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A B S T R A C T  

 
  

In this paper, the effect of various parameters on the out-of-phase thermo-mechanical fatigue (OP-

TMF) lifetime of the A356.0 cast aluminum alloy is investigated. Studied parameters include the 

maximum temperature, the dwell time, and the thermo-mechanical loading factor. OP-TMF tests are 

conducted considering realistic running conditions of diesel engine cylinder heads. The maximum 

temperature varies between 200 to 275°C and the thermo-mechanical loading factor, which is the ratio 

of the mechanical strain to the thermal strain, is considered between 75 to 150%. The dwell time (or 

the holding time) changes between 5 to 180 sec. at the maximum temperature. Fracture surfaces of 

specimens are studied using the scanning electron microscopy (SEM). These SEM images reveal that 

the A356.0 alloy has a ductile behavior. The cyclic softening phenomenon is also observed during 

stress-strain hysteresis loops. TMF test results demonstrate that the dwell time bears no significant 

effect upon the lifetime. However, large influences for the maximum temperature and the thermo-

mechanical loading factor are depicted in the lifetime of the A356.0 alloy. 

 

doi: 10.5829/idosi.ije.2013.26.12c.06 
 

 
1. INTRODUCTION 1 

 
Cast aluminum-silicon-magnesium alloys such as 

A356.0 (AlSi7Mg0.3) alloy are widely used in diesel 
engine cylinder heads due to their relatively high 

strength to weight ratio, low cost, and provision of 

affordable improvements in the fuel efficiency. Cylinder 

heads, during the start-stop operation, are subjected to 

thermal and mechanical cyclic loadings. Therefore, the 

thermo-mechanical fatigue behavior becomes a major 

concern of automotive industries with regard to the 

components integrity and their reliability [1-3]. These 

out-of-phase (OP) loading conditions in cylinder heads, 

have several important parameters such as the 

temperature range (consequently thermal loads due to 
the combustion), the dwell time (holding the 

temperature during a specific time), and mechanical 

loads (due to bolts tightening). Herein, a thermo-

mechanical loading factor can be defined as a ratio of 
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the mechanical strain to the thermal strain which is 

constant during a test. 

Many researchers have been working on the fatigue 

behavior of aluminum alloys. Several scientists have 

investigated the high cycle fatigue (HCF) behavior [4-

13] and the low cycle fatigue (LCF) behavior [14-16] of 

aluminum alloys in both room and high temperatures. 

However, fewer articles have been presented in the field 
of thermo-mechanical fatigue (TMF) loadings. Moridi 

et al. [2-3] investigated the TMF behavior of A356.0 

alloy with a thermal barrier coating. In their finite 

element simulation, they considered effects of the 

thickness and the roughness of the coating system. As 

another example, the microstructure modeling for the 

high temperature cyclic behavior of A319-T6 alloy was 

carried out by Sehitoglu et al. [17, 18].  

Beck et al. [19] performed various TMF tests on two 

aluminum alloys (AlSi10Mg0.3 and AlSi10Mg0.6), 

unreinforced and reinforced, with %15 volume 
discontinuous Al2O3 (Saffil) fibers. TMF and 

superimposed TMF/HCF behaviors of Al-Si7-Mg0.3 

cast alloy were also investigated [20, 21]. By 
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metallographic investigations and scanning electron 
microscopy (SEM) studies, it was found that crack 

initiation generally took place at the interface between 

eutectic Si particles and the α-Al matrix [20-21]. In 

another article, Beck et al. [22] studied the fatigue 

behavior of AlSi6Cu4 alloy under out-of-phase (OP) 

TMF loadings which were superimposed by HCF 

loadings. Results illustrated that at 300°C of the 

maximum temperature, the TMF lifetime was measured 

at about 2000 at 180 sec. of the dwell time. When the 

dwell time was eliminated, the TMF lifetime increased 

to 3000 cycles. At 250°C of the maximum temperature, 
this increase in the lifetime was almost doubled. 

Thomas et al. [23, 24] presented fatigue lifetime 

prediction models based on energy and classical 

approaches, such as the Smith-Watson-Topper (SWT) 

criterion for A356.0 alloy under TMF/LCF loadings. 

The effect of different casting processes on isothermal 

(in room and high temperatures) and un-isothermal 

fatigue behaviors of aluminum-silicon alloys was 

studied by Bose-Filho et al. [25]. A modified energy 

criterion, entitled “unified energy approach” was 

proposed by Riedler et al. [26, 27] who compared their 

model (which was calibrated with TMF test results) to 
conventional approaches for AlSi7MgCu0.5 alloy. 

Takahashi and Sasaki [28] checked the effect of the 

artificial ageing process on the TMF lifetime of A356-

T6 alloy. The ageing time was found to be very 

effective for the rate of changes in the loop-end stress 

amplitude. This change rate could be expressed as a 

state of the stress relaxation. There also existed a good 

correlation (a reverse relation) between the change rate 

and the fatigue lifetime. A fatigue lifetime comparison 

of two lost foam cast aluminum-silicon alloys (A319 

and A356 alloys) was performed by Tabibian et al. [29] 
under TMF conditions. Grieb et al. [30] performed 

different TMF tests on cast aluminum alloys using a 

near-component-similar sample (such as a valve bridge 

on the combustion chamber in cylinder heads) and 

derived an ageing model from experimental results. 

According to the literature review, several research 

works have studied the temperature effect on the TMF 

behavior of materials. However, the behavior of A356.0 

alloy under OP-TMF loadings, and for the cylinder 

heads application, also effects of the dwell time within 

the range of zero to 180 sec. on the stress relaxation and 

the thermo-mechanical loading factor have not been 
studied yet. Distinguishing between the fatigue number 

of cycles and the fatigue lifetime is important. 

Therefore, it is considered as a part of this particular 

research of the dwell time effect.  

Effects of the dwell time, the maximum temperature, 

and the thermo-mechanical loading factor on the TMF 

lifetime of A356.0 alloy are studied in this work. 

Results of OP-TMF experiments, similar to real loading 

conditions of the cylinder heads operation, and the 

influence of mentioned parameters are presented. 

Fracture surfaces of specimens are also investigated by 
SEM images. In addition, fatigue lifetime prediction 

lines are presented for each TMF loading parameter. 
 

 

2. EXPERIMENTAL DETAILS 

 
The material in the present investigation is a cast 

aluminum-silicon-magnesium alloy (A356.0). This alloy 
is widely used in diesel engine cylinder heads. The 

chemical composition of the A356.0 alloy is measured 

as 7.06% Si, 0.37% Mg, 0.15% Fe, 0.01% Cu, 0.02% 

Mn, 0.13% Ti and Al balance. The production method is 

a permanent mold gravity casting process. The 

microstructure of the A356.0 alloy before TMF tests 

(shown in Figure 1) consists of Al dendrites and the Si 

particles phase. The second dendrite arm spacing is 

measured as 31.9 micron (the average of several 

measurements).  

 

 
 

 Figure 1. The microstructure of the A356.0 alloy before TMF 
tests 
 

 
Figure 2. The out-of-phase condition in TMF tests 
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Figure 3. The specimen geometry and its details (dimensions 

in mm)     
 
 

(a) 
 

(b) 
 

Figure 4. Fatigue testing equipments for TMF loadings 
including (a) a general view and (b) the gauge length of the 

specimen   
 

 

 
In the OP-TMF test, the temperature reaches its 

maximum value, when the strain has a maximum 

compressive value and vice-versa. This condition is 

comparable to real loadings in cylinder heads. The out-

of-phase loading condition in the TMF tests and details 

of the specimen are shown in Figures 2 and 3, 

respectively. As it can be seen, a hole of 1.5 millimeters 

diameter in the center of the specimen is drilled in order 

to measure and control the temperature. The 

temperature is measured by a K-type sheath 
thermocouple in the center of the specimen. Three other 

K-type thermocouples are used to measure the surface 

temperature of the specimen within the gauge length. 

The stress is calculated during the test by the load 

over the cross section area of the specimen. The 

diameter of the specimen is measured before the test 

within the gauge length. The axial load is measured by a 

load cell and the strain is measured by a high 

temperature extensometer. Specimens are heated by an 

induction system where the temperature reaches its 

maximum value and remains constant during a dwell 
time. The cooling system is performed using a 

compressed air jet. Figure 4 demonstrates fatigue testing 

equipments. Tests are performed under strain-controlled 

tension-compression loadings. The heating/cooling rate 

is constant as 10°C/s for all tests. As an initial 

condition, TMF tests begin with 0.03% initial strain. 

This condition can be compared to initial loadings in 

cylinder heads due to bolts forces and valve seat insert 

effects. In TMF tests, the temperature varies between 

two minimum and maximum values. These tests start at 
50°C of the minimum temperature (Tmin) which is 

similar for all tests. The maximum temperature (Tmax) 

changes at 200 to 275°C due to the operation conditions 
of cylinder heads [29]. Dwell times (tD) are considered 

as 5 to 180 sec. at the maximum temperature. The 
thermo-mechanical loading factor (KTM), defined by 

Equation (1), is a ratio of the mechanical strain 
amplitude (εa,mech) to the thermal strain amplitude (εa,th). 

This factor represents the constraint of the system.  

tha

mecha

TMK
,

,




  (1) 

   
 minmax

minmax

TT

TT
K

th

mechmech
TM 







(2) 

where, αth is the thermal expansion coefficient. The 

thermo-mechanical loading factor varies between 75 to 

150% from test to test and remains constant during 
every TMF test [27]. Table 1 depicts the TMF tests 

configuration including loading parameters. 
 

 

 

TABLE 1. The TMF tests configuration on the A356.0 alloy 

Tmin-Tmax (°C) 

KTM (%) 

75 100 125 150 

50-200   X  

50-225   X X* 

50-250 X X X X 

50-275   X   

* Dwell times are considered as 5, 30, 60 and 180 sec. for this case. In 

all other tests, the dwell time is 5 sec. at the maximum temperature.
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3. RESULTS AND DISCUSSIONS 

 

3. 1. General Obsevations       Stress and strain 
evolutions versus the fatigue life cycles, for a typical 

TMF test are shown in Figures 5. The stress history 

includes maximum, minimum, mean and amplitude 

values. The strain includes total mechanical strain and 

plastic strain amplitudes. For this test, the thermo-

mechanical loading factor is 150% and the maximum 

temperature is 250°C.  

It is worth noting that the plastic strain shown in 
Figure 5(b) is calculated by the hysteresis loop at zero 

mean stress line. In addition, the final lifetime of the 

TMF specimen is defined as a first drop in the 

maximum stress history during the fatigue life cycles. 

As demonstrated in Figure 5(a), the stress amplitude 

decreases during cycles. This behavior shows a cyclic 

softening for the A356.0 alloy under OP-TMF loadings. 
Further evidence is that the plastic strain increases 

during cycles as shown in Figure 5(b). Herein, the total 

strain amplitude is constant during cycles according to 

strain-controlled test conditions. This cyclic softening 

behavior of aluminum alloys was also reported by Beck 

et al. [19] as they depicted that the rate of the cyclic 

softening increases when the maximum temperature 

increases [19].  

Stress-strain and stress-temperature hysteresis loops 
at various fatigue life cycles during a TMF test are 

demonstrated in Figure 6. In this test, the maximum 

temperature is 225°C and the dwell time is 60 sec. at the 

maximum temperature. The increase in the plastic strain 

can be observed during the fatigue life cycles. 

Therefore, it can be concluded that the cyclic softening 
behavior happens in the A356.0 alloy. According to the 

literature [31, 32], when the ratio of the ultimate tensile 

strength to the 0.2% offset yield strength is greater than 

1.4, the cyclic hardening will occur.  

Furthermore, if this ratio is smaller than 1.2, the 
cyclic softening will occur. Within the mentioned range 

(1.2 to 1.4) of this ratio, it is difficult to say which 

behavior occurs in the material. It should be mentioned 

that this ratio is calculated as 1.1 for the A356.0 alloy 

according to tensile test results at high temperatures 

(from 150 to 250°C). Therefore, this value proves the 

cyclic softening behavior for aluminum alloys. 

The amount of softening (AS) which is incurred 

during fatigue life cycles is calculated with respect to 

the stress value of the first cycle [33], as given in 

Equation (2). 

100(%) 


 

initial

initiallifemid
AS




 (3) 

where, σinitial and σmid-life denote the peak tensile stress at 

the first cycle and at the mid-life cycle, respectively. 

Then, the amount of softening can be calculated. 
 

(a) 

  

   
(b) 

Figure 5. TMF test results including (a) stress and (b) strain 
histories versus the fatigue lifetime 

 

 

 
(a) 

 

 
(b) 

Figure 6. TMF test results including (a) stress-strain and (b) 
stress-temperature hysteresis loops at different fatigue life 

cycles      
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TABLE 2. The amount of softening in TMF tests at various 
dwell times 

tD (sec.) at Tmax σinitial (MPa) σmid-life (MPa) AS ( %) 

5 139.03 118.43 14.82 

30 146.40 109.30 25.34 

60 134.92 107.20 20.55 

180 138.06 84.84 38.55 

 

 

 

Table 2 shows these calculations for 50 to 250°C of 

the temperature range and 125% of the thermo-

mechanical loading factor. As demonstrated in Table 2, 
by increasing the dwell time, the stress (at the mid-life 

cycle) decreases and consequently, the amount of 

softening increases. It can be noted that this increasing 

behavior of softening in the A356.0 alloy is almost 

linear as a function of the dwell time.  

Shankar et al. [33] reported about 24% of this 

amount for a modified 9Cr-1Mo ferritic steel under OP-

TMF loadings due to the micro-structural evolution 

during cycling. In addition, they illustrated that the 

softening rate was independent of the external 

environment during testing and was due to the 
annihilation and the rearrangement of dislocations [33]. 

For the comparison, the amount of softening is between 

15 to 39% for the A356.0 alloy under OP-TMF 

loadings. This phenomenon can occur due to micro-

structural changes in the material where the stress at the 

mid-life cycle decreases (due to higher stress relaxation) 

with the increase of the dwell time [22].  

Micro-structural changes include an ageing 

phenomenon. The material will be aged at high 

temperatures. After ageing, silicon particles become 

more spherical and finer along primary aluminum grains 

and several inter-metallic phases start to dissolve in the 
matrix [34]. It is known that micro-cracks initiate at the 

early stage of the TMF test. Then, during the fatigue 

cycling, cracks grow transforming to macro-cracks. In 

aluminum alloys, a crack usually initiates at a eutectic 

Si particle which is detached from the surrounding α-Al 

matrix. Then, micro-cracks solely propagate along the 

eutectic regions [20-22]. The crack initiation at detached 

Si particles is caused by the thermal and mechanical 

misfit of these brittle Si particles in comparison to the 

surrounding ductile matrix. The crack propagation is 

characterized by the connection of such micro-cracks in 
eutectic regions of the microstructure. Therefore, during 

the fatigue cycling, these micro-cracks change to macro-

cracks [22]. SEM Images of the TMF specimen are 

demonstrated in Figures 7 to 10. These pictures show 

the cracks, micro-coalescence (dimples) and porosities 

on the fracture surface. Figure 7 shows three porosities 

which are placed near surface edges (P.No.1, P.No.2 

and P.No.3). The first and the third ones are shrinkage 

porosities which are made during the casting process. 
The second one is on the surface edge of the central 

hole (P.No.2) which include a crack. In strain-controlled 

tension-compression tests, the stress is uniform and 

constant at the cross section area of the specimen. Thus, 

cracks can initiate where ever in the specimen. In these 

tests, the roughness has no major effects on the crack 

initiation in such rotary bending fatigue tests where the 

stress value becomes maximum at the outer surface of 

the specimen. Here, casting porosities as high energy 

regions have an important role in cracking. On a wide 

area of the fracture surface in Figure 7, the ductile 
fracture can be observed. A small area shows the brittle 

fracture feature due to the sudden rapture at the last 

stage of the TMF test. This sudden rupture occurs at the 

end of the failure when the area reduces (due to cracks 

propagations) and therefore, the stress increases. During 

the TMF test, a large plastic deformation happens (as 

shown in Figure 5). This can be an evidence for ductile 

fracture regions. Figure 8 shows dimples feature at areas 

near the P.No.1 position. Figures 9 and 10 demonstrate 

other porosities. In general, the cyclic deformation and 

the crack initiation are mainly governed by the TMF 

cycle which induces large plastic deformations [22]. 
 

 

Figure 7. The SEM image for the fracture surface of the TMF 
specimen 
 
 
 

 
(a) 
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(b) 

Figure 8. SEM images including (a) the P.No.1 position and 
(b) dimples near this area 
 
 

 
(a) 

 

 
(b) 

Figure 9. SEM images including (a) the P.No.2 position and 
(b) a crack near this area 
 
 

 
(a) 

 
(b) 

Figure 10. SEM images of the P.No.3 position on the 

specimen surface at two different magnifications     
 

 

 

3.2. The Effect of the Maximum Temperature       
When the maximum temperature increases, the plastic 

strain range will increase due to micro-structural 

changes, such as ageing effects in the material. The 

ageing behavior dominates the cyclic deformations 
under TMF loadings [27]. This will lead to a reduction 

in the strength and consequently decreases the TMF 

lifetime [20].  

In Figure 11, the stress-temperature hysteresis loop 

at the mid-life cycle is illustrated. The influence of the 

temperature on the TMF lifetime is shown in Figure 12 

at various maximum temperatures. It should be 

mentioned that other parameters, such as the dwell time 

and the thermo-mechanical loading factor, are constant 

in these tests.  

As depicted in Figure 11, when the maximum 
temperature increases, the stress range decreases due to 

the cyclic softening behavior and also the temperature 

dependency of material properties. This reduction in the 

stress is more significant at the compression state where 

the temperature reaches its maximum value under out-

of-phase loadings.  

Figure 11 shows that the maximum stress and the 

mean stress decrease when the maximum temperature 

increases, as also reported by Luft et al. [20]. The 

studied material was the same as used in this article but 

had a heat treatment which leads to lower ductility. In 
their study, they indicated that the creep phenomenon 

had a strong influence on this deformation process [20].  

As shown in Figure 12, by increasing the maximum 

temperature, the plastic strain also increases. Therefore, 

the TMF lifetime decreases with a power function (with 

97.6% coefficient of determination for the fitness). It 

means that at higher maximum temperatures, the TMF 

lifetime decreases sharply due to the temperature 

dependency of material properties. Larger loss occurs in 

the strength of the material at higher temperatures.  

The results of tensile tests at different temperatures 

(25 to 250°C) which are performed on the A356.0 alloy 
can prove this assertion. The ultimate stress changes 

between 192 to 95 MPa and the yield stress decreases 
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from 138 to 90 MPa within the mentioned temperature 
range. In addition, the ductility of the material increases 

up to 150°C and then decreases. As presented by 

Riedler et al. [27], when temperature dependent ageing 

effects reduce the stress, the plastic strain will raise.  

 

3. 3. The Effect of the Thermo-mechanical 

Loading Factor       As previously mentioned, the 

mechanical strain to thermal strain ratio is defined as the 
thermo-mechanical loading factor (KTM). The stress-

strain hysteresis loop containing the stress versus 
mechanical and thermal strains is depicted in Figure 13. 

In Figure 14, the effect of this factor on the TMF 

lifetime is illustrated. Other parameters (the dwell time 

and the maximum temperature) are constant in these 

experiments. By increasing this factor at a constant 

temperature range, the mechanical strain amplitude 

increases. The reason is that when the temperature range 

is considered a same value for all these tests (when used 

to study the influence of the thermo-mechanical loading 

factor). Consequently, thermal strains (the product of 

the temperature range and the thermal expansion 
coefficient) also become the same value, as it can be 

observed in Figure 13. 

 

 

 
Figure 11. The stress-temperature hysteresis loop for different 

maximum temperatures   
     
 

 
Figure 12. The effect of the maximum temperature on the 

TMF lifetime of the A356.0 alloy     
 

Figure 13. The stress-strain hysteresis loop at different 

thermo-mechanical loading factors   

 
 

Figure 14. The effect of the thermo-mechanical loading factor 

on the TMF lifetime of the A356.0 alloy     
 

 

 

Therefore, an increase in the thermo-mechanical 

loading factor leads to an increase in the mechanical 

strain amplitude based on the definition and due to its 

constant value in a test. Stress-strain hysteresis loops 
become bigger for higher thermo-mechanical loading 

factors (Figure 13).  

As anticipated in Figure 14, the TMF lifetime 

decreases by increasing the thermo-mechanical loading 

factor (or the mechanical strain amplitude) with a power 

function (with 96.9% coefficient of determination for 

the fitness). Riedler et al. [27] presented this effect on 

the TMF lifetime for AlCuBiPb aluminum wrought 

alloy showing that higher thermo-mechanical loading 

factors lead to lower cycles to the failure as the loading 

is higher [27]. This factor for a diesel engine cylinder 
head was calculated as 50 to 80% which described the 

local constraining in real loading conditions [27].  

As another result, the reduction in the fatigue 

lifetime due to this factor effect is more than the 

reduction due to the maximum temperature effect. It 

means that the TMF lifetime of A356.0 alloy is more 

sensitive to the strain.  
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3. 4. The Effect of the Dwell Time       As expected, 
increasing the dwell time at the maximum temperature 

will decrease the TMF lifetime [21]. This is due to the 

creep mechanism and also the stress relaxation, only at a 

short time after the material temperature reaches its 

maximum value. When the dwell time increases, 

additional plastic deformations are induced due to the 

stress relaxation [21]. However, it is important to 

distinguish between the fatigue lifetime (in sec.) and the 

fatigue number of cycles.  

Figure 15 demonstrates the fatigue life cycle of the 

A356.0 alloy under various dwell times. These tests are 
performed at 225°C of the maximum temperature and 

150% of the thermo-mechanical loading factor. By 

increasing the dwell time, the fatigue life cycle 

increases smoothly and linearly in logarithmic scales. It 

means that, in TMF tests, no significant difference in 

the fatigue life cycle can be observed under various 

dwell times. However, the fatigue lifetime (in sec.) 

increases with a power function of the dwell time. Such 

a behavior can be explained by high plasticity and the 

stress relaxation which remains nearly constant under 

various dwell times, 5, 30, 60 and 180 sec. [28]. 
 

 

 

 
Figure 15. The effect of the dwell time on the TMF life cycle 

and time of the A356.0 alloy     
 
     

 
Figure 16. The stress relaxation at the mid-life cycle in OP-

TMF tests under various dwell times    
 

Luft et al. [20] also reported that during the dwell 
time at the maximum temperature, a distinctive stress 

relaxation could be observed. This resulted in a decrease 

of the compressive stress by about 15 MPa at all 

maximum temperatures for the A356.0-T6 alloy [20]. 

During the dwell time, slow creep and stress 

relaxation phenomena take place due to a very low 

plastic strain rate [35]. The strain rate is in the order of 

10-4 per sec. in TMF tests. This stress relaxation is 

illustrated in Figure 16 for each dwell time at mid-life 

cycles. In this figure, stress histories versus the time 

cycle can be observed in OP-TMF tests. The measured 
value of the stress relaxation is about 15 to 20 MPa for 

all dwell times (shown in Figure 16). Sasaki and 

Takahashi [36] also reported about 20 MPa stress 

relaxation for the AC2B-T6 aluminum alloy under 5 to 

20 min of the dwell time. According to their studies, 

they depicted that the stress relaxation started at about 

220°C which is about 56% of the melting point of 

aluminum alloys. Considering the temperature range 

between 0.5 and 0.6 of the melting temperature, both 

diffusion creep and dislocation creep occur. Therefore, 

the alloy is considered to be softened at this temperature 

range. At the same time, there is no stress relaxation in 
the tensile process where the temperature has minimum 

value [36]. 

 

 

4. CONCLUSION 

 

Effects of several parameters on the OP-TMF behavior 

of the A356.0 alloy are investigated. Following 

conclusions are drawn from this work. 

A. TMF test results demonstrate that by increasing the 
maximum temperature and the thermo-mechanical 

loading factor, the fatigue lifetime decreases 

significantly, as expected. The effect of the 

maximum temperature on the TMF lifetime of the 

A356.0 alloy is less pronounced than the influence 

of the thermo-mechanical loading factor. 

B. The dwell time has no significant effect on the 

TMF life cycle due to an approximate constant 

stress relaxation but does lead to a TMF lifetime 

increase. 

C. The A356.0 aluminum alloy shows the cyclic 
softening behavior under OP-TMF conditions 

where the fracture surface has features of the 

ductile behavior. 
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 چكيد�

 
  

. شد� �ست يبر�س ينيو���لوم گر�يخته� يا��ل يرهمفا�غ يكيترمومكان يمختلف بر عمر خستگ �پا��مترها يرمقاله� تاث ين�� �
 يخستگ �ها��مو�. �ست يكيترمومكان ��ما � فاكتو� با�گذ�� ��ما� نگهد�� يشينه�ب �شامل �ما يمو�� بر�س �پا��مترها
تا  200 ينب يشينهب ��ما. �نجا� شد� �ست يز�موتو� � يلند�كا�كر� سرس ي��قع يطبا �� نظر گرفتن شر� يرهمفا�غ يكيترمومكان

 ينب باشد�يم يبه كرنش حر��ت يكيكه نسبت كرنش مكان يكيترمومكان �� فاكتو� با�گذ�� كنديم ييرتغ يگر�����جه سانت 275
سطو� . كنديم ييرتغ يهثان 180تا  5 ينب يز�ه نيشينب ��ما �� �ما ��ما� نگهد��. د� �ست��صد ��نظر گرفته ش 150تا  75

گرفته شد� با  ها�عكس ين�. مطالعه شد� �ست ي��بش ي�لكتر�ن يكر�سكو���مو� با �ستفا�� �� م ها�شكست نمونه
 شوندگينر� يد�پد. �ست پذير��فتا� نر� � شكل ����� ينيو��لوم يا�كه �ل �هندينشا� م ي���بش ي�لكتر�ن يكر�سكو�م
كه  �هندينشا� م يكيترمومكان يخستگ ها���مو� يجنتا. شو�يكرنش مشاهد� م - تنش يستريزيسه �هاي�� منحن يز�ن يكليس

 يبر عمر خستگ يكيترمومكان �� فاكتو� با�گذ�� يشينهب ��ما �ثر �ما. ند��� يبر عمر خستگ ي�ما� �ثر چند�ن ��ما� نگهد��
 ..قابل توجه �ست ينيو���لوم يا��ل

  
  

doi: 10.5829/idosi.ije.2013.26.12c.06 
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