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Behavior of Material Under Combination Between Plain and Fretting Fatigues
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[bookmark: _GoBack]The Material failure can be classified into several types failure including fatigue which is also classified into plain fatigue and fretting fatigue. Many studies were carried out to understand the behavior of the material under the condition of one those two types only. None of the previous studies considered testing the material under a combination between plain and fretting fatigue where most of the components in engineering and industrial application subjected to. This study is directed to that end. Five tests were conducted with different ratio between the plain and fretting fatigue. When half of the whole fretting fatigue life was applied initially and then followed by the plain fatigue cycles until a failure, the plain fatigue was found to have no impact on the material life comparing to fretting fatigue. This shows that most of the fretting fatigue life is expended in the crack initiation. The ratio between the plain fatigue and the fretting fatigue has significant effect on fatigue life. If this ratio decreases the effect of the fretting fatigue increases that results in reduction of the fatigue life. This study was done under constant contact load, so it is recommended to investigate the material under combination between plain and fretting fatigue with variable contact load. 
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1. Introduction
Material selection is an essential step in designing the components for any engineering project. This selection depends on the environmental condition that the product will experience, such as the type and magnitude of the applied loads. The goal of material selection is to lessen the hazards related to the worst situations. The engineering design requires a comprehensive understanding of the product condition such as the load and the environmental service. The failure of the material starts when the product becomes unable to function as planned. For the high technology application such as aerospace arena and engines, the failure is considered to be very costly and catastrophic. However, if the environmental condition of the operation service is known, the reasons for failure can be determined and the failure can be corrected to avoid such a disaster. There are many types of material failure such as fatigue, wear, corrosion, creep, …etc. 
This study focused on the fatigue failure. Fatigue is the situation when the material is subjected to a cyclic load. There are two type of fatigues; plain fatigue and fretting fatigue. Plain fatigue is well recognized and occurs when the material is subjected to only applied axial load in cyclic mode. Fretting fatigue is the case where the material is subjected to both axial and normal loads. This is the situation where two materials are in contact with each other. Most of the industrial and engineering applications experience the fretting fatigue phenomenon. To give a better understanding of the fatigue failure, many studies were conducted on different materials and different situations under plain fatigue and fretting fatigue conditions. Several researches were conducted considering only the plain fatigue failure by investigating with applied cyclic axial load on many types of material such as Aluminum, titanium or even concrete [1-5]. 
Recently, Majzoobi [6] introduced a method for estimation of fretting fatigue life of Al7075-T6 from plain fatigue experiments under rotary bending loading by using the Fatemi-Socie parameter (FSP) as a multiaxial criterion to account for the stress multi-axiality on focus path. Another study [7] was conducted for plain fatigue and fretting fatigue tests of specimens sectioned from actual fabricated wheels after cold spinning to understand the influence of surface condition after plastic forming on fretting fatigue behavior. It was revealed that the cold spinning increased surface roughness and induced surface defects, which significantly degraded plain fatigue strength. Movaghghar [8] developed an energy-based model for predicting fatigue life and evaluation of progressive damage in composite materials based on the concepts of continuum damage mechanics. His results show that the theoretical fatigue strength curves are in good agreement with experimental data.
Regarding fretting fatigue behavior, many studies were also implemented experimentally, analytically and numerically [9-18]. Most of these studies carried out to figure out the effect of the main parameters affecting material behavior under fretting fatigue condition. Those parameters include coefficient of friction, applied axial and contact loads, phase angle between the axial and contact load, material geometry, elevated temperature environmental condition…etc. Hintikka [15], inspected the influence of contact mechanics of fretting fatigue with induced frictional behavior. He observed that the frictional behavior was controlled by non-Coulomb friction and the behavior of the material wear was changed as the interface started to block with the debris of the wear that decreased further wear. Lee [11], on the other hand, revealed that when the contact load increased, the fatigue life decreased. Lee [17] also studied the effect of variable contact load on the fatigue life and he noticed that the axial stress was the main parameter in determining the material life. Almajali [16] conducted an experimental study on the effect of phase difference between the axial and contact load on the fatigue life of titanium alloy. He found that if the axial and the contact loads have a phase lag in between, the fatigue life of the material is increased. In general, the fatigue life of the material subjected to unlike fatigue situations can be descended from high to low as follow: High Cyclic Fatigue (HCF), Low Cyclic Fatigue (LCF) with low temperature, high temperature LCF and finally thermal shock [19].
Chan and Lee [20] wrote FORTRAN program, named (Ruiz program), to calculate the numerical solutions for related variables in terms of stresses, strains, peak pressure, and so on. Kadiric [14], in his numerical study, revealed that the magnitude of the local shear stress increases with increasing ratio between the root mean square roughness to the correlation length. Recently, Chen also [13] investigated the fretting fatigue in dovetail assembly experiments and finite element method. He concluded that based on a total fatigue life prediction model, the total life was obtained by summing up the crack initiation life and the crack growth life using a fixed initial crack length, and the predicted results agreed well with experiments. 
Most of the previous studies were conducted under the condition of only plain fatigue or fretting fatigue. None of the previous studies considered investigating the behavior of the material under combination of plain fatigue and fretting fatigue at the same time. The main goal of this study is to investigate how the material behaves under a combination of the fretting fatigue and plain fatigue loading conditions. An experimental set up has been carried out for the sake of determining the behavior of the material under the condition considered above. The configuration model used in previous studies [16] was adopted in this study. This configuration is modeled by a cylindrical end body in contact with a flat body. The flat body has a cylinder with infinite radius.
2. Experimental set up
2.1 Contact mechanics configuration
If two bodies are in contact with each other, there will be an application of both normal force and axial force. As a result, there will be a shearing force perpendicular to the direction of the normal force. The configuration of fretting fatigue was modified from previous studies to simplify the problem, give better understanding, and be easier to solve. This configuration can be shown in figure (1) where the specimen represents the flat body with infinite radius and the pad represents a cylindrical end body. Those two components are in contact with each other in case of fretting fatigue while in the case of plain fatigue there will be no contact between them.  During the test, the flat body (specimen) should be gripped at one of its end while the second end is subjected to axial stress (σaxial).  When fretting fatigue is investigated, the cylindrical end body (pads) are pushed perpendicularly against the other body by applying the contact load (P). 
The test was conducted using servo hydraulic machine. This machine is used to control the axial load and contact load in term of their magnitude, frequency, and so on to be able to have the desired conditions. Partial slip will be generated as the tangential load (Q) is formulated due to the contact mechanics. The magnitude of the tangential load is equal to half of the difference between the axial load and the load measured at the gripped end. Figure 1 also shows the leading edge and the trailing edge of the contact region during the contact mechanics. Fretting fatigue in general reduces the material fatigue life comparing to plain fatigue as revealed by several studies. Additionally, an analytical model was developed to give a solution for the fretting fatigue phenomenon.  
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Figure 1 Schematic fretting fatigue configurations

2.2. Test Set-up
The material used to be investigated under combination of plain and fretting fatigues is titanium alloy (Ti-6A1-4VA). The machine used is a bi axial servo hydraulic test machine. This machine has two actuators controlled by Multi Test System MTS 793.10 Multi-Purpose Test Software (MPT). This system is capable to allow varying the associated parameters such as the load magnitude, frequency, phase angle…etc. The axial applied load is controlled by 100 kN servo actuator while the variation of this load is measured by the lower servo load cell. The applied normal load is controlled by the left servo while its variation measured by the left servo load cell. It is necessary to align the pad to ensure that both loads are perpendicular to each other. A dog bone specimen was used with length of 228 mm, thickness 3.8 mm, width 6.3 mm, and cross section area is 24.19 mm2. The pad is one cylindrical end with radius of 50.8 mm and its thickness is equal to its width of 9.53 mm. The properties of the material used are: The yield strength ( y ) of  930 MPa, Poisson’s ratio (υ) of 0.33 and elastic modulus (E) of 126 GPa.
Five tests were carried out. The frequency for both the axial and contact loads was kept a constant value of 10 Hz and the phase angle was zero. For all tests the maximum and minimum axial stresses were 564 MPa and 56.4 MPa respectively. Regarding the contact load, it was chosen to be constant of 3336 N for four tests. For test # 1, the contact load was varying between 2224 N to 4448 N (Table-1). The axial load was applied in a tension- tension condition and the axial mean stress was varied at a constant stress ratio of 0.1. Tests # 1 and test # 2 were conducted under fretting fatigue condition only. The contact load was varying in test # 1 and constant in test # 2. Test # 3 was done initially with 21,000 fretting fatigue cycles and then under plain fatigue until failed. Test # 4 was done with a sequence of 5,000 fretting cycles followed by 10,000 plain cycles and repeated. Finally, test # 5 was done with 1,000 fretting cycles followed by 200,000 plain cycles, then repeated
The desired procedure for each test is programmed in multi-purpose test, however, there are some steps that should be done before running this procedure. Starting with installation of one pair of pads into the holding blocks that were affixed to a fixture frame, and then aligning these pads to ensure that the contact surfaces of the pads were orthogonal to the specimen and the axial load was perpendicular to the applied contact load. After that the specimen is removed from the fixture and a warm up procedure programmed in multi-purpose test is executed for at least 30 minutes to ensure that there is no hydraulic malfunction. Once warm-up is done, the specimen is mounted and clamped into the test fixture through the upper and lower grips. Afterwards the selected procedure will be ready to run.
The first step in each procedure was set by applying the contact load gradually till the magnitude of the applied contact load reached the maximum value, followed by application of the axial load gradually also till its magnitude reached the maximum. After that, the cyclic load (sinusoidal wave) between the maximum and the minimum values of both the applied axial load and the applied contact load (if required) with a frequency of 10 Hz is applied until the failure occurred. While the desired procedure is running the following parameters are recorded; the lower axial load, the running time, the upper axial load, the fretting fatigue cycles, the displacement, and the applied contact load. After the specimen failed, the number of fretting fatigue cycles was taken down as the specimen’s fatigue life.

Table.1. The input load conditions for the test of plain and fretting fatigue

	Test No.
	
MPa
	
MPa
	
N
	
N
	Notes

	1
	546
	56
	4448
	2224
	Variable contact load

	2
	546
	56
	3336
	3336
	Constant contact load

	3
	546
	56
	3336
	3336
	21,000 fretting cycles followed by plain fatigue

	4
	546
	56
	3336
	3336
	Repeated 5,000 fretting cycles followed by 10,000 plain cycles

	5
	546
	56
	3336
	3336
	Repeated 1,000 fretting cycles followed by 200,000 plain cycles



3. Results and Discussion
In this study five experiments have been conducted where four of them were done with different combinations of the fretting fatigue and the plain fatigue. This was done by keeping the applied contact load constant and varying the application load ratio between the plain and fretting fatigue. The steady state condition changes as the load conditions change from fretting fatigue to plain fatigue. The experimental results of the following are discussed: The fretting fatigue condition, the tangential load, and the fatigue life. 
For the tests done under the combination between fretting and plain fatigue, the steady state condition varies since the applied load is changing from plain to fretting fatigue. While for the test done under constant contact load as in test # 2, the steady state condition has been encountered after first few hundreds of cycles as shown in figure 2. This figure shows also that the maximum magnitude of the tangential load reaches around 800 MPa. Figure 3 shows the tangential load against the life cycle for test # 3 which has been carried out initially under fretting fatigue for 21,000 cycle then under plain fatigue until failure. The 21,000 cycle was chosen as it is the half of the life of test # 2. It is clear how the tangential load disappeared and decreased immediately from around 800 MPa to zero after releasing the fretting fatigue condition since there is no contact load. It behaves like a discontinuity and the maximum tangential load condition. On the other hand; the behavior of tangential load for test # 4 which was conducted under combination of 5,000 cycles of fretting fatigue and 10,000 cycles of plain fatigue is shown in figure 4. It is clear that when the contact load disappeared, the fretting condition disappeared and the tangential load down to zero. Once the fretting fatigue appears the tangential load goes up to almost 800 MPa.
Regarding the fatigue life, table 2 shows the fatigue life for all experiments done and figure 5 shows the comparison of the fatigue life between these experiments. Test # 1 and test # 2 were done completely under fretting fatigue condition where test # 1was done under variable contact load and test # 2 under constant contact load of 3336 N.  The fatigue life of test # 2 was around 42,000 cycles which is less than around 13 % than test # 1. This means that the constant contact load has more impact on reducing the life of the material as verified by previous works. This was also verified and reported from in previous study [11]. Test # 3 was carried out initially under fretting fatigue with cycles of the half of the cycles resulted from test # 2 then continued under plain fatigue until failure. As seen, once the constant contact load is compared to 21,000 fretting cycles followed by plain fatigue, the fatigue life impressively increases from 42,000 to 10,000,000 cycles! This also approves the significant effect of the fretting fatigue regime. The fatigue life of this test was around 10 million cycles. This life is almost as the same of the fatigue life of this material.  This means that there was no impact from the fretting fatigue condition if it is applied initially only. This might come from the fact that around 50 % of fretting fatigue life didn’t initiate the crack and the fretting fatigue life is almost for the crack initiation.
Test # 4 was conducted under combination of 5,000 cycles of fretting fatigue followed by 10,000 cycles of plain fatigue and repeated. The life of this test was around 80 thousand cycles which including 30,000 cycles of fretting fatigue and 50,000 cycles of plain fatigue. The crack seems to be initiated at around 25,000- 30,000 cycles of fretting fatigue life. This means that the low ratio of the plain fatigue cycles to fretting fatigue (which is 2 here) cycles doesn’t enhance the material life. Hence test # 5 was conducted with higher ratio of 200. In this test the cycles of fretting fatigue were only one thousand (1,000) and the cycles of plain fatigue were 200 thousand (200,000). It was observed that the life increased to more than 3 million (3,300,000) with only 16,000 of them under fretting fatigue.  The difference in the numbers of the fatigue life have be shown to be noteworthy This means that as the ratio increases the material life will increase, 
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Fig. 2 Shear load (N) vs the material life cycle (NF) for test # 2 (constant contact load)
[image: ]
Fig. 3 Tangential load (N) vs material life cycles (NF) for test # 3
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Fig. 4 Tangential load (N) against material life (NF) for test # 4
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Fig. 5 Tangential load (N) against material life (NF) for test # 4






Table.1. The input load conditions for the test of plain and fretting fatigue
	Test No.
	Conditions
	Fatigue life
NF (cycles)

	1
	Variable contact load
	47,300

	2
	Constant contact load
	42,000

	3
	21,000 fretting cycles followed by plain fatigue
	10,000,000

	4
	Repeated 5,000 fretting cycles followed by 10,000 plain cycles
	80,000

	5
	Repeated 1,000 fretting cycles followed by 200,000 plain cycles
	3,300,000



4. Conclusion and Recommendation
	Experimental study was conducted to understand the behavior of the material under combination of fretting fatigue and plain fatigue. Five tests were carried; two are fretting fatigue where the first one is under variable contact load and the second one under constant contact load. The rest three tests were done under combination of fretting fatigue and plain fatigue regime. The steady state condition for the fretting fatigue tests was at first few hundreds cycles while for the combination tests couldn’t reach the steady state. The tangential load was almost the same for all test when the contact load is applied. Regarding the fatigue life, the plain fatigue has no effect on the material life comparing to the fretting fatigue if half of the whole fretting fatigue life was applied initially and then followed by the plain fatigue cycles until a failure. This shows that most of the fretting fatigue life is expended in the crack initiation. The only effect on fatigue life during a combination of fretting fatigue condition and plain fatigue condition is from the ratio between them. As the ratio between the plain fatigue cycles to the fretting fatigue cycles decreases the effect of the fretting fatigue increases that results in reduction of the fatigue life. This is well known information that the fretting fatigue decreases the fatigue life compared to the plain fatigue.
For future work, it is recommended to conduct tests under combination between plain and fretting fatigue along with variable contact load which was not done in this study. 
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Figure 5.7 Shear load vs Cycles of test # 13 with phase angle of 105 degree
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Figure 5.8 Shear load vs Cycles of test # 9 with constant contact load
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Tangential load vs Fatigue life for test# 10
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Figure 5.9 Tangential load vs Cycles of test # 10 starting with fretting fatigue
followed by plain fatigue
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Figure 5.9 Tangential load vs Cycles of test # 10 starting with fretting fatigue
followed by plain fatigue
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Figure 5.10 Shear load vs cycles of test # 11; 5,000 fretting cycles followed by 10,000
plain Cycles
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Figure 5.42 Max MSSR vs phase angle
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