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Properties

AbstrAct

Purpose: In the current research, fatigue tests of cast iron (GS51) have been conducted using the ultrasonic 
fatigue system and monitored by an advanced infrared imaging system in real time. Fatigue damage processes 
has been observed and analyzed. Furthermore, heat condition effect has been to analyze.
Design/methodology/approach: Fatigue behaviour in the very high cycle regime of 1010 cycles were 
investigated with a cast iron (GS51) under ultrasonic fatigue test system in ambient air at room temperature 
with a stress ratio R=-1. The influence of frequency was examined by comparing similar data generated on 
conventional servo hydraulic test systems. An infrared camera was also used to record specimen temperatures 
at various load levels caused by internal damping due to cycling at a very high frequency.
Findings: The S-N curves obtained show that fatigue failure occurred beyond 109 cycles, fatigue limit does not 
exist for the cast iron and there is no evidence of frequency effect on the test results. A detailed study on fatigue 
specimens subjected to ultrasonic frequency shows that the temperature evolution of the cast iron specimen is 
very evident, the temperature increased just at the beginning of the test, the temperature increased depending on 
the maximum stress amplitude.
Research limitations/implications: Ultrasonic fatigue test methodology had been applied extensively in 
exploring fatigue lives at very high cycle regime. However, it is a predominant problem that the thermal energy 
dissipation results in increasing of temperature of specimen at very high frequency fatigue experiment. In order 
to investigate the heat dissipation of ultrasonic fatigue specimen and understand the influence of temperature 
evolution on the fatigue properties, it is necessary to obtain the temperature response of vibratory specimen.
Originality/value: Early stage of damage of the cast iron which lead to crack initiation and micro crack growth 
are characterized by local microstructure temperature evolution, so as to understand the relationship between 
heat dissipation and fatigue state of material.
Keywords: Fatigue; Damage mechanism; Nodular cast iron; Thermal dissipation; Very high cycle regime

1. Introduction 
In industrial applications, many components are subjected to 

high-frequency, low-amplitude, very high cycle loading in their 
working service. The high-frequency, high-cycle fatigue of the 
components can result in essentially unpredictable failures of the 
working system. In order to investigate the fatigue properties and 
prime causes of the components failures in very high cycles 
regime, ultrasonic fatigue test system had been developed and it 

offers an alternative testing method for generating the data 
necessary at very long fatigue lives[1,2].  

As a result, ultrasonic fatigue test methodology had been 
applied extensively in exploring fatigue lives at very high cycle 
regime [3-6]. However, it is a predominant problem that the 
thermal energy dissipation results in increasing of temperature of 
specimen at very high frequency fatigue experiment [7-8]. In 
order to investigate the heat dissipation of ultrasonic fatigue 
specimen and understand the influence of temperature evolution 
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on the fatigue properties, it is necessary to obtain the temperature 
response of vibratory specimen. Nodular cast iron (GS51) is 
mainly used in automobile engine components due to the 
combination of high strength and ductility. These materials are 
widely used especially in the automotive industries, for the 
fabrication of crankshafts, connecting rods, suspension arms, 
gears, etc. As a considering practical application, it should be 
designed to meet lifetime requirements of 109 or 1010 cycles. 
Thus, investigation of fatigue properties and damage mechanism 
of the material in very high cycle regime is necessary for 
significantly improving safety. In the current research, fatigue 
tests of cast iron (GS51) have been conducted using the ultrasonic 
fatigue system and monitored by an advanced infrared imaging 
system in real time. Fatigue damage processes has been observed 
and analyzed. Furthermore, heat condition effect has been to 
analyze. Early stage of damage of the cast iron which lead to 
crack initiation and micro crack growth are characterized by local 
microstructure temperature evolution, so as to understand the 
relationship between heat dissipation and fatigue state of material. 

2. Experimental conditions 
The material under investigation was a nodular cast iron, 

which has been used in automobile engine; it has not been done 
any additional heat treatment. The microstructure of nodular cast 
iron GS51, much spherical graphite are not well distributed in the 
microstructure, it revealed local spherical graphite gathered, and 
there is big difference of dimension in between spherical graphite. 
The nominal chemical composition and mechanical properties of 
the nodular cast iron GS51 is shown in Tab.1 and Tab.2 
respectively [9]. 

Table 1. 
Chemical composition of nodular cast iron GS51 (mass%)

Material C (%) Si (%) Mn (%) Cu (%) Mg (%) 
GS51 3.65 2.49 0.5 0.7 0.04 

Table 2. 
Mechanical properties of nodular cast iron GS51 

Ed/
(GPa)

y/
(MPa)

UTS/
(MPa) A/ (%) /

(kg/m3) HV30

169 460 795 9 7100 265 

Fatigue tests were conducted on cylindrical dog-bone 
specimens, all fatigue loading was controlled by inputting 
vibration amplitude. In order to monitor the damage progression 
and temperature evolution over the entire fatigue test, ultrasonic 
fatigue tests were conducted without cooling. The specimens of 
the cast iron, which were used for ultrasonic fatigue testing, was 
designed with 20 kHz longitudinal resonance frequency, the 
resonance length of ultrasonic fatigue specimen was calculated by 
analytic or numerical method in detail [2,10], the geometry and 
displacement-stress distribution of the fatigue vibration specimen 
is shown in Figure 1.  

Ultrasonic frequency involves the heat generated by internal 
friction of material. So, the effect of temperature evolution on the 

fatigue properties of material should be concerned, and therefore 
temperature measurements were taken at various stress level 
during testing. In the present study, an advanced, high-speed, and 
high-sensitivity infrared imaging system was used to record the 
temperature changes during ultrasonic fatigue test.  

3. Results and discussion 

3.1 High-cycle fatigue properties

The stress versus fatigue life (S-N) curves including results 
obtained at 35 Hz and 20 kHz with stress ratio R=-1 in air and 
room temperature, are shown in Figure 2. The general trend of the 
S-N data was that the fatigue life increased with decreasing the 
applied maximum stress level. Although it has the higher scatter 
of the fatigue data, the fatigue strength determined from ultrasonic 
testing was consistent with conventional testing in the data scatter 
band. The difference of fatigue strength between 7x105 and 1010

cycles is 25 MPa for stress ratio R=-1.

Fig. 1. Geometry and displacement-stress field along the nodular 
iron GS51 specimen 

3.2 Thermal behaviour

It was found that the temperature of the specimen subjected to 
cyclic deformation rose due to heat generated, and a greater 
increase in the temperature at the high frequency, specially at an 
ultrasonic frequency was observed [7, 11]. Figure 3 illustrates the 
type of temperature distributions in the gage-length section of the 
cast iron specimen during ultrasonic fatigue testing with an R 
ratio of –1 at a frequency of 20 kHz with an applied maximum 
stress of 120 MPa after 107 cycles. It is noted that the temperature 
is heterogeneous along the axis of the specimen and is maximal at 
the centre of the gage length of the specimen, with the highest 
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temperatures occurring at the high strain location. This 
temperature field can be explained by the heterogeneity of the 
solicitation (strain and stress) and by the thermal losses related to 
conduction along the axis of the specimen. 

Figure 4 shows the temperature variation at the centre of the 
specimen according to the cycle number for two different stress 
levels. It can be also highlighted a fast increase in the temperature 
at the beginning of test followed by a stabilization corresponding 
to a balance between the mechanical energy dissipated into heat 
and the energy lost by convection and radiation at the specimen 
surface and by conduction inside the specimen. Thus, this increase 
in temperature is directly related to the mechanical energy 
dissipated into heat. Although stress in the specimen is lower than 
the elastic limit, the dissipated energy comes from internal 
material damping and the local plastic deformation at the 
microscopic scale. 

Fig. 2. S-N curve tested at 35Hz and at 20 kHz with a R=-1 
in air at room temperature 
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Fig. 3. Temperature changement in nodular cast iron GS51 during 
the fatigue test (a); Temperature field in the specimen gage for 
GS51 after107 cycles and with a stress amplitude of 120MPa (b) 

Figure 4 also shows the influence of the stress on the 
temperature evolution. The increase in maximum specimen 
temperature is related to the maximum stress, the higher the stress 
is, the larger the increase of temperature is. We can also notice 
that same stress amplitude of 260 MPa for the cast iron GS51 
generates a more significant increase in the temperature. In the 
case of the cast iron, indeed, the stress amplitude of 260 MPa 
corresponds to 55% of the cast iron GS51 yield strength. It is seen 
that the increase in the temperature is rather related to the 
amplitude ratio of the constraint by the elastic limit.  As a further 
check on the effect of cooling air on the temperature distribution 
in the testing specimen, temperature distribution of tested 
specimen without cooling and with cooling was compared.  

Figure 5 shows the results of temperature distribution in the 
gage length section of another cast iron specimen with the similar 
physical properties and chemical composition [10].  
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Fig. 4. Temperature variation at the centre of the specimen; GS51 

Fig. 5. Temperature field in the ultrasonic fatigue specimen and 
with a stress amplitude of 320MPa and R=0 

It can be found that compressed cooling air is very effective in 
ultrasonic fatigue test to decrease the temperature of specimen. 
The temperature decrease not only in the longitudinal of specimen 
but also in the radial of specimen, in the gage section of specimen, 
temperature decrease obviously from the centre to surface, the 
maximum temperature is in the centre of specimen. There is a 
single hot spot in the gage section. Compared with the specimen 
tested at 20 kHz and without cooling, it approaches an 
equilibrium (steady-state) temperature in a lower cycles, and the 
equilibrium temperature decrease evidently.  
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3.3 Fatigue damage processes

Materials do not behave in a perfectly elastic manner even at 
very low stress. Inelasticity is always present under all types of 
loading. Under cyclic loading conditions, due to the presence of 
inelasticity, the stress-strain curve is no longer a single valued 
function but forms a hysteresis loop. The area enclosed by the 
hysteresis loop is the energy absorbed, which is the damping 
energy. The damping energy will be converted into heat, and 
eventually, dissipate through the material. Jiang [8] had tested one 
kind of alloy at frequency of 20Hz and 1000Hz respectively, and 
got the result that the damping energy could depend on the rate 
and amplitude of cyclic loading. That is, the accumulation of 
irreversible plastic strain continued until the mean strain reached a 
certain value depending on the applied maximum stress level, and 
the hysteresis loop remained at a typical shape and size. In the 
tension –compression, high cycle fatigue test, the temperature 
evolution corresponded to the change of the stress-strain state. It 
has been experimentally found that the stored energy was only a 
small amount of dissipated energy. Hence, almost all the 
irreversible mechanical energy due to the inelastic deformation 
will be converted into heat. The temperature evolution show the 
change of the stress-strain behaviour. The temperature of cast iron 
specimen tested at frequency of 20 kHz increase evidently, it 
shows that there is much more accumulation of irreversible plastic 
deformation for the materials tested at very high frequency. 

Figure 5 illustrates the temperature evolution of the variation 
in temperature at the point where the temperature is maximal 
during the fatigue rupture of the cast iron GS51. For stress 
amplitudes of 260 MPa, The failures were obtained at the levels 
of 1.1 x 106 cycles. All of the specimens tested here illustrated 
that the local temperature increases sharply just before the 
specimen fatigue fracture. Thus, the failure is preceded by a 
damage phase where the temperature increases locally.  

4. Conclusions 

Fatigue properties in very high cycle regime were obtained for 
cast iron at 20 kHz frequency, the fatigue strength decreased as 
the applied stress levels increased. Comparing with the fatigue 
test results obtained at 35Hz tests, there is no frequency effect. 
The thermography detection has been applied to observe the 
fatigue damage processes of cast iron GS51. The relationship 
between the temperature evolution and fatigue damage were 
analysed, the heat dissipation behaviour of the cast iron is depend 
on not only the amplitude of cyclic loading but also the loading 
frequency. Temperature increase at ultrasonic frequency was 
considerably higher than that at 20Hz. The study of fractography 
showed that fatigue crack initiation site from the surface graphite, 
void or subsurface void for the cast iron GS51, fatigue crack 
initiation site is predominated from the subsurface microstructure 
defect under lower maximum cyclic stress. Temperature evolution 

reflect the heat dissipation process, due to the damage phase 
occurred in the microstructure of the cast iron GS51, local 
temperature increase sharply in the fatigue test specimen, it also 
reflected the micro crack growth processes. Micro crack growth 
life is only a very small part of the total fatigue life for specimen 
with very long fatigue life. 
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