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ABSTRACT

The article presents an accelerated method for fatigue limit calculation which makes use of constant  temperature 
increase rate observed in the middle time interval of specimen fatigue loading. The examination was performed on 
specimens prepared from drawn rods made of corrosion resistant austenitic steel X5CrNi18-10 (1.4301) subjected to 
rotating bending. For comparison purposes, the fatigue limit was also calculated with the aid of the Staircase method, 
using 30 specimens and assuming the base number of cycles equal to 10·106. Three specimens were used for accelerated 
examination during  which their temperature was measured with the aid of the thermographic camera CEDIP Silver 
420M (FLIR SC 5200). The applied loads were gradually increased until specimen damage took place. Based on the 
analysis of temperature changes during specimen  loading, the average rate of temperature increase at successive 
loading stages was assessed. The obtained results were then approximated using the 2-nd order curve and its minimal 
value was assumed as corresponding to the fatigue limit. The performed statistic test has revealed that the fatigue limit 
calculated in the above way does not differ substantially from that determined using the Staircase method.
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INTRODUCTION

The nominal stress concept based fatigue analysis is 
a basic element of fatigue life evaluation of structural elements, 
including those composing ship structures [1]. An important 
component of this analysis is construction of the S-N (Wöhler) 
curve for the examined material or structural element, and 
the basic parameter of this curve, in turn, is the fatigue limit. 
It is also an important parameter when determining the 
fatigue life based on cumulative damage hypotheses [2], or 
performing multiaxial strength criteria based calculations to 
assess the normal stress/shear stress relation [3] or the effect 
of disproportional load  [4].

A standard and globally acknowledged method to 
determine the fatigue limit is the Staircase method (British 
Standard Institution - BS 3518 Methods of fatigue testing. Part 5: 
Guide to the application of statistics; L’association Francaise de 
Normalisation - NF A 03-405 Essais de Fatigue, Japan Society 
of Mechanical Engineers (JSME) - JSME S 002-81 Standard 

Method of Statistical Fatigue Testing). This method is used for 
direct calculation of the average value and standard deviation 
of the fatigue limit [5][6][7]. However, it requires long-lasting 
fatigue tests performed on tens of specimens until the base 
number of cycles, ranging from 2·106 (in tests of structural 
elements) to 100·106 (when testing material properties of non-
ferrous metal alloys), is obtained, or the specimen is earlier 
damaged. For instance, when testing a single steel specimen 
subjected to periodic tension/compression loads (cycle 
asymmetry coefficient R = 1) at the loading frequency f = 10 Hz, 
which is a standard frequency obtained on hydraulic strength 
machines, the base number of 10·106 cycles is obtained after 
about 278 hours. In tests of a single steel specimen subjected to 
periodic bending at the loading frequency  f = 100 Hz, being a 
standard in machines used for rotating bending, obtaining the 
base number of cycles equal to 10·106 needs 28 hours. For the 
Staircase method this time is to be multiplied by the number 
of tested specimens.
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In this context, accelerated methods to determine the 
fatigue limit are sought which will enable both to shorten the 
time needed to obtain the results, and to reduce the number of 
specimens needed for tests. In general, the accelerated methods 
are expected to shorten the fatigue examination and reduce 
its cost, at the same time  ensuring that their quality does not 
differ substantially from the classical methods. The group 
of accelerated methods includes the Locati method [8] and 
the method of programmed fatigue tests [9], which, however, 
require the information on the slope coefficient of the fatigue 
curve. To avoid this difficulty, the method is combined with 
thermographic techniques, among other approaches [10].

Attempts to improve the accuracy in determining the 
fatigue limit focus on seeking new methods based on physical 
phenomena related with the fatigue process. Since the specimen 
or the structural element subjected to static load  [11][12][13] or 
dynamic load is a source of heat generated as a result of internal 
processes, mainly those related with plastic deformation [14]
[15][16], then the methods which base on specimen temperature 
measurements, in particular contactless thermographic 
methods, are very useful for modelling the fatigue process [17].

It was Risitano who first used the thermographic method 
to determine  the fatigue limit in 1986 [18]. Then this method 
was used and/or modified in [19][20][21][22], among other 
works. A similar idea was used when determining the fatigue 
limit in the Lock-In method [23][24]. In the above works the 
fatigue limit was calculated, as a rule, for axial loads, based 
on the time interval of temperature stabilisation which occurs 
during phase 2 of fatigue loading (fig. 1 – line A).

However, not all materials reveal the abovementioned 
temperature stabilisation during fatigue loading, which 
substantially reduces the scope of application of the already 
developed thermodynamic methods of accelerated fatigue 
limit calculation. The method presented in this paper bases 
on constant rate of temperature increase which is observed 
during phase 2 of fatigue load (fig. 1 – line B), as illustrated 
by the case of corrosion resistant austenitic steel X5CrNi18-10 
subjected to rotating bending.

Fig. 1. Changes of temperature T during fatigue test for the material which 
reveals temperature stabilisation (line A) or constant temperature increase rate 

(line B) during phase 2

TEST RIG AND SPECIMENS 

Test rig. The tests were performed at the Department 
Laboratory for Research on Materials and Structures (certified 
by the Polish Centre for Accreditation – PCA AB 372) of the 
Faculty of Mechanical Engineering at the UTP University of 
Science and Technology in Bydgoszcz,  on the machine for 
rotating bending fatigue tests (loading frequency 77 Hz).

The basic component of the test rig was the thermographic 
camera CEDIP Silver 420M (FLIR SC5200) equipped with 
high-sensitivity matrix InSb cooled by Stirling pump. The 
basic parameters of the camera were:

• matrix resolution: 320x256 pixels,
• spectral range: 3.6÷5.0 μm,
• sensitivity: below 20 mK (available: 8 mK),
• thermogram recording frequency: up to 140 Hz for 

the entire matrix (up to 25000 Hz in lower resolution).
The thermographic camera recorded, at the frequency of 

25 Hz, the 2D temperature distribution over the surface of the 
specimen subjected to rotating bending in the test machine. 
The image from the camera was passed via USB 2.0 interface 
to  the PC computer with relevant software in which it was 
recorded, in digital form as PTW files, directly on the disc.

The software installed in the PC computer included:
• VirtualCAM, which provided two-way communication 

between the computer and the thermographic camera 
via the USB 2.0 interface,

• CIRRUS Front End, being the user’s interface to 
control the CEDIP camera,

• ALTAIR, which enabled collecting, recording and 
advanced processing of thermographic images.  

Specimens for tests. The specimens for the tests were 
made from drawn rods of corrosion resistant austenitic 
steel  X5CrNi18-10 (1.4301) having the offset yield strength  
Rp0.2 = 706 MPa and the tensile strength Rm = 798 MPa. The 
geometry of the used specimens is shown in fig. 2, and the 
chemical composition of the specimen material is given in.

Tab. 1. Chemical composition of material for specimens 

C M
n Si P S C
r N
i N

A
cc

. t
o 

st
an

da
rd

 P
N

-E
N

 
10

08
8-

1:
20

14
-1

2

≤0
.0

7%

≤2
%

≤1
%

≤0
.0

45
%

≤0
.0

15
%

17
÷1

9.
5%

8÷
10

.5
%

≤0
.11

%

In
 te

st
ed

 
sp

ec
im

en
s 

0.
02

%

1.
53

0.
61

%

0.
07

%

0.
01

6%

18
.7

5%

8.
22

% -



POLISH MARITIME RESEARCH, No 4/201566

DESCRIPTION AND RESULTS OF TESTS 

Results of Staircase test. The Staircase method based 
fatigue limit was calculated after assuming the base number 
of cycles equal to N0 = 107. Thirty specimens were used in 
the tests. The lowest level of stress amplitude S0 was equal 
to 260 MPa, while the stress increase was ΔS = 5 MPa. The 
fatigue limit determined from the Dixon and Mood’s relation 
was equal to Sf = 277 MPa, with standard deviation ss = 23,6 
MPa.

Results of accelerated method calculations. Three 
specimens were used in the accelerated tests. The specimens 
were loaded starting from the level S1 = 230 MPa and then 
gradually increasing the load, with the step ΔS = 10 MPa, 
until the fatigue scrap was obtained. At each loading level, 
except the specimen damage level, ni = 30 000 cycles were 
performed.   collates  fatigue lives obtained for successive 
specimens. Each tested specimen was damaged at a different 
loading level and, consequently, different total fatigue life was 
obtained for this specimen.

Tab. 2. Fatigue lives for successive specimens in accelerated tests 

Specimen

no. 1 no. 2 no. 3

Fatigue failure level i 18 17 16

Failure stress, MPa Sk 400 390 380

Total fatigue life, cycle Nc 518 400 487 300 457 600

The results of thermographic measurements are shown 
in fig. 3 and fig. 4. fig. 3 shows temperature changes recorded 
on the surfaces of successive specimens during the entire 
test cycle, while fig. 4 presents specimen surface temperature 
change during the accelerated test, broken down by particular 
loading levels. We can notice that for all recorded loading levels, 
the time interval corresponding to the accelerated specimen 
temperature increase (phase 1 in Fig. 1) is followed by the time 
interval of stable temperature increase (phase 2 for curve B 
in Fig.1).

ANALYSIS OF TEST RESULTS 

Fig. 5 shows specimen surface temperature increase rates 
corresponding to particular loading levels. In these diagrams,  
the results corresponding to the final (destroying) level of 
loading are omitted, as their values differ substantially from 
the remaining data. We can notice that the presented results 
have the minimum which can be related with the fatigue limit. 
In the vicinity of this minimum other processes connected 
with material degradation remarkably affect the energy 
balance of the entire specimen, as a result of which smaller 
part of it is involved in generating temperature increase. 
After exceeding the fatigue limit, the temperature increase 
rate becomes higher, which can be related with much larger 
plastic deformations.

a)

Fig. 3a. Change of temperature  T of specimen surface during accelerated test 
for specimen 1 (a), 2 (b), and 3 (c)

b)

Fig. 3b. Change of temperature  T of specimen surface during accelerated test 
for specimen 1 (a), 2 (b), and 3 (c)

Fig. 2. Geometry of specimens used in tests 
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c)

Fig. 3. Change of temperature  T of specimen surface during accelerated test for 
specimen 1 (a), 2 (b), and 3 (c)

a)

b)

c)

Fig. 4. Change of temperature T of specimen surface during accelerated test for 
particular loading levels of specimen 1 (a),  2 (b), and 3 (c)

a)

b)

c)

Fig. 5. Change of specimen surface temperature increase rate dT/dt during 
accelerated test for specimen 1 (a), 2 (b), and 3 (c)

The results of examination were approximated using the 
2nd-order function, omitting the value for the last (destroying) 
loading level. The minimum of the function obtained in the 
above way was interpreted as the fatigue limit (Tab. 3).
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Tab. 3. Fatigue limits for particular specimens in accelerated tests 

Specimen

no. 1 no. 2 no. 3

Fatigue limit, MPa Sfr

294.4 298.4 289.9

294.2±4.8

Although each examined specimen was damaged at 
different loading level and reached different total fatigue life, 
the fatigue limits determined in the above way do not differ 
substantially from each other.

The results of examination of these three specimens have 
made the basis for determining the average value of the fatigue 
limit for the accelerated method Sfr = 294.2 MPa and the 
standard deviation for the test series ssr = 4.2 MPa. Due to 
small number of results, the unbiased estimator of standard 
deviation obtained as   = ssr / c4 = 4.8 MPa, where the value 
of the coefficient c4 = 0.8862 for n = 3 specimens, was assumed 
as the measure of standard deviation.

The level of coincidence between the fatigue limit values 
obtained from the accelerated method and from the Staircase 
method was checked using the statistical test for the average 
value of the population at the assumed significance level 
α=0.05 and n = 3. After adopting the value m0 = 277.0 MPa 
obtained from the Staircase method  as  the hypothetical 
fatigue limit and assuming the normal distribution of 
the fatigue limit N(277.0; 23.6), the zero hypothesis was 
formulated about equality of the fatigue limit obtained using 
the accelerated method m = 294.2 MPa in the form 

                                         (1)

against the alternative hypothesis 

                                        (2)

The value of the test statistics is 

                            (3)

The critical value for the right-hand critical area  
Since the inequality 

                                               (4)

holds, there is no reason to reject the zero hypothesis H0 about 
equality of the fatigue limits assessed using the accelerated 
thermographic method and the Staircase method.

CONCLUSIONS 
The presented accelerated thermographic method makes 

it possible to shorten fatigue tests and limit the number 
of examined specimens, which substantially reduces 
examination costs, at the same time ensuring that  the 
obtained results do not differ statistically from those obtained 
using the long-lasting Staircase method.

Based on the tests performed for steel X5CrNi18-10, 
reported in the paper, and steel C45, we can conclude that,  
compared to other presently used thermographic methods, 
the here proposed method enables to calculate faster the 
fatigue limit for cases of rotating bending of steels which 
reveal linear temperature increase and not stabilisation 
at a given level during fatigue loading, i.e. have the time-
temperature characteristics close to line B in Fig. 1.
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