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ABSTRACT: Over the years it has studied the behavior of materials under fatigue using 
standard specimens subjected to uniaxial loads, or bending, traction, etc. However, in real 
working conditions of a part or equipment, the loads they are subjected are not only uniaxial, 
which makes these tests less representative of the actual loading for a part subjected to fatigue 
during service. In most parts of equipment and some structures that are subjected to cyclic 
loading the stress state is complex. One example is the axis under torsion and bending. 
Constant loads can be associated with different cyclic loading, causing also a multiaxial stress 
state. Another important factor in the study of fatigue is the environment in which it occurs, 
because the fatigue strength of steel varies depending on whether the environment is neutral 
or corrosive. This paper presents the results obtained in the measurement of damage caused 
by multiaxial fatigue (torsion and bending) in specimens, in neutral environment (air at 
temperatures between 18 C and 20 º C) and corrosive environment (NaCl 3, 5% by weight, at 
temperatures between 18 C and 20 º C). To measure the damage it used the method of 
measuring the electrical resistance change considering variable electrical resistivity 
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INTRODUCTION 

In the context of continuum mechanics, damage is defined as a material property that 
reduces the resistance of the component, and may even cause its failure. The process of 
damage creation is the nucleation of surface discontinuities (microcracks) and / or volume 
(voids or micropores) in the material [Collins J. A.,1993]1, [Alvarenga Jr. et al, 2001]2 and 
[Lemaitre,J. et al, 1987]3. 

Mechanical components in general suffer damage during their lifetime, where the external 
demands exceed the allowable stress. Applications where the problem of fatigue is crucial, the 
measurements of damage are very important. Every time the external stress exceeds the limit 
of fatigue strength, damage will occur in the material, which is irrecoverable and cumulative 
[Lemaitre,J. et al, 1987]3, [Dieter G. E.,1998]4. There are several different techniques for 
measuring damages. Each of these techniques has advantages and disadvantages depending 
on their applications [Lemaitre,J. et al, 1987]3. Measurement of fatigue damage using the 
change in electrical resistance is the proposed technique to measure damage caused by high 
cycle fatigue the proposed technique in this work. Considering the fatigue flexion-rotation 
high-cycle, B. Sun and Guo. Y[5] present an equation 1 as a way to measure damages. 
Although in this work, the applied loads to the specimens used in test are not due to fatigue 
flexion-rotation high-cycle, but, multi-axial bending and torsion loads, the damage will be 
calculated by Equation 1. 
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where: 
R∆ is the increment in the variation of electrical resistance between the virgin material 

and damaged material, 
R is the electrical resistance of the virgin material and 
R′ is the electrical resistance of the damaged material. 
If 1=D , ∞→′R  that means the specimen is broken. 
According to [Lemaitre J., Caboche J.L.,1990]6 there is a damage value called critical 

damage (DC), value at which small cracks voids in the material will appear. The critical 
damage is a parameter of the material, and in general this parameter is between 0.2 and 0.5. 
This is an important parameter to make the fracture prediction, because from it the fracture 
predictions have lower errors. This is due to the fact that with this level of damage has already 
been achieved stable cracks formed which spread the material. 
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 Where  σRUP is the ultimate tensile strength and σR is the yield strength of the material. 

METHODOLOGY 

Specimens 
In all experiments, we used the AISI 8620, mechanically characterized by tensile tests of 

three specimens in accordance with [ASTM E-8,1996]7.The material tested was from a single 
batch, certified . Table 1 shows the mechanical properties of steel, obtained in tensile tests. 

 
Table 1- Mechanical characterization of SAE 8620 

CP 
0.2 

[MPa] 
R 

[MPa] 
Rup 

[MPa] 
A 

[%] 
S 

[%] 
1 471 641 421 19 66 
2 457 632 427 20 65 
3 465 630 432 20 66 

Average 464  7 634  6 427  6 20  1 66  1 
 
All specimens were notched in order to concentrate the damage and facilitate 

measurement of change of current during the fatigue tests. 
Figure 1 presents the mechanical design of the specimen and its notch. 



 
 Figure 1-specimen and its dimensions 

 

Multiaxial fatigue machine 
It was developed a instrumented fatigue-testing machine, for determination of fatigue 
properties of materials in a controlled environment, with capacity to test specimens with 
simultaneous bending and torsion loading. Loading are applied to the specimen by a cam 
system specially designed for this purpose. Figure 2 presents the mechanical device  utilized 
for specimen loading.  
 

 
 Figure 2- Applied loads into the specimens  

 
The values of the loads applied to specimens were measured utilizing specimens instrumented 
with strain gages (Figure 3). To measure the number of cycles it was used an electronic 
counter designed and for this purpose. 



  

 Figura 3- Instrumented specimen for load calibration. 

Neutral environment  testing 
The tests were conducted in a neutral environment in air at temperatures between 18 ºC 

and 20 ºC. We tested three sets of specimens, with different tensile values. For each set were 
tested 4 specimens. Table 2 presents the identification of specimens of each set and Table 3, 
the respective tensile test values. 

 
 
Table 2- Identification of the specimens for each loading set. 

Set 
Nº of the 

specimen tested in 
neutral environment 

Nº of the specimen 
tested in corrosive 
environment 

1 12, 13, 14, 15 18, 19, 20, 21 
2 26, 27, 28, 29 22, 23, 24, 25 
3 34, 36, 37, 40 41, 42, 43, 46 

 
Table 3- Loading values for each set. 

Set 
Flexure load (MPa) Torsion load (MPa) Principal stress (MPa) 

σx τxy 
Maximu

m 
Minimum 

1 
16 16 25,9 -9,9 
-24 -21 12,2 -36,2 

2 
16 18 27,7 -11,7 
-11 -18 13,3 -24,3 

3 
6 7 10,6 -4,6 
-8 -9 5,8 -13,8 

 
Before the start of each test set, the fatigue machine was calibrated and the values of stresses 
measured using an instrumented specimen, connected to a Hewlet Packard data acquisition 
system model AGILENT, and a computer. Then the specimen to be tested was mounted on 
the machine and subjected to certain number of fatigue cycles. After these cycles, the 
specimen was removed from the machine and placed in the jig to measure its electrical 
resistance. All electrical resistance measurements were performed using a Kelvin bridge, 
mark Tinsley Instruments, model QJ57E and a voltage source digital CHROMA Model 
62006P-100-25. Figure 4 presents the equipment used for measuring the electrical resistance 
of the specimens after certain numbers of fatigue cycles. Figure 5 presents fatigue machine 
during fatigue testing in a neutral environment. 

 



 
 Figure 4- Equipment used for measuring the specimen electrical resistance. 

 

 
 Figure 5- Machine for fatigue testing in a neutral environment 

Corrosion environment testing 
The tests were performed in a corrosive environment in NaCl 3.5% by weight, at temperatures 
between 18 ºC and 20 ° C, under water forced circulation around the notched region of the 
specimen. Test were performed  in three sets of specimens, with different tensile values. For 
each set were tested 4 specimens. The parameters and procedures of the fatigue tests were the 
same of those used in a neutral environment. To avoid corrosion in the region of electrical 
contact probes for measuring electrical resistance on the specimen, these areas were protected 
with a protection mass  ABM 72, mark HBM. A specimen was subjected to corrosion in the 
test solution, without loading for a period of 24 hours (maximum time of test-loading), to 
check the influence of corrosion on the electrical resistance variation. 

Figure 6 presents fatigue machine during fatigue testing in a corrosion environment. 



 .  
 Figure 6- - Machine for fatigue testing in a corrosion environment. 

 

Damage determination 
The damage values were obtained from Equation 1, using the values of electrical resistance 
measured during the fatigue tests. Graphs were plotted  with the fatigue damage values 
depending on the number of fatigue cycles and depending on the ratio N / Nf (number of 
cycles for a given amount of damage divided by the number of cycles to fracture for each 
specimen). 

RESULTS AND DISCUSSION 

Multiaxial fatigue tests 
Figure 7 presents a calibration graph of multiaxial fatigue machine at a load of 200 MPa. Note 
that the values fluctuate between +200 and -160 MPa for the bending loading and +180 and -
190 MPa for the torsion loading. It can be observed also a little variation in maximum and 
minimum values during the test. This is due to machining problems (clearances and 
eccentricity) of parts that work in the loading of the specimens. Nevertheless it was observed 
that variation in loading was constant during the tests. 



Calibration of the Multiaxial Fatigue Machine
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Figure 7-Calibration of the machine Multiaxial Fatigue 

Damage determination 
Figures 8, 9 and 10 present the damage values calculated from Equation 1 using values of 
electrical resistance obtained experimentally. It is observed in the three test sets that the 
number of cycles to the fracture of the specimens tested in a corrosive environment is much 
smaller than the number of cycles to the fracture of the specimens tested in a neutral 
environment. It was also noted that there is a wide dispersion of the number of cycles to 
fracture in a neutral environment testing and narrower for the specimens tested in a corrosive 
environment. The dispersion tends to decrease with increasing fatigue stress. 
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 Figure 8- Evolution of damage with number of cycles in Set 1 specimens. 
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 Figure 9- Evolution of damage with number of cycles in Set 2 specimens 
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 Figure 10- Evolution of damage with number of cycles in Set 3 specimens. 
 

Figures 11 to 13 present the experimental values of damage as a function of N / Nf, where N 
is the number of cycles for a given damage and Nf is the number of cycles at fracture. 
Observe that is possible to measure the damage variation only to damage values above D= 
0.05 and N / Nf = 0.8.ge. This is probably due to two main reasons: firstly, the imprecision of 
measuring the variation of electrical resistance at the beginning of the trial, where the 
damages are  small. Secondly, it is assumed that, as the fatigue crack is a  very sharp crack 
(no yielding at the crack tip), there is contact between points of the fracture surfaces which 
provides an unrealistic reading of electrical resistance measurement. It was not possible to 
obtain many measures of damages values above the theoretical value ( Dc = 0.32), because 



above this value the fracture occurs very quickly. Another important observation is that even 
if there is a big difference between the number of cycles to fracture, the ratio N / Nf does not 
vary greatly between the  tested specimens.. 
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Figure 11- Evolution of damage with  N/Nf in Set 1 specimens. 
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Figure 12- Evolution of damage with  N/Nf in Set 2 specimens. 
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Figure 13- Evolution of damage with  N/Nf in Set 3 specimens. 

CONCLUSIONS 

From the measurement of damage caused by multiaxial fatigue in SAE 8620 steel 
specimens, in neutral environment and corrosive environment, it is concluded that: 

1 - The equipment for the testing work, in general, as expected. The problems 
encountered were mainly related to system loading specimens, which showed defects in 
machining (clearances and mounting eccentricity), hindering the implementation of reverse 
fatigue loading (R = - 1). 

2 - The results show that damage can be measured by electrical resistance change 
considering variable electrical resistivity, although the need to establish procedures that allow 
to make the measurement without removing the specimen test from the fatigue test machine 
and ensure there is no contact between the fracture surfaces during the measurement of 
electrical resistance. 

3 - Although this study has been done based on theories of uniaxial fatigue, the results 
show a good adhesion when applied to multiaxial fatigue. However there is a need to do more 
studies to obtain better agreement between  the theoretical and experimental values. 

4 - The results show that the specimens tested in corrosion environment show lower 
dispersion of the measured damages and fatigue lifetime values lower than those tested in 
neutral environment. 
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