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A B S T R A C T   

The press-fitting effect on the fatigue strength is studied experimentally with FEM for the plate/pin and for plate/ 
bush since they control the whole strength of the roller chain. The results confirm that a relatively smaller press- 
fitting ratio is useful for improving the fatigue strength efficiently since it is highly productive. This observation 
suggests that if the damage caused by the currently used press fitting can be prevented, the fatigue strength of 
real roller chains can be greatly improved by increasing the fitting ratio. A newly defined nominal stress defi-
nition is proposed and confirmed to be useful for machine design.   

1. Introduction 

As shown in Fig. 1(a), the roller chain consists of a series of five 
components, that is, a pin, a bush, an inner plate, an outer plate, and a 
roller. Roller chains are commonly used to transmit mechanical power in 
many types of industrial machinery such as conveyors, motorcycles, and 
bicycles. Driving force is transmitted directly to the chain by meshing 
sprockets connected to the power source. Compared to belt drives, the 
transmission capacity is much higher, the slip is negligible, and the 
transmission efficiency is higher. Also, the length of the belt cannot be 
adjusted after operation has started, but the length of the roller chain 
can be adjusted as needed. Such advantages of the roller chain are uti-
lized in a wide range of industrial fields such as steel, automobiles, 
chemistry, foodstuffs, and electronics. 

Regarding the roller chain, lots of efforts have been done to improve 
the fatigue life by introducing high strength components and applying 
new technology to improve wear resistance [1–35]. Since the conven-
tional wear testing requires huge amount of testing time/cost with a 
large variation of the results, a new wear testing machine consisting of 
only a few components was recently developed by the authors so that the 
time and cost can be reduced with a smaller variation of the results [31]. 
However, during the operation, sometimes fatigue failure still happened 
mainly at the outer/inner plate’s holes where the bush and pin are press- 
fitted. In this way, it is known that the fatigue strength of roller chains is 
usually determined by the strength of the outer/inner plate having 

press-fitted structures. 
A well-known example of fitting fastening can be seen in the axles 

and wheels in railroad vehicles where fatigue fracture sometimes 
happened at the press-fitted portions of the axle. Therefore, lots of 
studies focused on the fracture of the axle [37–42] but no studies treated 
the wheel. Note that the pin of the roller chain corresponds to the rail-
way axis, and the outer plate corresponds to the wheel. In roller chains, 
however, fatigue failure usually happened at the outer/inner plates 
corresponding to the wheel. In this way, since no studies are available, it 
is necessary to clarify the effect of the press-fitting on the fatigue 
strength of the plates. 

Focusing on the press-fitted plate, an axisymmetric thick cylindrical 
plate with a press-fitted pin was initially analyzed. Then, the results 
showed that the press fitting reduces the stress amplitude and improves 
the fatigue limit [32–34]. Since the axisymmetric modelling cannot treat 
the uniaxial tension like Fig. 1, the three-dimensional FEM analysis was 
recently applied to discuss the shrink-fitted stress [35]. The authors 
analyzed the total structure of the roller chain in Fig. 1(a) to identify that 
the maximum and minimum stresses of press-fitted components during 
operation. Then, the results confirmed that the outer and inner plates are 
the most dangerous components of the real roller chains [30]. However, 
the fatigue strength of the roller chain has not been discussed yet 
considering the press-fitting effect. This is partly because the fatigue 
strength in Fig. 1(a) is largely affected by the slight manufacturing errors 
of each component. 
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In this paper, therefore, to clarify the press-fitting effect on the fa-
tigue strength, two kinds of plate specimens in Fig. 2 will be used to 
conduct the fatigue experiment. Fig. 2(a) shows that two pins are press- 
fitted into the plate holes to investigate the outer plate in Fig. 1. Fig. 2(b) 
shows that two bushes are press-fitted into the plate holes to investigate 
the inner plate in Fig. 1. Then, the fatigue strength will be discussed by 
varying the press-fitting ratio with the aid of the finite element method 
(FEM). The final goal is to improve the fatigue strength of roller chains. 
Also, this paper will discuss smaller press-fitting ratio, which is desirable 
in the machine design to provide almost the same fatigue strength. This 
is because press-fitting structures can be manufactured more efficiently 
without scratch-like damage under such smaller press-fitting ratio. 

2. Fatigue experiment to clarify the press-fitting effect on the 
fatigue strength 

2.1. Fatigue test specimen geometries having press-fitting structures 

The fatigue experiment should be conducted by using suitable 
specimens as well as under suitable cyclic loading. Fig. 2(a), (b) illus-
trate the test specimens toward improving the fatigue strength of the 
outer/inner plates of the real roller chain in Fig. 1. In Fig. 2(a), two pins 
are press-fitted into the plate holes to investigate the outer plate in 
Fig. 1. It should be noted that in Fig. 2(a), the two pins should be 
regarded as the specimen instead of the jig. In other words, the fatigue 
test specimen reflecting the outer plate consists of the two pins and the 
outer plate. In Fig. 2(b), two bushes are press-fitted into the plate holes 

to investigate the inner plate in Fig. 1, and after that two pins are 
inserted into the bushes. In other words, the fatigue test specimen 
reflecting the inner plate consists of the two bushes, the two pins, and 
the inner plate. 

In Fig. 2, notation d denotes the hole diameter of the outer plate, d1 
denotes the hole diameter of the inner plate, W denotes the width of the 
outer/inner plates, t denotes the thickness of the outer/inner plates. DP 
denotes the diameter of the pin, DBO denotes the outer diameter of the 
bush, and DBI denotes the inner diameter of the bush. As shown in the 
Fig. 2(a), the pin is press-fitted into the outer plate hole whose diameter 
d is smaller than the pin’s outer diameter DP = 15.8 mm by the press-fit 
amount δ=(DP-d). In the Fig. 2(b), the bush is press-fitted into the inner 
plate hole whose diameter d1 is smaller than the bush’s outer diameter 
DBO = 22.7 mm by the amount δ=(DBO-d1). The pin’s outer diameter DP 
and the bush’s inner diameter DBI have a clearance of 0.5 mm. 

Fig. 3 shows the preparation procedure of four components of those 
plate specimens, that is, the pin, the bush, the inner/outer plates. As 
shown in Fig. 3, the same plates and the same pins are used for the outer/ 
inner plates but different hole diameters. 

Table 1 shows the material properties of the components of the fa-
tigue test specimens in Fig. 2, that is, the outer/inner plates, the pin and 
bush, all of which are quenched and tempered. The same materials are 
used in the real roller chain. Table 2 shows the chemical composition 
and microstructure of plates. Table 3 shows the press fitting ratio and 
dimensions for the fatigue test specimens in Fig. 2. 

As shown in Table 3, in this study for Fig. 2(a), four kinds of press- 
fitting amount are provided as δ = 0, 0.04, 0.08, 0.15 mm to 

Fig. 1. Schematic illustration of the roller chain: (a) press-fitting state where no external force (state①). (b) roller chain drive system; (c) tensile state (state②); (d) 
sprocket-engaging state (state③). 
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investigate the press-fitting ratio δ/DP = 0, 2.5 × 10− 3, 5.1 × 10− 3, 9.5 
× 10− 3. The press-fitting ratio δ/DP = 9.5 × 10− 3 is currently used in real 
roller chains. When δ/DP = 0, to prevent the pin’s come out, the pin is 
fixed at both ends with nuts as indicated in Fig. 4(a). The same pre-
vention is used for the specimen in Fig. 2(b). For Fig. 2(b), four kinds of 
press-fitting amount are provided as δ = 0, 0.04, 0.15, 0.25 mm to 
investigate the press-fitting ratio δ/DBO = 0, 1.8 × 10− 3, 6.6 × 10− 3, 
11.0 × 10− 3. The press-fitting ratio δ/DBO = 6.6 × 10− 3 is currently used 
in real roller chains. 

In this study, to clarify the effect of the press-fitting ratio accurately, 
the press-fitted parts are machined after heat treatment to provide the 
press-fitting ratio precisely. In this way, the press-fitted parts are 
machined after heat treatment to exclude the influence of heat treatment 
deformation. To reduce galling during the cold press-fitting, the pin’s 

diameter and the bush’s outer diameter are oiled when press-fitted. 
When manufacturing real roller chains, the press-fit parts are 
machined before heat treatment. This is because machining of the press- 
fit parts after heat treatment requires machining of materials with high 
hardness. 

2.2. Fatigue failure in real roller chain caused by difference of loading 
state 

The fatigue experiment should be conducted under suitable cyclic 
loading as well as by using suitable specimens. The suitable cyclic 
loading conditions should be determined by reflecting the real roller 
chain in Fig. 1. As shown in Fig. 1, the applied loading states can be 
classified into three states, that is, “the press-fitting state ① in Fig. 1(a)”, 

Fig. 2. Illustration of specimens (unit: mm) used to investigate the press-fitting effect on the fatigue strength where the angle θ specifies the press-fitted position in 
Table 4, Table 6, Table 7. 
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“the tensile state ② in Fig. 1(c)” and “the engaging state ③ in Fig. 1(d)”. 
Fig. 1(a) shows the state ① where no external force. In this state, the 

pin is pressed into the outer plate and the bush is pressed into the inner 
plate. This press-fitting state ① starts after the engaging state of the 
chain ③. Fig. 1(c) shows state ② where the tensile force is applied to the 
outer and inner plates. Pins are mainly subjected to shear loads from 
both plates, and bushes are mainly subjected to bending by the link 
plate. Fig. 1(d) shows engaging state ③ where the roller is pushed by the 
tooth of the sprocket. Fatigue failure in real roller chains occurs due to 
the stress variations caused by the difference between state ①, state ② 
and state ③. As shown in Appendix A, the authors previous analysis 
showed the stress amplitude generated in the inner/outer plates due to 
the difference between states ① and ② is the largest [30]. Therefore, the 

fatigue experiment should be conducted by considering the difference 
between the state ① and state ②, which generates the stress amplitude 
causing metal fatigue. 

2.3. Loading conditions of fatigue test specimens having press-fitting 
structures 

To clarify the press-fitting effect on the fatigue strength, the fatigue 
experiment is conducted under the cyclic loading F = Fmin ∼ Fmax. Here, 
the minimum load F = Fmin is corresponding to the press-fitting state ① 
where there is no external loading in Fig. 1. The maximum load F = Fmax 
is corresponding to the tensile state ② in Fig. 1. Reflecting the real roller 
chain, the fatigue experiment should be conducted under pulsating 

Fig. 3. Test pieces preparation procedure.  

Table 1 
Mechanical properties of the components of the fatigue test pieces in Fig. 2, which is also used in the real roller chain.  

Parts Material Young’s 
modulus 
E [GPa] 

Poisson’s 
ratio ν 

Yield stress σy 

[MPa] 
Tensile strength 
σB[MPa] 

Fatigue limit 
σw0[MPa] 

Friction 
coefficient μ 

Hardness 
[HRC] 

Outer/ 
Inner 
plate 

SS640 (Company 
standard) 

206  0.3 970 1100 440  0.3  34.6 

Bush SCM435 206  0.3 1390 1666 666  0.3  48.4 
Pin SCM435 206  0.3 1080 1180 472  0.3  42.2 

※ Fatigue limit σw0 is estimated from σw0/σB = 0.4 in reference [43].  
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alternative loading. Considering the real operations, the maximum load 
Fmax varies in the range Fmax = 25 ~ 80kN when the minimum load Fmin 
is fixed as Fmin = 3kN ≅ 0. Therefore, the stress ratio R = Fmin/Fmax 
varies depending on Fmax in accordance with the real loading operation 

of the real roller chain. By using the nominal stress newly defined in 
section 3.2, the minimum nominal stress isσn min = 13MP at Fmin = 3kN 
and the maximum nominal stress varies in the range σn max = 110 ~ 352 
MPa corresponding to Fmax = 25 ~ 80kN. Then, the fatigue experiment is 
conducted at 9 levels in the range of the stress ratio R = σn min/σn max =

0.036 ~ 0.12. 

2.4. Fatigue experiment to clarify the press fitting on the fatigue strength 

In real roller chains, the maximum stress amplitude appears from the 
tensile loading state ② and the press-fitting unloading state ① in Fig. 1 
during the operation [30]. Considering those two states, the fatigue 
experiment is conducted under pulsating cyclic tensile loading. Fig. 4 
illustrates the testing jig, the fatigue test specimen and fatigue test 
machine. Here, DI is the hole diameter of the testing jig. As shown in 
Fig. 4(a), the pin’s outer diameter DP = 15.8 mm is inserted into the 
testing jig’s hole diameter DI = 16.3 mm in the test machine. After 
inserting the pin, nuts are used to tighten the pin’s thread at both ends so 
as to set almost no clearance between the inner plate and the testing jig. 

Table 2 
Chemical composition and microstructure of the outer and inner plates.  

Chemical 
composition 
[%] 

Heat treatment condition Microstructure 

C 0.28 

Quenching 

Into a batch 
type 
furnace 
at 870 ◦C 
for 80 min 

Si 0.26 
Mn 1.41 
P 0.015 

S 0.012 

Tempering 

Into a batch 
type 
furnace 
at 510 ◦C 
for 90 min 

Cr 0.17 
Mo 0.02 
Fe Other  

Table 3 
Press fitting ratio and dimensions for the fatigue test specimens in Fig. 2.  

Parts Width W 
[mm] 

Thickness t 
[mm] 

Pin’s 
diameter DP 

[mm] 

Bush’s outer 
diameter DBO 

[mm] 

Bush’s inner 
diameter DBI 

[mm] 

Hole 
diameter 
d [mm] 

Hole 
diameter d1 

[mm] 

δ = DP- 
d [mm] 

δ = DBO- 
d1 [mm] 

δ/DP 

[×10− 3] 
δ/DBO 

[×10− 3] 

Outer 
plate  

44.5  7.9  15.8  –  –  15.80  –  0.00  – 0 –  
44.5  7.9  15.8  –  –  15.76  –  0.04  – 2.5 –  
44.5  7.9  15.8  –  –  15.72  –  0.08  – 5.1 –  
44.5  7.9  15.8  –  –  15.65  –  0.15  – 9.5 – 

Inner 
plate  

44.5  7.9  15.8  22.7  16.3  –  22.70  –  0.00 – 0  
44.5  7.9  15.8  22.7  16.3  –  22.66  –  0.04 – 1.8  
44.5  7.9  15.8  22.7  16.3  –  22.55  –  0.15 – 6.6  
44.5  7.9  15.8  22.7  16.3  –  22.45  –  0.25 – 11.0  

Fig. 4. Schematic illustration of the testing jig and fatigue test machine (unit: mm).  
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By tightening the nut with the torque about 10 Nm, an axial force of the 
pin becomes about 5.6kN and the stress becomes 28 MPa, which is 
negligibly small. This is the same for the inner plate’s test specimens. 

As shown in Fig. 4(b), the two testing jigs with test specimens are 
assembled to the fatigue test machine. The testing jig moves vertically 
by hydraulic motor of fatigue test machine. The test frequency was fixed 
as 10 Hz and the fatigue limit is evaluated at the number of cycles to 
failure Nf = 107. The fatigue machine is switched off when the fracture 
occurs and the distance between the upper testing jig and the lower 
testing jig becomes 10 mm larger than the position at the maximum 
load. 

3. Definition of nominal stress 

3.1. Definition of nominal stress for the outer plate 

Consider how to define the nominal stress for press-fitting structures 
suitable for designing the roller chains. Fig. 5(a-1) shows the stress 
distribution σθ(r) when the pin is press-fitted into the outer plate. As 
shown in Fig. 5(a-1), due to the press-fitting, the compressive stress 
σθ(r) < 0 (at r = 0 ∼ d/2) appears at the pin, and the tensile stress σθ(r)
> 0 (at r = d/2 ∼ W/2) appears at the outer plate. They are balanced as 
shown in equation (1). Here, d is the hole diameter of the outer plate, W 
is the width of the outer plate. 

−

∫ d
2

0
σθ(r)dr =

∫ W/2

d
2

σθ(r)dr (1)  

∫ W/2

0
σθ(r)dr = 0 (2) 

Fig. 5(a-2) illustrates the stress distribution when the outer plate 
with the press-fitted pin is subjected to the tensile load F from the pin. To 
clarify the nominal stress, although actually the tensile load F is applied 
from the pin, Fig. 5(a-2) illustrates when the holed outer plate is sub-
jected to tensile load F. Since the load F is applied to the minimum cross 
section of the holed plate without the pin, the nominal stress σn of the 
outer plate is defined in equation (3). Here, A denotes the minimum 
cross section area of the outer plate expressed by A = (W − d)t where t 
denotes the thickness of the outer plate. 

σn =
F
A
=

F
(W − d)t

(3)  

3.2. Definition of nominal stress for the inner plate 

Regarding the nominal stress for the inner plate, the press-fitted bush 
should be considered. Fig. 5(b-1) illustrates the stress distribution σθ(r)
when the bush is press-fitted into the inner plate. As shown in Fig. 5(b- 
1), due to the press-fitting, the compressive stress σθ(r) < 0 appears at 
the bush for r = DBI/2 ∼ DBI/2+ t1, and the tensile stress σθ(r) > 0 ap-
pears at the inner plate for r = DBI/2+ t1 ∼ W/2. The resultants of those 
stresses are balanced as shown in equation (4). Here, DBI denotes the 
inner diameter of the bush, t1 denotes the thickness of the bush, W de-
notes the width of the inner plate. 

Fig. 5. Definition for nominal stress σn (unit: mm).  
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−

∫ DBI
2 +t1

DBI/2
σθ(r)dr =

∫ W/2

DBI
2 +t1

σθ(r)dr (4)  

∫ W/2

DBI/2
σθ(r)dr = 0 (5) 

To clarify the stress distribution, although the real specimen is sub-
jected to the tensile load from the pin, Fig. 5(b-2) illustrates when the 
tensile stress is applied to the plate directly. Note that the tensile load F 
is applied to the bush as well as the inner plate. In other words, the 
tensile load F from the pin is applied to the minimum cross section area 
A = (W − DBI)t where DBI denotes the inner diameter of the bush and t 
denotes thickness of the inner plate. The nominal stress at the minimum 
cross section A under the tensile load F can be defined in equation (6). 

σn =
F
A
=

F
(W − DBI)t

(6) 

In real roller chain, all portions including the bush are subjected to 
the tensile load F from the pin. However, in the previous studies [36], 
the nominal stress σ′

n is defined in equation (7). This equation shows that 
only the inner plate excluding the bush is subjected to the tensile load F. 
This is partly because as shown in Fig. 5(b-2) the maximum stress σmax 

appears at r = DBI/2 + t1 at the inner plate hole. Here, t1 denotes 
thickness of the bush. Since equation (7) does not consider the tensile 
load F applied to the bush, the nominal stress is overestimated. 

σ’
n =

F
(W − DBI − 2t1)t

(7) 

By using the nominal stress newly defined in equation (6), the fatigue 
experiment is conducted under the cyclic loading F = Fmin Fmax. Here, 
the minimum load Fmin is fixed as Fmin = 3kN and the maximum load Fmax 

is set as Fmax = 25 ~ 80kN. Then, the minimum nominal stress is σn min =

13MP at Fmin = 3kN and the maximum nominal stress σn max = 110 ~ 

Table 4 
Number of cycles to failure for the outer plate σa: Stress amplitude, θf : Position of 
fracture in Fig. 2.  

δ/DP 

[×10− 3] 
Specimen 
number 

σa 

[MPa] 
R = σn min/

σn max 

Number of 
cycles to failure 
Nf [×106] 

θf 

[deg] 

9.5 9.5–1 170  0.036 2.52 110 
9.5–2 148  0.042 4.60 100 
9.5–3 148  0.042 1.63 80 
9.5–4 148  0.042 5.43 80 
9.5–5 148  0.042 5.28 120 
9.5–6 137  0.045 1.78 115 
9.5–7 137  0.045 10 (Not broken) – 
9.5–8 137  0.045 10 (Not broken) – 
9.5–9 126  0.049 10 (Not broken) – 
9.5–10 104  0.058 10 (Not broken) – 

5.1 5.1–1 170  0.036 0.58 120 
5.1–2 148  0.042 3.96 120 
5.1–3 148  0.042 0.71 100 
5.1–4 148  0.042 0.16 115 
5.1–5 148  0.042 0.28 115 
5.1–6 137  0.045 0.71 120 
5.1–7 137  0.045 1.19 95 
5.1–8 137  0.045 2.33 120 
5.1–9 126  0.049 10 (Not broken) – 
5.1–10 104  0.058 10 (Not broken) – 

2.5 2.5–1 148  0.042 0.21 120 
2.5–2 148  0.042 0.30 110 
2.5–3 137  0.045 0.24 100 
2.5–4 137  0.045 0.14 110 
2.5–5 137  0.045 0.25 120 
2.5–6 137  0.045 0.44 90 
2.5–7 126  0.049 10 (Not broken) – 

0 0–1 126  0.049 0.12 90 
0–2 104  0.058 0.38 95 
0–3 104  0.058 0.16 90 
0–4 82  0.073 0.39 95 
0–5 82  0.073 0.45 100 
0–6 71  0.083 0.50 95 
0–7 60  0.097 1.34 95 
0–8 60  0.097 1.40 85 
0–9 49  0.12 10 (Not broken) –  

Fig. 6. S–N diagram for the outer plate specimen in Fig. 2(a).  

=

Fig. 7. Illustration of cracked pin when δ/DP = 9.5 × 10− 3 and σn max =

265 MPa. 
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352 MPa at Fmax = 25 ~ 80kN. The fatigue test is conducted at 9 levels in 
the range of the stress ratio R = σn min/σn max = 0.036 ~ 0.12. 

4. Experimental results and discussion 

By varying the press-fitting ratio, the fatigue limit is discussed in 
terms of the stress amplitude σa=(σn max − σn min)/2 for the outer plate 
and the inner plate. 

4.1. Fatigue limit for the outer plate 

Table 4 shows the number of cycles Nf to failure by varying the press- 
fitting ratio. The variation of Nf becomes larger at the larger press-fitting 
ratio. In Table 4, the position where the fatigue crack appears at the 
press-fitted portion defined as θ in Fig. 2 is indicated as the position 
where the fracture happened as θ = θf . Table 4 shows the fracture po-
sition is in the range θf = 80 ∼ 120deg. 

Fig. 6 shows the S–N diagram by varying the press-fitting ratio δ/DP. 
Under no press fitting δ/DP = 0, the fatigue limit σw = 50 MPa but under 
press fitting when δ/DP ≥ 2.5 × 10− 3 the fatigue limit becomes σw ≅

130 MPa, which is more than twice of the fatigue limit when δ/DP = 0. 
The results show that the press-fitting is useful for improving the fatigue 
limit of roller chains. It should be noted that during the range δ/DP = 2.5 
× 10− 3 ~ 9.5 × 10− 3, the variation of the fatigue limit σw is small 
with<8 %. It may be concluded that in real roller chains the press fitting 
ratio δ/DP = 9.5 × 10− 3 currently used should be reduced. If δ/DP is 
small, it can be press-fitted without applying oil to the fitting area. In 
this sense, a smaller press-fitting ratio is desirable because the same 
fatigue strength can be maintained, leading to a reduction in lubrication 
work. In this study, although the stress ratio R varies depending on the 
maximum load Fmax, the values of R causing broken or not broken are 
approximately the same. For example, when the press-fitting ratio δ/DP 
= 9.5 × 10− 3, Table 4 shows the specimen in Fig. 2(a) is broken when R 
= 0.036 ~ 0.045, and not broken when R = 0.045 ~ 0.058. 

Under the larger press-fitting ratio δ/DP = 9.5 × 10− 3, large scatter of 
Nf can be seen in Fig. 6 for the fatigue life. To find out the reason why the 
larger scatter appears, Fig. 7 illustrates an example of the crack observed 
at the pin when δ/DP = 9.5 × 10− 3 and σn max = 265 MPa. In Fig. 7(a), 
the point A denotes the origin of the crack, and the point B denotes the 
ending point of the crack at pin’s surface. Table 5 shows that the cracked 
pin ratio increases with increasing the press-fitting ratio. When δ/DP is 
larger, cracks are usually observed at the pin although the outer plate is 
not fractured. As shown in Fig. 7(a), the maximum bending tensile stress 
for the pin appears at θ = 180◦, which corresponds to the location of the 
fractured origin A of the outer plate. Fig. 7(b) shows a crack observed on 
the pin surface when δ/DP = 9.5 × 10− 3 and σn max = 265 MPa around θ 
= 120◦~240◦ in the θ-direction defined in Fig. 7. In the z-direction, the 
fractured origin A is located near the contact end surface of the outer 
plate’s hole where the chamfer about 0.5 mm is provided. From the 
fracture origin A, the crack propagated diagonally toward the outer 
plate thickness center. From the fractured origin and the crack propa-
gation direction, the crack can be identified as a typical fretting fatigue 
crack [37–42]. The fracture origin A corresponds to the crack initiation 

of the pin because point A is located at the maximum bending stress and 
at the end of the contact surface. The ending point B of the crack at pin’s 
surface corresponds to the crack initiation of the outer plate because 
point B is located near the fractured angle of the outer plate θf ≅ 110◦. 
As shown in Table 4, when the press-fitting ratio δ/DP = 5.1 × 10− 3, 9.5 
× 10− 3, the fractured angle of the outer plate is θf ≅ 110◦. 

As shown in Table 5, the cracked pin ratio increases with increasing 
the press-fitting ratio. When δ/DP = 9.5 × 10− 3, among 16 pins inves-
tigated, 14 pins are cracked. Among 14 pins cracked, the cracks in 6 pins 
are observed without the final fracture of the outer plate at the fatigue 
limit. Therefore, it may be concluded that the pin is cracked before the 
outer plate is cracked and these fretting fatigue cracks at the pin affect 
the fractured origin controlling the life of the outer plate. When the pin 
and outer plate are assembled, the press-fitting at the room temperature 
is conducted by a human with a hammer. Therefore, it is difficult to 
reduce the variation in contact pressure between the pin and the outer 
plate due to the size of press-fitting scratches because there are varia-
tions in human work accuracy and the amount of oil adhered during 
press-fitting. In this way, the variation of Nf at the maximum press- 
fitting ratio δ/DP = 9.5 × 10− 3 is larger than the variation of Nf at the 
press-fitting ratio δ/DP = 0, 2.5 × 10− 3, 5.1 × 10− 3. 

Almost the same fatigue limit during δ/DP = 2.5 × 10− 3 ~ 9.5 × 10− 3 

in Fig. 6 is closely related to the cracked pin ratio, which increases with 
increasing δ/DP in Table 5. Due to the occurrence of fretting fatigue 
causing press-fit damage, the fatigue limit is affected largely. Instead, 
during δ/DP = 0 ~ 2.5 × 10− 3, the fretting does not occur and the fatigue 
limit increases with increasing δ/DP. This can be explained from the 
reduction of the stress amplitude σθa as indicated in Table 7, which 
appears later regarding the inner plate. If such fretting fatigue cracks can 
be prevented, for example, by using a suitable measure such as intro-
ducing compressive residual stress at the pin’s near-surface region, a 
large press-fitting ratio δ/DP ≥ 9.5 × 10− 3 may improve the outer plate’s 
fatigue strength significantly. This suggests that a significant improve-
ment in fatigue strength can be expected in real roller chains by pre-
venting the fretting fatigue. 

Such large press-fitting ratio δ/DP ≥ 9.5 × 10− 3 is commonly used in 
several roller chain makers. For example, regarding the inner plate, 
Nakagome et al [33] showed that the fatigue strength improved largely 
by using a large press-fitting ratio δ/DBO = 13.7 × 10− 3 compared to no 
press-fitting δ/DBO = 0. As shown in section 4.2 later, Fig. 8 also shows 
that the fatigue strength for the inner plate increases with increasing the 
press-fitting ratio except the maximum press-fitting ratio δ/DBO = 11.0 
× 10− 3. Regarding the outer plate, it should be noted that even if the pin 
is cracked but the outer plate is not broken, the damaged roller chains 

Table 5 
Cracked pin ratio for the pins press-fitted into the outer plate by varying δ/DP.  

δ/DP 

[×10− 3] 
Number of pins Cracked pin 

ratio 
Number of pins 
investigated 

Number of pins 
cracked 

9.5 16 14 (6※) 88 % 
5.1 14 6 43 % 
2.5 12 0 0 % 
0 8 0 0 % 

※Among 14 pins, 6 pins are cracked even when the outer plates are not broken 
at the fatigue limit. 

Fig. 8. S–N diagram for the inner plate specimen in Fig. 2(b).  
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can be normal used in many cases. In this way, in real roller chains, a 
large press-fitting ratio is currently used although the pin is possibly 
cracked. 

In this study, pin cracks due to fretting fatigue were newly found in 
the range of δ/DP = 5.1 ~ 9.5 × 10− 3. However, only the slight differ-
ence of the fatigue limit can be seen when δ/DP = 2.5 × 10− 3 ~ 9.5 ×
10− 3. Therefore, using a smaller δ/DP can improve manufacturing effi-
ciency without reducing fatigue strength. Also, to prevent cracking of 
the pin due to fretting fatigue, it is desirable that the press-fitting ratio 
δ/DP is small. In this way, it is necessary to reduce the press-fitting ratio 
δ/DP = 9.5 × 10− 3 currently used in real roller chains. The smaller press- 
fitting δ/DP < 9.5 × 10− 3 can be immediately applied to real roller 
chains. 

4.2. Fatigue limit for the inner plate 

Table 6 shows the number of cycles to failure Nf by varying the press- 

fitting ratio. Fig. 6 shows the S–N diagram by varying the press-fitting 
ratio. In Table 6, the position where the fatigue crack appears at the 
shrink-fitted portion defined as θ in Fig. 2 is indicated as the position 
where the fracture happened as θ = θf . Table 6 shows the fracture po-
sition is in the range θf = 80 ∼ 105deg ≈ 90deg. Those angles coincide 
with the angles where the fracture occurs in a real roller chain. There-
fore, in Section 5.2, the stress σθ at θ = 90 deg will be mainly focused in 
the FEM analysis to identify the stress amplitude causing the fatigue 
fracture. The fatigue limit σw at the minimum press-fitting ratio δ/DBO =

1.8 × 10− 3 is 2.1 times larger than the fatigue limit σw at δ/DBO = 0. The 
fatigue limit σw at δ/DBO = 6.6 × 10− 3 is 3.1 times larger than the fatigue 
limit σw at δ/DBO = 0. The fatigue limit σw at the maximum press-fitting 
ratio δ/DBO = 11.0 × 10− 3 is lower than σw at δ/DBO = 6.6 × 10− 3. The 
scatter of Nf at δ/DBO = 11.0 × 10− 3 is much larger than the other 
scatters at δ/DBO = 0, 1.8 × 10− 3, 6.6 × 10− 3. It may be concluded that 
the fatigue limit of the inner plate can be improved by the bush’s press 
fitting ratio δ/DBO = 1.8 × 10− 3 ~ 11.0 × 10− 3 more than twice 
compared to δ/DBO = 0. In this study, although the stress ratio R varies 
depending on the maximum load Fmax, the values of R causing broken or 
not broken are approximately the same. For example, when the press- 
fitting ratio δ/DBO = 11.0 × 10− 3, Table 6 shows the specimen in 
Fig. 2(b) is broken when R = 0.036 ~ 0.044, and not broken when R =
0.041 ~ 0.063. 

To investigate the reason why a larger scatter of Nf can be seen at 
δ/DBO = 11.0 × 10− 3 in Fig. 8, Fig. 9 shows the hole surface of the inner 
plate. As shown in Fig. 9, several scratches are caused by the bush press- 
fitting around the middle of the thickness. Since the fatigue crack may 
initiate from those scratches, the fatigue life of Nf at δ/DBO = 11.0 ×
10− 3 varies depending on the dimension of the scratch. As described 
later in section 5.2, the FEM analysis shows that the fatigue strength 
increases with increasing the press-fitting ratio. When the bush and 
inner plate are assembled, the press-fitting at the room temperature is 
conducted by a human with a hammer. Therefore, it seems difficult to 
eliminate the large scratches due to the human work accuracy and the 
variation of the adhered oil amount and so forth. However, if such 
scratched damage can be prevented by using a proper method such as 
cold shrink-fitting where the bush is cooled down before shrink-fitting, 
the fatigue strength can be improved significantly for the inner plate by 
using a large value of δ/DBO ≥ 11.0 × 10− 3. After confirming the fatigue 
strength improvement, the cold shrink-fitting δ/DBO ≥ 11.0 × 10− 3 can 
be immediately applied to real roller chains. 

The fretting fatigue crack cannot be seen for the inner plate as well as 
the bush. The previous studies regarding the fretting fatigue showed 
under a large contact pressure and a large relative slip amplitude more 
cracks occur [37–42]. In the specimen in Fig. 2(b), the hollow bush is 
press-fitted into the inner plate, and the bush and the inner plate are 

Table 6 
Number of cycles to failure for the inner plate σa: Stress amplitude, θf : Position of 
fracture in Fig. 2.  

δ/DBO 

[×10− 3] 
Specimen 
Number 

σa 

[MPa] 
R = σn min/

σn max 

Number of 
cycles to failure 
Nf [×106] 

θf 

[deg] 

11.0 11.0–1 173  0.036 2.98 80 
11.0–2 173  0.036 0.58 90 
11.0–3 173  0.036 0.71 90 
11.0–4 150  0.041 0.37 100 
11.0–5 150  0.041 10 (Not 

broken) 
– 

11.0–6 150  0.041 10 (Not 
broken) 

– 

11.0–7 139  0.044 3.88 90 
11.0–8 139  0.044 1.16 105 
11.0–9 139  0.044 10 (Not 

broken) 
– 

11.0–10 128  0.048 10 (Not 
broken) 

– 

11.0–11 96  0.063 10 (Not 
broken) 

– 

11.0–12 96  0.063 10 (Not 
broken) 

– 

6.6 6.6–1 173  0.036 0.57 90 
6.6–2 173  0.036 0.20 106 
6.6–3 173  0.036 0.46 90 
6.6–4 150  0.041 10 (Not 

broken) 
– 

6.6–5 150  0.041 10 (Not 
broken) 

– 

6.6–6 150  0.041 10 (Not 
broken) 

– 

6.6–7 139  0.044 10 (Not 
broken) 

– 

6.6–8 139  0.044 10 (Not 
broken) 

– 

6.6–9 117  0.052 10 (Not 
broken) 

– 

6.6–10 96  0.063 10 (Not 
broken) 

– 

1.8 1.8–1 139  0.044 0.22 98 
1.8–2 139  0.044 0.21 90 
1.8–3 139  0.044 0.22 110 
1.8–4 128  0.048 0.51 90 
1.8–5 128  0.048 0.62 100 
1.8–6 96  0.063 10 (Not 

broken) 
– 

1.8–7 96  0.063 10 (Not 
broken) 

– 

0 0–1 96  0.063 1.07 80 
0–2 96  0.063 0.43 82 
0–3 72  0.082 0.60 95 
0–4 72  0.082 5.07 93 
0–5 47  0.12 10 (Not 

broken) 
–  

Fig. 9. Damaged hole surface of the inner plate due to press-fitting when δ/DBO 
= 11.0 × 10− 3 after fatigue testing. 
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subjected to the tensile load F from the pin. Instead, in Fig. 2(a), the solid 
pin is press-fitted into the outer plate, and the outer plate is subjected to 
the tensile load F from the pin. It should be noted that under the same 
press-fitting ratio the press-fitting stress for the inner plate with the 
hollow bush is smaller than the press-fitting stress for the outer plate 
with the solid pin. Moreover, it should be noted the relative slip amount 
between the bush and the inner plate. The relative slip is caused by pin 
bending due to tensile load F. Since the relative slip of the pin bending 
does not directly affect the inner plate by the press-fitted bush, the 
relative slip amount between the inner plate’s hole and the bush’s outer 
diameter is smaller than the relative slip amount between the pin and 
the bush’s inner diameter. Therefore, it may be concluded that the 
relative slip amount between the inner plate’s hole and the bush’s outer 
diameter is smaller than the relative slip amount between the outer 
plate’s hole and the pin. Because of those reasons, the fretting fatigue 
crack does not occur for the inner plate. 

5. Analytical results and discussion for the inner plate 

5.1. Analytical method 

The FEM analysis is performed to clarify the effect of the press-fitting 
ratio upon the fatigue strength. Regarding the outer plate, the fretting 
fatigue crack appearing at the pin may affect the fatigue strength of the 
outer plate. However, it is difficult to consider the fretting fatigue crack 
initiation and the propagation for the pin in the outer plate. Therefore, 
the inner plate will be considered to clarify the effect of the press-fitting 
ratio upon the fatigue strength by applying the FEM analysis. 

Fig. 10 shows the FEM mesh for the 1/8 portion in Fig. 2(b) by 
considering the symmetry of the problem. The FEM mesh size is 0.1 ~ 
1.2 mm for the inner plate, 0.5 mm for the bush, and 0.3 ~ 0.8 mm for 
the pin, and the total number of mesh is about 0.9 × 105 mesh for the 
inner plate, about 2.7 × 103 mesh for the bush, and about 1.5 × 105 for 
the pin considering the material properties in Table 1 and the di-
mensions for each component in Fig. 2(b). The direct constraint method 
is applied for the contact analysis under the minimum nominal stress 
σFEM

min = 13 MPa and the maximum nominal stress σFEM
max = 292 MPa. The 

minimum nominal stress σFEM
min = 13 MPa is set at the minimum load Fmin 

= 3kN for the fatigue test. The maximum nominal stress σFEM
max = 292 MPa 

is set at the maximum load Fmax = 65kN when the fatigue limit shows the 

maximum value at δ/DBO = 6.6 × 10− 3 in Fig. 8. Then, the three- 
dimensional elastic–plastic analysis is performed by using finite 
element method software MSC.MARC 2012 with hexahedral- 8-node 
isoparametric element. The press-fitting stress can be analyzed by add-
ing the amount δ to the bush’s outer diameter contacting with the inner 
plate’s hole. 

5.2. Results and discussion 

The authors previously analyzed that the total structure of the roller 
chain in Fig. 1 to compare the critical portions of each component [30]. 
The results showed that the circumferential stress σθ for the inner/outer 
plate affects the fatigue fracture of the plate. Therefore, this study fo-
cuses on σθ around the hole of the inner plate. 

As shown in Table 6, the angle θf specifying the crack initiation 
position at the inner plate’s hole is always around θf = 90◦ regardless of 
the press-fitting ratio. Moreover, most of the fatigue crack initiated at 
the middle of the plate thickness where the chamfering does not affect. 
Therefore, in this FEM analysis, the position at the hole edge θ = 90◦ at 
the middle plate thickness at z = 0 in Fig. 10 will be focused. Under the 
maximum press-fitting ratio δ/DBO = 11.0 × 10− 3, the scratches due to 
press-fitting in Fig. 9 may affect the fracture origin. However, since the 
fatigue crack initiation angle θf = 90◦ at δ/DBO = 11.0 × 10− 3 is the same 
of the others. Therefore, four types of press-fitting ratios δ/DBO = 0, 1.8 
× 10− 3, 6.6 × 10− 3, and 11.0 × 10− 3 are analyzed in a similar way. 

Table 7 shows the minimum stress σθ min under F = Fmin and the 
maximum stress σθ max under F = Fmax by varying the press-fitting ratio. 
Here, the average stress σθm is defined as σθm= (σθ max + σθ min)/2, and 
the stress amplitude σθa is defined as σθa= (σθ max − σθ min)/2. The 
maximum stress σθ min under F = Fmin increases with increasing the 
press-fitting ratio δ/DBO because the external force effect F = Fmin ≅ 0 is 
negligible and the shrink-fitting stress σθ increases with increasing 
δ/DBO. Instead, the maximum stress σθ max under F = Fmax is almost 
constant regardless of the press-fitting ratio δ/DBO due to the combined 
effect of the external force and shrink-fitting. 

To clarify the effect of the press-fitting ratio on the fatigue strength, 
Fig. 11 illustrates the stress amplitude vs the mean stress diagram. In 
Fig. 11, to express the fatigue limit line σa/σw0 +σm/σB = 1 for the plane 
specimen, the tensile strength σB = 1100MPa and the fully reversed 
fatigue limit σwo = 440MPa are obtained from Table 1. Here, the relative 
safety factor SF can be defined in equation (8) as indicated in Fig. 11. 

SF = OA′/OA (8) 

Here, Point A denotes a FEM result of (σθm, σθa) and Point A’ denotes 

Fig. 10. FEM model and boundary conditions for the inner plate.  

Fig. 11. Stress amplitude vs mean stress diagram for the inner plate.  
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the intersection of OA line and the fatigue limit line σa/σw0 + σm/σB =

1. Although the FEM result of (σθm, σθa) only consider the point stress 
and does not consider the stress gradient, a larger SF value means the 
point is relatively safer than another point having a smaller SF value. As 
shown in Table 7 and Fig. 11, although the mean stress σθm increases 
with increasing the press-fitting ratio δ/DBO, the stress amplitude σθa 

decreases with increasing δ/DBO. This is the reason why the SF increases 
and the fatigue strength can be improved with increasing δ/DBO. 

Fig. 12 shows the fatigue limit σw and the relative safety factor SF by 
varying the press-fitting ratio. Here, SF range in the y-axis is adjusted to 
compare SF with the fatigue limit σw. In Fig. 12, SF increases almost 
linearly from the minimum value at δ/DBO = 0. Therefore, the FEM 
analysis shows that the press-fitting is useful for improving the fatigue 
limit. However, the large difference can be seen between σw and SF at 
the press-fitting ratio δ/DBO = 11.0 × 10− 3. As shown in section 4.2, the 
press-fitting scratch affects the fatigue strength δ/DBO = 11.0 × 10− 3 as 
the large scatter of Nf . It is conjectured that the FEM analysis without 
considering such scratches causes the difference between σw and SF at 
δ/DBO = 11.0 × 10− 3. 

6. Comparison of fatigue limit between the outer plate and the 
inner plate 

In the previous sections, the fatigue strength of the outer and inner 
plates was discussed independently. However, the fatigue strength of the 
whole roller chains is controlled by the lower fatigue strength of the 
outer and inner plates. Therefore, it is essential to compare the fatigue 
strength of the outer and inner plates in the machine design of the roller 
chain since no study is available. As shown in Fig. 13(a), the solid pin is 
press-fitted into the outer plate hole. In contrast, as shown in Fig. 13(b), 
the hollow bush is press-fitted into the inner plate hole. Due to this 
difference, the press-fitted stress for the outer plate is larger than the 
press-fitted stress for the inner plate under the same press-fitting ratio. 

In this study, the nominal stress σn is defined on the basis of the 
minimum cross section area A which is subjected to the tensile load F 
excluding the pin’s cross where F is applied. For the outer plate, the 
minimum cross section area A is defined as A = (W − d)t where d denotes 
the hole diameter of the outer plate, W denotes the width of the outer 
plate, and t denotes the thickness of the outer plate. For the inner plate, 
the minimum cross section area A is defined as A = (W − DBI)t where DBI 
denotes the inner diameter of the bush, W denotes the width of the inner 
plate, t denotes the thickness of the inner plate. The fatigue results 
should be considered on the basis of the nominal stress σn with the 
minimum cross section area A. 

Table 8 and Fig. 14 show the fatigue limit σw by varying the press- 
fitting ratio. For reference, the y-axis on the right side of Fig. 14 
shows the maximum load Fmax. The fatigue limit σw of the inner plate 
coincides with the fatigue limit σw of the outer plate within 12 % in-
dependent of the press-fitting ratios δ/DP and δ/DBO. 

As mentioned earlier, the outer and inner plates are made of the same 

Fig. 12. Fatigue limit σw vs δ/DBO in comparison with SF vs δ/DBO.  

Fig. 13. Definition for nominal stress σn(unit: mm).  

Table 7 
Maximum stress σθ max and minimum stress σθ min, mean stress σθm and stress 
amplitude σθa for the inner plate at θ = 90◦ and z = 0 [MPa].  

δ/DBO 

[×10− 3] 
σθ min at F = Fmin σθ max at F = Fmax σθm σθa SF 

0 44 889  466.5  422.5  0.72 
1.8 156 917  536.5  380.5  0.74 
6.6 483 910  696.5  213.5  0.89 
11.0 725 865  795.0  70.0  1.13  
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material and the same lot, they have the same fatigue strength σw. As 
shown in Fig. 14, if the nominal stress σn in equation (6) is used with the 
same allowable stress, the same design load F can be obtained from the 
outer and inner plates. On the other hand, if the conventional nominal 
definition σ′

n in equation (7) is used with the same allowable stress, the 
design load from the inner plate is set lower since the bush in the inner 
plate does not bear the tensile load F and the nominal stress is calculated 
higher as σ′

n > σn. In this way, a nominal stress formula providing almost 
the same fatigue limit σw of the inner and outer plates as shown in Fig. 14 
can be used usefully and conveniently for designing the outer and inner 
plates of a roller chain since the fatigue limits σw of the inner plate co-
incides with the fatigue limits of the outer plate within 12 %. By using 
the new nominal stress formula (6) instead of the conventional defini-
tion (7), it is possible to reduce the dimensions of the inner plate and set 
the design load of the roller chain higher. A newly defined nominal 
stress can be immediately applied to the machine design of real roller 
chains. 

7. Conclusions 

Although great efforts have been done to improve the fatigue 
strength of roller chains, fatigue failure still happened mainly at the link 
plate’s holes where the bush and pin are press-fitted. In this study, 
therefore, the fatigue experiment was conducted by using the specimens 
reflecting the outer/inner plates with press fitted pin/bush since they are 
controlling the whole strength of the roller chain. In real roller chains, 
the maximum stress amplitude appears from the tensile loading state 
and the press-fitting unloading state during the operation. Considering 
the difference of those two states, the fatigue experiment was conducted 
under pulsating alternative loading. The fatigue strength of the inner 
plate was compared with the outer plates with the aid of the FEM 

analysis to clarify the effect of press-fitting on the fatigue strength. The 
conclusions can be summarized in the following way.  

(1) Considering the loading status of real roller chains, the fatigue 
experiment was conducted under pulsating alternative loading. 
From the specimen reflecting the inner plate of the real roller 
chain, it was confirmed that the bush’s press-fitting when δ/DBO 
= 1.8 × 10− 3 ~ 11.0 × 10− 3 improves the fatigue limit by more 
than twice compared to no press-fitting δ/DBO = 0. At the largest 
press-fitting ratio δ/DBO = 11.0 × 10− 3, the fatigue strength is 
reduced largely by the scratches observed along the hole 
although the fretting fatigue crack cannot be seen for the inner 
plate.  

(2) Regarding the inner plate, the FEM analysis clarified that with 
increasing the press-fitting ratio, the stress amplitude σθa de-
creases largely although the mean stress σθm increases. This is 
reason why the fatigue strength can be improved by the press- 
fitting for real roller chains. If the scratched damage can be 
prevented by using a proper method like cold shrink-fitting by 
cooling the bush instead of the press-fitting currently, the fatigue 
strength of the inner plate can be improved significantly by using 
a larger cold shrink-fitting ratio δ/DBO ≥ 11.0 × 10− 3. After 
confirming the fatigue strength improvement, the cold shrink- 
fitting δ/DBO ≥ 11.0 × 10− 3 can be immediately applied to real 
roller chains.  

(3) Regarding the outer plate, the fatigue experiment considering the 
loading status of real roller chains confirmed that the press-fitting 
is also useful since the fatigue limit can be improved by the press- 
fitted pin more than twice compared to no press-fitting δ/DP = 0. 
However, only the slight difference can be seen for the press 
fitting ratio δ/DP = 2.5 × 10− 3 ~ 9.5 × 10− 3. Therefore, the 
manufacturing efficiency can be improved by using smaller δ/DP 
without reducing the fatigue strength. The press-fitting ratio 
δ/DP = 9.5 × 10− 3 currently used in real roller chains should be 
reduced. The smaller press-fitting δ/DP < 9.5 × 10− 3 can be 
immediately applied to real roller chains.  

(4) Even when the outer plate is not finally fractured at a large press- 
fitting ratio δ/DP = 9.5 × 10− 3, a large crack can be seen in the 
pin due to the fretting fatigue. These fretting fatigue cracks 
observed at the pin largely reduce the fatigue strength by 
affecting the fractured origin of the outer plate. However, by 
using a suitable measure such as introducing a compressive re-
sidual stress at the pin’s near-surface region to prevent such 
fretting fatigue region, a large press-fitting ratio δ/DP ≥ 9.5 ×
10− 3 may improve the outer plate’s fatigue strength largely. This 
suggests that a significant improvement in fatigue strength can be 
expected in real roller chains by preventing the fretting fatigue.  

(5) A newly defined nominal stress σn was proposed in this paper 
since the nominal stress σ′

n in the previous studies does not take 
into account that the bush supports part of the tensile load F. The 
results showed that the newly defined nominal stress σn can be 
used usefully and conveniently since the fatigue limits of the 
inner plate coincides with fatigue limits of the outer plate within 
12 % independent of the press-fitting ratio. By using the new 
nominal stress formula (6) instead of the conventional definition 
(7), it is possible to reduce the dimensions of the inner plate and 
set the design load of the roller chain higher. A newly defined 
nominal stress can be immediately applied to machine design of 
real roller chains. 
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Table 8 
Fatigue limit σw of the outer plate with press-fitted pin and the inner plate with 
press-fitted bush.  

δ/DP, δ/DBO [×10− 3] 0 1.8 2.5 5.1 6.6 9.5 11.0 

σw of the outer plate in Fig. 6 
[MPa] 

50 — 125 125 — 135 — 

σw of the inner plate in Fig. 8 
[MPa] 

45 95 — — 140 — 130  

Fig. 14. Fatigue limit σw of the outer and inner plates based on the nominal 
stress σn with the minimum cross section area A excluding the pin’s cross where 
F is applied. 
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Appendix A:. Stress σθ appearing at outer and inner plates in real roller chain during operation 

Fig. A1 illustrates the stress distribution σθ for the inner plate in Fig. 1 under (a) press-fitting state, and (c) tensile state. As shown in Fig. A1(a), 
although no external force is applied in (a) press-fitting state, the tensile stress distribution σθ appears due to the press-fitting of the bush into the inner 
plate. Also, as shown in Fig. A1(c), due to the tensile loading after the press-fitting, the larger tensile stress distribution σθ appears at the tensile state of 
the inner plate. The difference between those figures can be regarded as the stress amplitude causing metal fatigue of the inner plate. 
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