and A is 
the thermodynamic force associated with the internal state 
parameter Vk.

Applying Fourier’s law, �⃗q = −k∇T , specific heat relation-
ship with temperature and entropy, cp = T �s∕�T  , and the 
thermodynamic forces associated with the strain and tempera-
ture, � = � ��∕�� and s = −��∕�T , the first law of thermo-
dynamics (equation (1)) can be written as:

where k is the material’s heat conductivity coefficient. The 
energy associated with the internal parameters ( AV̇k ) in 
metal is only 5–10% of plastic strain energy ( Ẇp = 𝜎: 𝜀̇p ) 
[26] and can be neglected. Also, it is shown that entropy gen-
eration owing to heat conduction, the last term in equation 
(5), is negligible [23, 27]. Therefore, the entropy generation 
associated with the damaging energies can be obtained as:

Evolution of Temperature

A typical IR camera recording in Fig. 1 illustrates the char-
acteristic temperature evolution pattern observed during 

(4)
𝜕𝜓

𝜕t
=

(

𝜕𝜓

𝜕𝜀e

)

∶ 𝜀̇e +

(

𝜕𝜓

𝜕T

)

∶ Ṫ +

(

𝜕𝜓

𝜕Vk

)

∶ V̇k

(5)𝛾̇ =
𝜎: 𝜀̇p

T
+

AV̇k

T
−

�⃗q.∇T

T2
≥ 0

(6)𝜌cpṪ = 𝜎: 𝜀̇p + AV̇k + k∇2T

(7)𝛾f = ∫
tf

0

Ẇp

T
dt = ∫

tf

0

𝜎: 𝜀̇p

T
dt

the fatigue process of SS 316 specimens at a stress ampli-
tude of 320 MPa. In this figure, � represents the tempera-
ture rise and R� = d�∕dt is the rate of temperature rise at 
the beginning of the fatigue test. Initially, the temperature 
rises rapidly at the onset of cyclic loading (Phase I) where 
the rate of temperature rise decreases. The first phase is 
followed by a stabilization phase (Phase II) for most of the 
fatigue process where the rate of temperature rise is nearly 
constant. Finally, a sudden temperature increase occurs 
just before fracture where the rate of temperature rise also 
sharply increases (Phase III). This 3-stage temperature 
trend is a well-known pattern in fatigue dissipation [12].

The first law of thermodynamics, the conservation of 
energy in equation (6), can be rewritten in terms of energy 
generation and dissipation as:

Equation (8) states that energy entering material ( Ėin ) and 
internal energy generation ( Ėgen ) contribute to the increase 
in temperature ( �cp

dT

dt
 ) and the portion of heat that is dissi-

pated to the environment ( Ėdiss ) via conduction, convection 
or radiation. In a cyclic loading process, the internal heat 
generation is the result of plastic and inelastic deformations 
inside the material [28], so that Ėgen in equation (8) accounts 
for self-heating in the material due to external actuation and 
Ėgen = Ẇt . Typically, no heat enters the control volume 
( Ėin = 0 ) and the radiation to the environment is negligible 
due to relatively low surface temperature. It can be shown 
that equation (8) is reduced to the heat conduction in a one-
dimensional direction and can be written as follows [29]:

where V  is the volume of the gauge section, and ACond and 
ASurf  represent the cross-sectional area and surface area, 

(8)Ėin + Ėgen = 𝜌cp
dT

dt
+ Ėdiss

(9)Ẇt = 𝜌cp
dT

dt
+ k

ACond

V

(

T − T∞
)

Δz
+ h

ASurf

V
(T − T∞)

Fig. 1   Temperature evolution 
of SS316 specimen at 320 
MPa at different phases of the 
fatigue process
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respectively. Δz denotes the distance of the gauge length 
to the machine grips, which is assumed to have the con-
stant temperature of the environment, T∞ . Using the variable 
change of � = T − T∞ , equation (9) yields to:

where m =
hASurf

�cpV
+

kACond

�cpVΔz
.

At the beginning of the fatigue test � = 0 , and at the 
steady-state phase d�∕dt = 0 . Thus, for these two specific 
moments, Ẇt can be obtained as:

It has been shown that in low-cycle fatigue, the plastic strain 
energy, Ẇp , is the dominant mechanism for internal heat gen-
eration [28] while in high-cycle fatigue the internal friction 
is significant and should be considered as discussed in the 
next section.

Life Prediction Using Temperature Rise

Extensive research shows that the capacity of entropy accu-
mulation up to fracture is a material property and a constant 
parameter called fracture fatigue entropy (FFE) [30]. This 
parameter is independent of the type of loading (e.g., ten-
sion-compression, bending, torsion) and specimens’ types 
and sizes and can be calculated using equation (7). Consider-
ing that most of fatigue life is expended in the steady-state 
stage, FFE can be calculated as:

(10)
d𝜃

dt
+ m𝜃 =

Ẇt

𝜌cp

(11)

Ẇt =

{

𝜌cpR𝜃 , at the beginning of the fatigue process

m𝜌cp𝜃, at steady state

where Nf , f  and Ts are the number of cycles to failure 
(fatigue life), frequency of loading, and stabilized tempera-
ture, respectively. In low-cycle fatigue (LCF), the plastic 
strain energy, Ẇp , is the dominant mechanism of internal 
heat generation and can be replaced by Ẇt from equation 
(11). For high-cycle fatigue (HCF), The portion of tem-
perature rise related to the damaging mechanisms should 
be determined. According to [31], the portion of the non-
damaging energies in total internal heat generation can be 
obtained using the change of slope in the graph of tem-
perature rise versus stress depicted in Fig. 2. The damag-
ing mechanisms, including microplasticity, occur for stress 
levels above the fatigue limit and cause inelastic energy dis-
sipation, while the heat generation below the fatigue limit 
is due to internal friction between grain boundaries and is 
non-damaging energy [32, 33]. Referring to Fig. 2, as the 
fatigue stress increases, the microplasticity and crack nuclea-
tion occur at stress levels above the fatigue limit, where the 
rate of steady-state temperature rise changes. Thus, it can be 
stated that, in general, the temperature rise at a steady state 
emerges from two sources. The first part is related to non-
damaging energies ( �nd ) and the second part is related to 
damaging energies ( �d) . Using equation (11), if �d is known, 
FFE can be calculated as:

Equation (13) can be utilized to predict fatigue life ( Nf  ) using 
the stabilized temperature by solving the following equation:

(12)FFE =
Nf Ẇp

fTs

(13)FFE = Nfm�Cp

�d

fTs

Fig. 2   Schematic of steady-state 
temperature rise at different 
stress levels
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One of the applications of this approach is to construct the 
S-N curve of material by only running a few load cycles to 
reach the steady-state phase of fatigue. In this approach, if 
a fatigue life at a stress level is experimentally determined, 
the stabilized temperature of other stress levels can be used 
to find the corresponding life without necessarily bringing 
the fatigue test to fracture. One can eliminate the constant 
properties ( FFE , m , �, and Cp ) by applying equation (14) to 
two different stress levels and measuring the steady-state 
temperatures for each case. Then, the following relationship 
can be used to determine the number of cycles to fatigue, Nf2

.

To utilize equation (15) and construct the S-N curve, the 
following steps should be followed:

–	 Conduct a step-loading test to determine the fatigue limit 
and establish the relationship for the temperature rise due 
to non-damaging energies.

–	 Perform a fatigue test at any stress level above the fatigue 
limit, serving as the reference stress, until the material 
fractures. During this test, measure the steady-state tem-
perature ( Ts1 ), the temperature rise at steady-state ( �d

1
 ), 

and the corresponding fatigue life ( Nf1
).

–	 Conduct additional fatigue tests at various stress lev-
els to reach steady-state conditions and measure the 
steady-state temperature ( Ts2 ) and temperature rise ( �d

2
 ) 

for each stress level. Alternatively, this step can be con-
ducted using the step-loading method, where the test is 
continued at each stress level until reaching steady-state 
conditions, allowing for the measurement of steady-state 
temperatures at each stress level.

(14)Nf =
FFE

m�Cp

fTs

�d

(15)Nf2
=

f2

f1

Ts2

Ts1

�d
1

�d
2

Nf1

–	 Utilize equation (15), along with the known frequen-
cies and stress levels, to calculate the fatigue life at the 
desired stress level.

The findings derived from this methodology are outlined 
in “Construction of S-N Curves” section, encompassing 
multiple materials.

Experiments and Methods

To assess the efficacy of the proposed approach, a set of 
fatigue tests at different stress amplitudes was performed 
on Carbon Steel (CS) 1018 and Stainless Steel (SS) 316. 
Next, the material composition, test method, equipment, and 
experimental procedure are described.

Material and Test Equipment

The chemical composition, physical, and mechanical prop-
erties of CS 1018 and SS316 are shown in Tables 1 and 2. 
Figure 3 shows the monotonic tensile test results for these 
materials. Specimens are cylindrical dog-bone shaped and 
are manufactured based on ASTM E 466-15 for fatigue test-
ing. The specimens’ surfaces are polished to remove stress 
concentration. The gauge sections of specimens are sprayed 
with a black paint layer to increase the thermal emissivity. 
Figure 4 shows the designed and painted specimens.

As shown in Fig. 5, the fatigue tests are conducted using  
a testing machine that can handle a maximum axial load of 
25 kN. To prevent any slipping between the specimens and 
the gripping jaws of the machine, the tail ends of the speci-
mens are securely held with appropriate gripping pressure.  
The strain of specimens is measured using a high-temperature  
extensometer which records the data at a rate of 250 Hz. 
In order to monitor the surface temperature changes dur-
ing the fatigue tests, an infrared (IR) camera is employed. 
This IR camera is capable of capturing temperatures ranging 

Table 1   The chemical 
composition of CS 1018  
and SS 316

Material C Fe Mn S P Cr Mo Si Ni

CS 1018 0.14–0.2 98.81–99.26 0.6–0.9 0.05 Max 0.04 Max - - - -
SS 316 0.08 82 Max - 0.03 0.045 18 Max 3 Max 1 14 Max

Table 2   Mechanical, physical, 
and thermal properties of CS 
1018 and SS 316

Material Density (�) Thermal 
conductivity 
(k)

Specific heat 
capacity (C)

Young’s 
modulus 
(E)

Ultimate 
Strength 
(�

�
)

Yield strength
(�

�
)

(Kg/m3) (W/m.K) (J/kg.K) GPa MPa MPa

CS 1018 7870 51 486 203 728 407
SS 316 7880 16.3 490 171 640 335
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from 0 °C to 500 °C with a sensitivity of 0.08 °C at 30 °C, 
an accuracy of ± 2% of the reading, and a resolution of 
320×240 pixels.

Test Procedure and Thermography Data Processing

Uniaxial load-controlled fatigue tests are carried out at dif-
ferent stress levels to obtain the steady-state temperature. The 
tests are performed at a load ratio of -1 and frequency of 10 Hz. 
The testing process involves two initial repetitions for each 
test case to assess data consistency. If significant data scatter 
is observed, additional repetitions are introduced to improve 
reliability. Referring to Fig. 1, the specimens at ambient tem-
perature are subjected to the fatigue load to reach steady-state 
(Phase II) and the tests are continued to final failure.

As explained in "Life Prediction Using Temperature 
Rise" section, the assessment of the non-damaging part 
of energy dissipation at stress levels above the fatigue 
limit necessitates the determination of the fatigue limit for 
the materials. To achieve this, we devised a step-loading 
procedure aimed at applying the load in specific intervals 
while monitoring the temperature evolution during fatigue 
loading. The initial load was set at 200  MPa, a value 
significantly below the yield strength of both materials. 

Throughout the step-loading process, intervals of 25 MPa 
were employed for load increments. However, as we 
approached load levels near the fatigue limit, we refined the 
step intervals to enhance the accuracy of our predictions.

In this work, we assumed that the temperature rise origi-
nates from inelastic, anelastic, and thermoelastic effects [32]. 
The damaging part of energy, caused by microplasticity and 
changes in microstructure that increase the mean temperature, 
is referred to as the inelastic effect. On the other hand, the non-
damaging part of the energy, resulting from internal friction 
and also contributing to the mean temperature rise, is known 
as the anelastic effect. Additionally, the thermoelastic effect 
causes temperature fluctuations around the mean temperature 
but does not alter the temperature at the end of each cycle. 
Thus, the mean temperature is utilized in this paper to assess 
the dissipation of both damaging and non-damaging energy 
components. It should be noted that the temperature of the 
fracture zone in the gauge section which is the hottest part of 
the specimen is used for analysis. To ensure the accuracy and 
reliability of the mean temperature values, we have selected a 
data acquisition rate of 50 Hz for the IR camera, which is five 
times the loading frequency. This high acquisition rate allows 
us to capture temperature variations with greater precision and 
effectively analyze thermal behavior during the testing process.

Fig. 3   Monotonic tensile test 
results for CS 1018 and SS 316

Fig. 4   Dimensions of painted 
fatigue specimen
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The steady-state temperatures are measured when the 
fatigue reaches the stabilization stage. The temperature sta-
bilizes after a few minutes, thus the change in ambient tem-
perature is negligible compared to the temperature rise in 
the specimens. In order to eliminate the noise signals associ-
ated with the ambient temperature, the ambient temperature 

(temperature of the machine's grips) was subtracted from the 
mean temperature value, allowing us to obtain the pure tem-
perature rise during fatigue. However, to account for possible 
fluctuations in temperature due to changes in the surround-
ing conditions or potential misreading from the camera, we 
take the average of the mean temperature over a 10-s interval 
as the representative mean temperature during fatigue. This 
approach helps to mitigate any potential inaccuracies in our 
temperature measurements to obtain the accurate values of 
mean temperature.

Results and Discussion

This section uses temperature measurements to obtain the 
fatigue life of CS 1018 and SS 316 specimens undergoing 
tension-compression cyclic loading. In addition, the exper-
imental data available in the literature for other materials 
and testing conditions are used to evaluate the efficacy of 
the proposed method. In "Fatigue Limit" section the trends 
of temperature rise during fatigue at different stress levels 
for CS 1018 and SS 316 are presented to obtain the fatigue 
limit. "Construction of S-N Curves" section shows how 
the entropic concept can be utilized to construct the S-N 
curve for different materials using only a few specimens.

Fatigue Limit

Once the fatigue test begins, the temperature of the compo-
nent undergoing cyclic loading increases rapidly due to the 
initial loading. As the fatigue loading continues, the rate 
of temperature rise decreases, and the temperature eventu-
ally reaches a steady-state condition during phase II of the 
test. Figure 6 provides a visual representation of the surface 

Fig. 5   Fatigue test set-up

Fig. 6   Temperature profiles  
of SS316 during initial stages of 
fatigue at different stress levels
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temperature of the SS 316 specimens as it progressively 
increases at different stress levels during the first phase and 
ultimately reaches a steady state during the second phase.

The temperature exhibits f luctuations around the 
mean value, primarily due to the thermoelastic effect. To 
enhance the accuracy of our measurements, we adopted a 
method to calculate the mean value. Specifically, we com-
puted the average of mean values recorded over 10-s inter-
vals during the second phase of the test. This approach 
allowed us to reduce the impact of short-term variations 
and provide a more precise estimation of the mean tem-
perature during the steady-state condition.

Referring to Fig. 2, the fatigue limit is used to distin-
guish between the damaging and non-damaging energies 
in cyclic loading. For fatigue cases below the fatigue limit, 

the energy distribution can be attributed to the internal fric-
tion and non-damaging source of energy, such as recover-
able dislocations in material structure. The fatigue process 
encompasses a combination of plastic, elastic, and anelastic 
deformations. Internal friction is a non-damaging phenom-
enon arising from inherent flaws in the form of half-planes 
that can move within the material's lattice during repeated 
loading. When subjected to cyclic loading, the applied 
stress supplies sufficient activation energy for these half-
planes to undergo edge dislocations. The gradual transition 
of these kink bands restores them to their initial positions, 
resulting in no damage [34]. This non-damaging, recover-
able concept contributes to heat generation and tempera-
ture rise during cyclic loading, even at stress levels below 
the fatigue limit.

Fig. 7   Obtaining the fatigue 
limit of CS 1018 based on tem-
perature rise at steady-state [31]

Fig. 8   S-N curve of CS 1018 [31]
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In this study, only the temperature rise due to damag-
ing energies ( �d ) are used to find the fatigue life. Figure 7 
shows the temperature rise for CS 1018 specimens at dif-
ferent stress levels [31]. For stress levels below the fatigue 
limit the temperature rise is almost zero and the steady-
state temperature is obtained using the average mean values 
of steady-state temperature. The obtained fatigue limit is 
325 MPa, which agrees with the S-N curve data presented 
in Fig. 8. Figure 9 also shows the steady-state temperature 
rise at different stress levels for SS 316. This demonstrates 
that even at low stress levels, a significant amount of tem-
perature rise occurs due to internal friction. However, for 
stress levels exceeding 310 MPa, there is a notable spike 
in temperature rise at the same stress intervals, signifying 

that the fatigue limit of the material is 310 MPa. It is in 
good agreement with the S-N curve results of SS316 pre-
sented in Fig. 10. In Fig. 8, the run-out point is associated 
with the fatigue test with 5,000,000 cycles without failure 
for CS 1018. Similarly, in Fig. 10, the test performed for 
5,000,000 cycles, is also considered as the run-out for SS 
316. The steady-state temperature rise in SS 316 is higher 
compared to CS 1018. This difference can be attributed to 
the higher amount of plastic strain energy released during 
fatigue loading and the lower heat conductivity of SS 316, 
which limits its heat dissipation capability. As a result, SS 
316 experiences a more significant temperature increase in 
the steady state, reflecting its response to fatigue loading 
and material-specific characteristics.

Fig. 9   Obtaining the fatigue 
limit of SS 316 based on tem-
perature rise at steady-state

Fig. 10   S-N curve of SS 316
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Fig. 11   Extracted S-N curve of 
CS 1018 based on the results of 
stabilized temperatures

Fig. 12   Extracted S-N curve 
of SS 316 based on the results 
of stabilized temperatures with 
reference stress amplitude of (a) 
330MPa and (b) 325 MPa
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Construction of S‑N Curves

Referring to equation (15), the S-N curve of a material can 
be obtained if the fatigue life and stabilized temperature at 
a stress level are determined. The stabilized temperature at 
another stress level can be used to find its corresponding 
fatigue life. The fatigue tests need to be carried out to reach 
Phase II of fatigue and obtain the steady-state temperature. 
In this study, it is assumed that fatigue life results of CS 
1018 are available. The obtained temperature at the steady-
state phase for other stress levels is used to find the corre-
sponding fatigue life. Figure 11 shows the predicted results 
of this method in comparison with the experimental results 
for CS 1018. Also, Fig. 12 shows the predicted results for 
the fatigue life of SS 316 samples. To evaluate the model’s 
predictions for SS 316, first assumed that the reference stress 
is 330 MPa, and the steady-state temperatures at other stress 
levels are used to construct the S-N curve. The results of this 
scenario are depicted in Fig. 12(a). For the second scenario, 
the stress amplitude of 325 MPa is assumed as reference 

stress, and the stabilized temperature of other stresses is used 
to Construct the S-N curve as shown in Fig. 12(b). For both 
cases, the predicted results have an acceptable correlation 
with the experiments. A summary of the results is presented 
in Table 3.

In addition to the experiments conducted in this study, 
the tension-compression fatigue results of the work of Teng 
et al. [35] on SAE 1045 medium carbon steel and fully-
reversed bending fatigue results of the work of Mehdizadeh 
and Khonsari [28] are utilized to evaluate the merit of the 
proposed method.

In their study, Teng et al. [35] utilized thermography to 
investigate the fatigue behavior of SAE 1045 medium car-
bon steel. They conducted a series of step-wise tests ranging 
from 100 to 400 MPa, with a load step length of 9000 cycles 
for each stress level. Different load steps with values of 
Δ�a = 20, 25, 30, 35, and 40 MPa were performed, and the 
temperature rise was measured for each load step. Addition-
ally, constant amplitude load tests were carried out to obtain 
the S-N curve for the material. In this paper, we applied 

Table 3   Model’s predictions 
in comparison with the 
experimental results for various 
materials and load cases

Material Loading type Reference 
Load/
Displacement

Load Level Estimated Life Actual Life 
(Experiment)

Error (%)

CS 1018 Axial 380 MPa 360 MPa 256500 219800 16.6
370 MPa 51300 49900 2.9
390 MPa 12900 15300 -15.6
400 MPa 6500 7800 -16.7

SS 316 Axial 330 MPa 315 MPa 464700 471100 -1.3
320 MPa 282500 228300 23.9
325 MPa 182200 160200 13.8
335 MPa 46900 64500 -27.2
340 MPa 25900 25000 3.7
345 MPa 21200 16500 28.8

SS 316 Axial 330 MPa 315 MPa 408100 471100 -13.3
320 MPa 248100 228300 8.8
330 MPa 96600 110300 -12.1
335 MPa 41200 64500 -36.1
340 MPa 22800 25000 -8.9
345 MPa 18700 16500 13.1

SAE 1045 Axial 350 MPa 300 MPa 387000 279300 -27.8
320 MPa 159000 114700 -27.8
325 MPa 113200 81600 -27.7
340 MPa 76600 55300 -22.1
360 MPa 48100 34700 23.9
380 MPa 30100 20100 34.1
400 MPa 15100 10900 20.8

SS 304 Bending 8.9 mm 6.3 mm 1545200 2450700 -36.9
7 mm 755700 755200 0.1
7.6 mm 401200 394900 1.6
10 mm 133200 109800 21.1
11.5 mm 111200 84500 32.3
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the proposed method to their experimental results to con-
struct the S-N curve. For the construction of the S-N curve, 
a stress amplitude of 350 MPa was chosen as the reference 
stress since the fatigue limit is approximately 300 MPa. The 
comparison of the predicted and experimental S-N curves 
for SAE 1045 steel is depicted in Fig. 13(a) and results are 
summarized in Table 3.

In another study, Mehdizadeh and Khonsari [28] con-
ducted a series of fully-reversed bending fatigue tests on 
SS 304 to investigate the influence of internal friction on 
temperature evolution during low and high-cycle fatigue 
tests. They applied displacements ranging from ∆l = 4 
to 12 mm and measured the corresponding temperature 
evolution. Additionally, they obtained the fatigue life 
corresponding to each displacement. In this paper, we 

utilized the developed method to analyze their experi-
mental results and predict the S-N curve for SS 304. To 
achieve this, we used the life and temperature rise data 
obtained at a displacement of 8.9 mm as a reference to 
predict fatigue life at other stress levels. Figure 13(b) and 
Table 3 illustrate the estimated results for SS 304 under 
fully-reversed bending tests, showing the predicted S-N 
curve based on the applied method and the experimental 
data obtained from the tests performed by Mehdizadeh 
and Khonsari [28].

As shown in Fig. 13, the predicted results for both low- 
and high-cycle fatigue are in good agreement with the 
experiments. It shows that this concept provides a simple 
yet powerful method to rapidly extract the S-N curves of 
different materials under different types of fatigue loads.

Fig. 13   Extracted S-N curve 
of (a) SAE 1045 and (b) SS 
304 in comparison with the 
experimental results available 
in Refs. [28, 35]



Experimental Mechanics	

Conclusions

An experimentally verified procedure is proposed to rap-
idly predict fatigue life by measuring the temperature rise 
during the fatigue process. Based on the presented experi-
mental results, the stabilized temperature during cyclic 
loading is an indicator of internal heat generation and can 
be utilized to measure the plastic strain energy. Further-
more, the results show that the measure of stabilized tem-
perature can provide a simple, reliable, and efficient meth-
odology based on the framework of entropy accumulation 
to find the S-N curve for material by only carrying out the 
experiments until reaching the steady-state temperature.

The results presented indicate the versatility of this 
approach in handling various types of fatigue loading, such 
as axial tension-compression and bending. With only a few 
specimens for each loading type, one can characterize the 
fatigue behavior of a material and develop the S-N curve. 
This approach offers a time- and cost-efficient solution 
that is both effective and reliable.
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