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Abstract. Fretting fatigue is one of the most important phenomena for inducing a significant reduction of  
fatigue strength and consequently, leading to unexpected failure accidents of the engineering structures even 
at very low stresses. In the present study, both plain and fretting fatigue tests with zero mean stress were  
carried out on two different types of steel, low-carbon steel and martensitic stainless steel, by means of a  
reversed bending fatigue testing machine. The drop in the fatigue strengths through fretting at vise clamp–
specimen interface were significant for both tested steels. The fretting processes produced a reduction in  
fatigue strength of about 27% for low-carbon steel and 16% for martensitic stainless steel. 
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1. Introduction 

The fatigue strength of a component can be significantly 
reduced by a process known as ‘fretting’. Fretting fatigue 
occurs at the contact surface between pairs of closely 
contacting machine components which are not intended 
to move relative to each other due to component deflec-
tions, where the relative microslip (approximately rang-
ing from a few to 250 µm (Neal and Gee 2001), 0 to 
50 µm (Waterhouse 1972)) at the interface between two 
surfaces in intimate contact plays an important role. 
Many practical examples of fretting fatigue failure are 
available (Fuchs and Stephens 1980). The most important 
examples of premature failure from fretting fatigue are 
those of railway axles onto which the wheel was press-
fitted or shrunk and the joint between an aircraft pro-
peller and its hub. Other examples are screws or bolts and 
nuts, keyed joints, couplings, joints between wire or wire 
rope etc. 
 A number of factors influence fretting fatigue behaviour. 
It has been reported by Dobromirski (1992) that there are 
more than fifty factors that influence the fretting fatigue 
behaviour, including the contact pressure, amplitude of 
relative slip, mean stress, contact materials, surface con-
dition, frequencies of alternating stress and slip etc. Sig-
nificant efforts by researchers have lead to general under-
standing of the influences of these factors on fretting 
fatigue behaviour (Nishioka and Hirakawa 1969; Naka-
zawa et al 1992; Satoh 1992; Waterhouse 1992; Lindley 

1997; Gnanamoorthy and Rosi Reddy 2002, etc). Fretting 
process was found to reduce the fatigue strength in all the 
investigations but the degree of strength reduction widely 
varied due to many influencing parameters and the test 
methodology followed. 
 The objective of the present work was to investigate 
the fretting fatigue process that occurs at the vise clamp–
specimen interface by utilizing two different shapes of 
test specimens. Preliminary investigations carried out on 
the fretting fatigue behaviour of as-received low-carbon 
steel and martensitic stainless steel are reported. Relative 
slip, crack initiation, direction and failure are also studied. 
 

2. Experimental 

2.1 Test materials 

Both plain and fretting fatigue tests were conducted  
on two types of steel: (i) low carbon steel and (ii) mart-
ensitic stainless steel. Both cold rolled sheets of 1 mm 
thickness, with chemical compositions are given in  
table 1. The static mechanical properties under normal-
ized conditions were determined from standardized 
specimens using a universal tensile testing machine.  
Results of the tensile strength and hardness are given in 
table 2. 
 Figure 1 shows the configuration and dimensions of 
plain fatigue and fretting fatigue specimens. The plain 
fatigue specimen was designed so that the failure occurred 
outside the vise clamp–specimen interface and the fretting 
fatigue specimen was designed to produce the failure at 

 
*Author for correspondence 



Abdulhaqq  A  Hamid  and  Rafi  K  Yahya 

 

750

the vise clamp–specimen interface at the same alternating 
stress levels. The electrical resistance strain gauges tech-
nique was used for determining the alternating stress dis-
tribution within the specimen. The clamping device used 
in fatigue testing machine for gripping the tested speci-
men was made from two pieces of medium-carbon steel, 
each of which had a dimension of 60 mm length, 30 mm 
width and 10 mm thickness, whose chemical composition 
and mechanical properties are shown in tables 3 and 4, 
respectively. 

2.2 Fretting fatigue testing machine 

Fatigue and fretting fatigue tests were carried out using a 
reversed bending testing machine, designed and con-
structed by us (Abdulhaqq 1997) under a load controlled 
condition of R = – 1 at a frequency of 4 Hz. Figure 2a 

shows a schematic view of the reversed bending testing 
machine used in the current investigation and figure 2b 
the photographic view of this machine. The clamping 
pressure was determined by strain gauges attached directly 
to the clamping device. The tests were carried out under a 
controlled and constant pressure of 8⋅5 MPa. The relative 
microslip between vise clamp and specimen was measured 
using a specially designed transducer. Finally all tests 
were carried out in laboratory air and no special con-
siderations were given to temperature and humidity. 
 

3. Results and discussion 

3.1 Observation of fretted surface 

The appearance of wear debris usually gives us good clue 
as to where fretting process is suspected. Figure 3 is a 
magnified photograph of the damaged surface which was 
observed after 105 cycles of fretting, where the alter-
nating stress and the amplitude of fretting slip are 
183 MPa and 27 µm, respectively. After a few hundred of 
cycles, visible fretting corrosion begins to appear near 
the vise clamp–specimen interface. The generated wear 
debris is much redder than the normal rust observed on 

Table 1. Chemical composition of the specimens. 
                  
Material %C %Si %Mn %P %S %Cr %Mo %Fe 
                  
Low-carbon steel 0⋅17  0⋅05  0⋅29 0⋅05 – – – Rem. 
Martensitic stainless-steel 0⋅1–0⋅15 1⋅0 1⋅5 0⋅06 0⋅15–0⋅35 15⋅5 0⋅2 Rem. 
                  
 

Table 2. Static mechanical properties of the specimens. 
            
 
Material 

E 
(GPa) 

Sy 
(MPa) 

Su 
(MPa) 

% 
Elong. 

 
HRB 

            
Low-carbon steel 206 199 384 29 36 
Martensitic stainless-steel 186 397 648 38⋅6 76 
            
 

 
Figure 1. Dimensions and shapes of the specimens: (a) plain 
fatigue specimen and (b) fretting fatigue specimen. 
 

Table 3. Chemical composition of the clamp-
ing device material. 
            
%C %Si %Mn %P %S %Fe 
            
0⋅31 0⋅22 0⋅55 0⋅023 0⋅04 Rem. 
            

Table 4. Static mechanical properties of 
the clamping device material. 
          
E 
(GPa) 

Sy 
(MPa) 

Su 
(MPa) 

% 
Elong. 

 
HRC 

          
209 296 580 34 31 
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the surface damage, these wear debris plays an important 
role in accelerating the crack initiation process in the 
damaged surface. 
 Microscopic examination of the fretted surface shows a 
large number of cracks as shown in figure 4. Some types 
of cracks leading to the final fracture of the fretting 
specimens were reported (Endo and Goto 1976; Lamacq 
et al 1992; Gnanamoorthy and Rosi Reddy 2002). Cracks 
were initiated on a plane inclined about 35° to the surface 
in a very early stage of fatigue life. The cracks then 
changed their direction of propagation to approximately 
normal to the surface. Cracks emanating from the  
fretting zone grow perpendicular to the fretting zone 
without clear stage I and II types. In this study, most of 
the cracks showed clear stage I and II types of cracks 
growth. The cracks initiated at the edge of the fretting 
area in all the specimens. The stage I crack angle  
ranging from 21–43° were observed for all the tested  
specimens. 

3.2 Relative slip 

When a specimen is subject to a cyclic bending loading, a 
minute cyclic relative slip was observed between the speci-
men near the end and the upper edge of the vise clamp 
due to the repeating elongation and contraction of the 
specimen fibres. The slip takes place in the opposite  
direction on each side of bending axis. 
 A special kind of transducer was made with compact 
size and performance of high sensitivity for measuring 
the relative slip. An example of the results obtained for 
the variation of the relative slip at the vise clamp–
specimen interface with the number of cycles (for low-
carbon specimen and at alternative stress of 85 MPa) is 
shown in figure 5 (which is recorded after an average of 
5 × 103 cycles). The relations between the relative slip 
amplitude at the vise clamp–specimen interface and the 
alternating bending stress at the end of specimen and for 
both tested steels are shown in figure 6. It is shown from 

 

 
Figure 2. (a) A schematic view of the reversed bending testing machine and (b) photo-
graphic view of this machine. 
 
 



Abdulhaqq  A  Hamid  and  Rafi  K  Yahya 

 

752

the figure that for smaller alternating stresses (< 140 MPa 
for low-carbon steel and < 220 MPa for martensitic 
stainless steel), the correlation exhibits linearity, while 
for larger alternating stresses (greater than the above  
values), the relative slip increases rapidly with the in-
crease of the alternating stresses. The possible reason for 
this rapid increase is attributed to the plastic deformation 
of the outer specimen fibres due to large alternating 
stress. 

3.3 Plain and fretting fatigue 

The S–N diagrams for plain and fretting fatigue tests are 
shown in figures 7–10 for both the tested steels. The ex-
perimental plain and fretting fatigue limits were defined 
as the runout stress amplitude at 5 × 106 cycles. The re-
sulting fatigue limits for both tests in these materials are 
listed in table 5. The ratio between the plain bending  
fatigue limit and tensile strength were found as 0⋅51 for 
low-carbon steel and 0⋅48 for martensitic stainless steel. 
In general, the plain fatigue limits are half of the tensile 
strengths in these materials. 
 The general linear relationship between Sa and Nf for 
constant amplitude loading can be given as 

Nf ⋅ Sa
m   = c. (1) 

The values of m and c obtained in the present study are 
listed in table 6. In the case of fretting, as the number of 
reversal cycles of fretting increases the wear grows gra-
dually on both mating surfaces and the iron oxide particles 

  
Figure 3. Macroscopic appearance of fretted area for carbon steel specimen. 
 

 
Figure 4. Crack initiation region in fretting fatigue (Sa = 
183 MPa). 
 

 
Figure 5. Variation of relative slip amplitude at the vise clamp–
specimen interface with the number of cycles. 
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(debris) are observed to flow out from the fretted regions. 
So, the fatigue reduction strength is of the lowest value in 
the short-life region, then the reduction gradually increases 
as the number of cycles increases. 
 From the S–N diagrams of each tested steel and from 
table 6, we can easily observe that the slope of fretting 
curve increased due to fretting action, i.e. the fatigue life 
under fretting action is shorter than those under normal 
fatigue test. Above the knee of the S–N diagram, the 

damage occurred from the combination of fatigue and 
fretting actions, while below the knee the damage is 
solely due to fretting action. 
 In the case of low-carbon steel, the specimen is fretted 
with the vise clamp for about 5 × 106 cycles under a con-
stant pressure and the amplitude of slip of about 18 µm. 
The fretting process produced a reduction in the fatigue 
limit from 191 MPa to 138 MPa. Similar comparison 
were applied for the martensitic stainless, the fretting 
process produced a reduction in the fatigue limit from 
316⋅5 MPa to 265 MPa. It is apparent that the fatigue 
limits of the tested steels are significantly reduced by 
fretting actions. Therefore, the low-carbon steel suffers 
the greatest relative reduction in the fatigue limit due to 
fretting action. 
 There are two important factors which may considerably 
affect these results. Firstly, the difference of the surface 
roughness between the tested steels. The measured sur-
face roughness for both tested steels are Ra = 1⋅26 µm for 
low-carbon steel specimen and Ra = 0⋅35 µm for marten-
sitic stainless steel specimen. According to Waterhouse 
(1972), with the higher degree of surface finish the more 
serious is fretting damage. Secondly, the compressive-
residual stresses in tested steel sheets are due to cold  
rolling process. Mutoh (1988) found that the compres-
sive-residual stresses were the most favourable and  

 
Figure 6. Variation of the slip amplitude with the alternating 
stress for both tested steels. 
 

 
Figure 7. S–N diagram for plain fatigue of the low-carbon steel. 
 

 
Figure 8. S–N diagram for plain fatigue of the martensitic 
stainless steel. 
 

 
Figure 9.  S–N diagram for fretting fatigue of the low-carbon steel. 
 

 
Figure 10. S–N diagram for fretting fatigue of the martensitic 
stainless steel. 
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improves the fatigue and fretting fatigue strengths of the 
materials. 

4. Conclusions 

The plain and fretting fatigue tests with zero mean stress 
(R = – 1) were carried out using two different types of 
steel. The characteristics of fretting fatigue was dis-
cussed. The micro relative slip results are obtained and 
discussed as they vary with the alternating stress. The 
main results are summarized as follows: the fretting 
processes produced a reduction in fatigue strength of 
about 27% for low-carbon steel and 16% for martensitic 
stainless steel. Hence, the martensitic stainless steel has a 
high resistance to fretting fatigue compared with the low-
carbon steel. 
 
Nomenclature   

E, modulus of elasticity : (Pa) 
M, bending moment : (N.m) 

M&C, characterize constants of an S–N diagram : (–) 
Nf, number of stress cycles to failure : (cycle) 
P, applied load : (N) 
R, stress ratio, ratio of the minimum to the 

maximum stress 
: (–) 

Ra, average departure of the surface from per-
fection over a sampling length (0⋅8 mm) 

: (µm) 

Sa, alternating stress amplitude : (Pa) 
Sff, fretting fatigue limit : (Pa) 
Spf, plain fatigue limit : (Pa) 
SRF, strength reduction factor : (–) 
Su, ultimate tensile strength : (Pa) 
Sy, yield tensile strength : (Pa) 
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Table 5. Plain and fretting fatigue limits and strength reduc-
tion factors of the tested steels. 
          
 
Material 

Spf 
(MPa) 

 
Spf/Su 

Sff 

(MPa) 
 

SRF 
          
Low-carbon steel 191 0⋅51 138 1⋅39 
Martensitic stainless-steel 316⋅5 0⋅48 265 1⋅19 
          

Table 6. Characterized constants for the S–N diagrams of 
tested steels. 
   
   

Low-carbon steel Martensitic stainless-steel 
        

Test method m C m C 
          
Plain fatigue 14⋅50 1⋅33 × 1040 20⋅83 2⋅35 × 1059 

Fretting fatigue 10⋅31 1⋅14 × 1029 14⋅93 1⋅40 × 1043 
     
     


