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1. Introduction

Roller chains are commonly used to transmit mechanical 
power in many kinds of industrial machineries including 
conveyors, motorcycles, bicycles, and so forth. The driving 
force is directly transmitted to the chain by the engaged 
sprocket, which is connected to a power source. Compared 
with the belt drive, the transmission capacity is much 
larger, the slip is negligibly smaller, and the transmission 
efficiency is higher. The life of the roller chain is usually 
determined by the chain elongation except sudden breakage 
of the link-plate or pin. When the chain engages with the 
sprocket, the outside diameter of pin and the inside diameter 
of bush are gradually wearing out by the sliding motion 
each other. This wear causes the chain elongation causing 
the improper engaging with sprocket. Therefore, roller chain 
manufactures are doing a lot of efforts to improve the wear 
resistance.1–11)

The wear resistance is now being evaluated by using the 
conventional chain type wear testing machine consisting 
of real chains and sprockets. However, huge amounts of 
time and cost are necessary for preparing and installing real 
chains and sprockets even before testing. In the previous 
study, therefore, simplified testing machine composed by a 
few members of outer links and inner links was studied;12,13) 
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however, the diameter profile of the pin after testing was 
different from of the real chain profile and the accuracy was 
not discussed.

In recent years, high-performance materials such as 
ceramics are being partly used in roller chain. Such new 
roller chains are planned to be used in the heating furnace 
where high wear resistance is required.14) However, since 
such ceramics components are expensive and difficult to 
be manufactured, the conventional chain type wear testing 
machine hardly be applied. This study focuses on devel-
oping a new wear testing machine to evaluate such wear 
amount conveniently.

2. Wear of Real Roller Chain and Evaluation Method

2.1. Conventional Wear Testing Machine for Real 
Roller Chain

Figure 1 shows the schematic illustration of the roller 
chain including five components. Here, notation T denotes 
the magnitude of tensile load during operation. The bush 
and the pin are pressed into the inner plate and the outer 
plate so that they cannot rotate but only the roller can rotate 
around the bush. The outer link consists of the pin and the 
outer plate as shown ① in Fig. 1. The inner link consists 
of the bush and the inner plate as shown ② in Fig. 1. The 
wear occurs between the pin and the bush due to sliding 
under tensile load condition, and the wear amount increases 
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during the use. Figure 2 shows examples of roller chain 
components that cannot be used anymore because the chain 
elongation is over 2% after real operation. In general, 2% 

chain elongation is used as the allowable limit. Figure 2(a) 
shows the pin whose wear depth WP is about 17% of the 
outer pin diameter. Figure 2(b) shows the bush whose wear 
depth WB is about 26% of the bush thickness. The wear 
amount WT=WP+WB corresponds to the chain elongation.

Figure 3 shows the conventional chain type wear testing 
machine.15) Since this testing machine consists of real chain 
components and sprockets, the results can be regarded as 
the real use results.15) However, this testing needs a huge 
amount of time and cost just for preparing and installing the 
real chains and sprockets. Therefore, this study focuses on 
developing a new wear testing machine, which can evaluate 
the wear amount efficiently without using main chain compo-
nents such as inner plate, outer plate and roller, and has suf-
ficient reproducibility useful for investigating roller chains.

2.2. Wear Mechanism of the Real Roller Chain
2.2.1. Why Wear Occurs in the Real Roller Chain during 

Operation
Figure 4 shows illustrates the range A, B, C, D, E, F, 

each of which has distinct mechanical state in the real roller 
chain. Table 1 shows the variation of the tensile load and 
the variation of the bend angle. The roller chain wear by 
the changed bend angle during the tensile load is caused. 
Table 1 shows the bend angle changes under the tensile 
load in ranges A and B. In other ranges, there is no angle 
change. Therefore, the wear occurs only in the range A and 
B. In this paper, the driving state is defined as range A as 
shown in Fig. 4 and the driven state is defined as range B 
as shown in Fig. 4.

Here, the bend angle θA change occurs due to the sprocket 
rotation. As shown in the range A in Fig. 4, if θA is defined 
as θA=∠OAO′, then we have 0≤ θA≤θ0 under tension T. 
Here, the angle θ0 specifies the interval of sprocket teeth as 
θ0=2π/N, where N is the number of teeth in the sprocket. 
When the pin and bush are at the position A1 (see the black 
point in Fig. 4), the bend angle θA=θ0. When the black point 
in Fig. 4 moves to the position A2, the bend angle change 
from θA=0 to θA=θ0 occurs due to sprocket rotation. Since 
the pin is fixed to the outer plate and the bush is fixed to the 
inner plate, the bend angle of the outer plate and the inner 
plate is equal to the angle between the pin and the bush. 
Since an angle change from θA=0 to θA=θ0 occurs between 
the pin and the bush under the tensile load, the friction and 
wear occur in the range A in Fig. 4.

The frictional situation of the range B is the same as 
the range A. If θB is defined as θB=∠OBO′, then we have 
0≤θB≤θ0 under tension T. When the pin and bush are at the 
position B1 (see the black point in Fig. 4), the bend angle 
θB=θ0.When the black point in Fig. 4 moves to the position 
B2, the bend angle change from θB= θ0 to θB=0 occurs due 
to sprocket rotation. Since an angle change from θB=θ0 to 
θB=0 occurs between the pin and bush under the tensile 
load, the friction and wear occur in the range B in Fig. 4.

2.2.2. Sliding State of the Pin and the Bush
Figure 5 shows the sliding states of the pin and bush in 

the range A and range B in Fig. 4 where the wear is caused 
as explained in the previous section. Note that Fig. 5 shows 
the case where the teeth of sprocket enter the outer link, and 
the roller is not drawn in the figure. Figure 5(a) shows the 

Fig. 1. Schematic illustration of the roller chain whose mechani-
cal wear between the pin and the bush causes elongation 
and final failure. (Online version in color.)

Fig. 2. Pin and bush whose wear amounts reach the use limit. 
(Online version in color.)

Fig. 3. Conventional chain type wear testing machine for the 
roller chain. (Online version in color.)
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range A of Fig. 4, and Fig. 5(b) shows the range B of Fig. 4.
First, the sliding between the pin and the bush in the driv-

ing state is explained. Figure 5(a-1) illustrates geometrical 
condition of the position A1 in Fig. 4, and the bend angle 
θA=0. Figure 5(a-3) illustrates geometrical condition of the 
position A2 in Fig. 4, and the bend angle θA=θ0. Figure 

5(a-2) shows the position of the bend angle θA= θ0/2. In the 
driving state, the contact load Pc =  T occurred between the 
pin and the bush by the tensile load of the chain. As shown 

Fig. 4. Illustration for the range A, B, C, D, E, F, each of which has distinct mechanical state in the roller chain. (Online 
version in color.)

Table 1. Variation of tensile load and bend angle.

Range Tensile load Bend angle Wear

A T Changing as θA= 0→θ0 Appears

B T Changing as θB= θ0→0 Appears

C T Fixed as θC= 0 Not appears

D T→0 Fixed as θD= θ0 Not appears

E 0 θE≒0 Depending on the slack 
of the chain Not appears

F 0→T Fixed as θF= θ0 Not appears

Fig. 5. Load and sliding condition of the driving state and the 
driven state. (Online version in color.)

Table 2. Definition of position A1, A2, B1, B2 and θ0 in range A, B 
shown in Fig. 4.

Items Definition

Position A1
The chain starts engaging with the sprocket under 
tension in the driving side.

Position A2
The chain is bent at angle θ0 under tension in the driving 
side.

Position B1
The chain starts to move away from the sprocket under 
tension in the driven side.

Position B2
The chain is bent at angle θ0 under tension in the driven 
side.

Angle θ0

The angle specifies the interval of sprocket teeth as 

�
�

0

2
�
N

, where N is the number of teeth in sprocket
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in Fig. 5(a-2), the bush rotates counterclockwise under the 
compressive state due to the sprocket’s rotation. The rota-
tion of the bush stops at an angle θ0 as shown in Fig. 5(a-3). 
Here, sliding speed V is circumferential speed of the inner 
surface of the bush. As shown in Fig. 5(a), in the driving 
state, the pin is fixed under the compressive state of the 
contact load Pc =  T, and the bush rotates from θA=0 to 
θA=θ0 at the sliding speed V.

Next, the sliding between the pin and the bush in the 
driven state is explained. Figure 5(b-1) illustrates geometri-
cal condition of the position B1 in Fig. 4, and the bend angle 
θB=θ0. Figure 5(b-3) illustrates geometrical condition of 
the position B2 in Fig. 4, and the bend angle θB=0. Figure 
5(b-2) shows the position of the bend angle θB=θ0/2. In the 
driven state, the contact load Pc =  T occurred between the 
pin and the bush by the tensile load of the chain. As shown 
in Fig. 5(b-2), the pin rotates counterclockwise under the 
compressive state due to the sprocket’s rotation. The rota-
tion of the pin stops at an angle θ0 as shown in Fig. 5(b-3). 
As shown in Fig. 5(b), in the driven state, the bush is fixed 
under the compressive state of the contact load Pc =  T, and 
the pin rotates from θA=0 to θA=θ0 at the sliding speed V.

As shown in Fig. 5, wear mechanism is clarified in the real 
roller chain during operation. The wear of the roller chain 
occurs when the bend angle is changed under the tensile 
load. In the driving state, the pin is fixed under the compres-
sive state, and the bush rotates. In the driven state, the bush 
is fixed under the compressive state, and the pin rotates.

3. The Newly Developed Wear Testing Machine Having 
Sufficient Reproducibility of the Real Sliding State 
between the Pin and the Bush

3.1. How to Design the Newly Developed Wear Testing 
Machine

Since the conventional chain type wear testing machine 
consists of real chain components and sprockets, the results 
can be regarded as the real use results. However, such test-
ing machine needs a huge amount of time and cost to pre-
pare for the real chains and sprockets. Therefore, we set up 
the following principles 1) and 2) for designing the newly 
developed wear testing machine.

The design principle 1) is to have sufficient reproduc-
ibility of the actual sliding state of the pin and the bush in 
the real roller chain.

The design principle 2) is to be composed by minimum 
components in order to simplify the testing machine.

According to the design principle 1), the newly developed 
wear testing machine may obtain the similar wear rate com-
posed to the conventional chain type wear testing machine. 
However, the wear results of the conventional chain type 
wear testing machine sometimes have larger scatter because 
of the vibration when the chain engages with the sprocket, 
manufacturing tolerances of the components, and errors due 
to the assembly and installation. Therefore, according to the 
design principle 2), the newly developed machine consists 
of just a pin and a bush as shown in Figs. 7 and 8 to improve 
the reproducibility, to reduce the cost of the test pieces and 
to reduce the preparing time. The pin and the bush used in 
the new testing machine have almost the same dimensions 
of the real roller chains.

3.2. Reproductive Mechanism for the Wear of Pin and 
Bush

Figure 6 illustrates the sliding direction at the surface 
of the pin and bush for the newly developed wear testing 
in comparison with the real chain. To realize the suffi-
cient reproducibility, in the newly developed wear testing 
machine, the pin is fixed and the bush slides reciprocatively. 
As shown in Figs. 5 and 6, wear mechanism is clarified in 
the real roller chain during operation. In the driving state, 
the pin is fixed under the compressive state, and the bush 
rotates. In the driven state, the bush is fixed under the 
compressive state, and the pin rotates. In Fig. 6, it should 
be noted that the chain elongation in the real roller chain is 
caused by the wear at point P and point Q. And the wear is 
caused by the reciprocating motion at those points.

To simplify the friction state of the real roller chain, in 
the newly developed wear testing machine, the pin is fixed 
under constant load and the bush slides reciprocatively. Dur-
ing the operation, the sliding motions of point P and point 
Q are reciprocating. Since the sliding direction during the 
operation is the same as the sliding direction of the real roller 
chain, the newly developed wear testing machine adopts 
such reciprocating motions. Moreover since those frictional 
motion is easy to be controlled, the newly developed wear 
testing machine may improve the test accuracy to reduce 
the errors due to the assembly and installation. The detailed 
explanation of the sliding direction is shown in the appendix.

3.3. Schematic Illustration of Sliding Component for 
the Newly Developed Wear Testing Machine

Figure 7 shows the schematic illustration of the newly 
developed wear testing machine. The bush of the test piece 
is press-fitted into the holder. The holder, jig A and jig B 
are assembled to integrate. As shown in Fig. 7(b), the pin 
is inserted into the interior of the bush. Motor shaft is con-
nected directly to jig A to slide the bush. As shown in Fig. 
7(b), both ends of the pin protruding from the end surface of 

Fig. 6. Comparison of the sliding direction of the surface. (Online 
version in color.)
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the bush are pressed horizontally by the hydraulic cylinder 
not to rotate the pin. Then the motor is operated reciproca-
tively under the fixed pin condition to slide the bush recipro-
catively. The hydraulic cylinder moves horizontally to keep 
the constant pressure between the pin and the bush even 
when the pin and the bush are worn out. The total amount of 
wear between the pin and the bush can be measured without 
removing the pin and the bush from the testing machine by 
the displacement amount of the hydraulic cylinder. Figure 
8 shows the grooved bush to remove the wear debris and 
lubricants. Compared to the real roller chain, in the newly 
developed wear testing machine, the wear debris accumu-
late easily because of less vibrations. The grooved bush in 
the vertical direction can remove this debris by applying 
holizontal loading.

3.4. Specification of the Newly Developed Wear Testing 
Machine

Figure 9 shows the appearance of the reciprocating 
sliding component for the newly developed wear testing 
machine. This testing machine can evaluate the pin diameter 
in the range DP =  15 mm–23 mm. In the future, another type 
new testing machine is planned to be developed to evaluate 
the pin diameter in the range DP =  10 mm–100 mm by using 
the same structure. Table 3 shows the specification of the 
newly developed wear testing machine.

4. Comparison of the Results between the Newly Devel-
oped Wear Testing and the Conventional Chain Type 
Wear Testing

4.1. Specification of Specimens and Testing Condition
Between the newly developed wear testing and the 

Fig. 7. Schematic illustration of the newly developed wear testing machine. (Online version in color.)

Fig. 8. Grooved bush to remove the wear debris and lubricants. 
(Online version in color.)

Fig. 9. Photograph of the newly developed wear testing machine. 
(Online version in color.)

Table 3. Specification of the newly developed wear testing 
machine.

Whole size 1 700 ×1 300 ×1 800 [mm]

Load Pc 700–80 000 [N]

Average sliding speed V 0.01–7 [m/min]

Idling time 0.01–9.99 [sec]

Sliding angle θ0 0.2–72 [degree]

Diameter of the pin DP ϕ 15–23 [mm]

Diameter of the bush DB ϕ 22–40 [mm]

Inside diameter of the bush DBI ϕ 16–24 [mm]

Length of the pin LP 68–100 [mm]

Length of the bush LB 52–77 [mm]

Length of the sliding area 52–77 [mm]
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conventional chain type wear testing, the same conditions 
are assumed for specimen dimensions, loading and sliding 
speed. Figure 10 shows the specimen dimensions where 
the pin outer diameter DP =  15.8 mm, bush inner diameter 
DBI =  16.3 mm, bush length LB =  52.9 mm. The pin mate-
rial is SCM435, and the bush material is SCM415. Table 4 
shows each chemical components of specimens. Table 5 
shows material properties and fabrication processes. For 
the newly developed wear testing machine, the pin and the 
bush are manufactured by lathe turning. For conventional 
chain type wear testing machine, however, the pin is manu-
factured by cold forging and the bush is manufactured by 
cold–drawn pipe. Therefore, it should be noted that the 
specimen has different surface properties due to distinct 
fabrication processes.

Figures 11 and 12 illustrate the difference in surface 
properties. Figure 11 shows an axial cross section of near 
surface of the pin and the bush for the newly developed 
wear testing. As shown in Figs. 11(a-2) and 11(b-2), at the 
near surface, lathe turning marks are observed without the 

oxide film. It should be noted that at an axial cross section 
of the pin a remarkable rolling flow is observed in Fig. 
11(a-1). Figure 12 shows an axial cross section of near 
surface of the pin and the bush for the conventional chain 
type wear testing. As shown in Figs. 12(a-2) and 12(b-2), an 
oxide film with about 20 μm thickness can be observed at 
the near surface. Those differences of the surface properties 
contribute initial wear difference as described in section 5.1.

Table 6 shows the testing condition. For real roller chains, 
lubricants such as oil to the sliding surface is recommended 
to improve the wear resistance. However, in this study, to 

Table 6. Comparison of testing condition.

Items
Newly 

developed wear 
testing

Conventional 
chain type wear 

testing

Idling time per one cycle 0.6 [sec] 5.1 [sec]

Definition of one cycle N Reciprocation Revolving

Load Pc 29 500 [N ]

Average sliding speed V 2.19 [m/min]

Sliding angle θ0 32.7 [degree]

Condition of sliding surface Dry

Fig. 10. Size of the pin and the bush for wear testing [mm]. 
(Online version in color.)

Fig. 11. Axial cross section of the near surface of the pin and the 
bush used for the newly developed wear testing (5% Nital 
etching).

Fig. 12. Axial cross section of the near surface of the pin and the 
bush used for the conventional chain type wear testing 
(5% Nital etching). (Online version in color.)

Table 4. Chemical composition of specimens [%].

Testing 
machine

Newly developed wear 
testing

Conventional chain type 
testing

Items Pin Bush Pin Bush

Material SCM435 SCM415 SCM435 SCM415

C 0.37 0.17 0.35 0.15

Si 0.26 0.30 0.19 0.21

Mn 0.81 0.78 0.76 0.76

P 0.023 0.016 0.014 0.013

S 0.023 0.012 0.020 0.013

Cr 1.11 0.90 1.12 0.98

Mo 0.15 0.15 0.16 0.18

Table 5. Surface properties of the pin and the bush.

Testing 
machine

Newly developed 
wear testing

Conventional chain type wear 
testing

Items Pin Bush Pin Bush

Hardness 
[HRC] 55.4 59.1 55.0 59.6

Surface 
roughness 
Ry [μm]

 6.4 12.0 13.6  5.4

Fabrication 
process

Lathe turning 
→Heat-treatment 

→Shotblasting

Cold forging 
→Heat-treatment 

→Shotblasting

Cold-drawn pipe 
→Heat-treatment 

→Shotblasting
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4.2. Results of Wear Testing
Figure 13 and Table 7 compare the wear amount 

WT=WP+WB for the number of cycle N. Here, WT
N  is the 

wear amount of the newly developed wear testing, and WT
C  

Table 7. Definition and comparison between wear amount WT
N  and WT

C  measured from the displacement amount of the 
hydraulic cylinder for WT

N , and from the chain elongation for WT
C .

W W No No NoT
N

T
N

k
� � � �� �� / . . . /3 1 2 3 3

�W W WT
N

T
N

T
N� ��k k1

W W No NoT
C

T
C

k � � �� �� / . . /2 1 2 2

�W W WT
C

T
C

T
C� ��k k1

k Number of cycle N 
(×104)

Wear amount WT =WP+WB [mm]

WT
N : Newly developed 

wear testing
WT

C : Conventional chain type 
wear testing

No. 1 No. 2 No. 3 WT
N

k ∆WT
N No. 1 No. 2 WT

C
k ∆WT

C

 1  1.0 0.14 0.16 0.14 0.147 0.147 0.10 0.07 0.085 0.085

 2  2.0 0.19 0.20 0.19 0.193 0.046 0.15 0.09 0.120 0.035

 3  3.0 0.24 0.26 0.23 0.243 0.050 0.20 0.13 0.165 0.045

 4  3.9 0.26 0.28 0.25 0.263 0.020 0.22 0.15 0.185 0.020

 5  5.8 0.32 0.31 0.30 0.310 0.047 0.27 0.18 0.225 0.040

 6  7.0 0.35 0.34 0.32 0.337 0.027 0.29 0.21 0.250 0.025

 7  7.7 0.37 0.36 0.34 0.357 0.020 0.31 0.23 0.270 0.020

 8  9.6 0.41 0.40 0.38 0.397 0.040 0.35 0.26 0.305 0.035

 9 12.0 0.46 0.47 0.43 0.453 0.056 0.40 0.31 0.355 0.050

10 15.0 0.56 0.55 0.53 0.547 0.094 0.51 0.39 0.450 0.095

11 21.0 0.74 0.78 0.70 0.740 0.193 0.69 0.57 0.630 0.180

12 25.0 0.88 0.93 0.85 0.887 0.147 0.84 0.69 0.765 0.135

– 27.0 0.97 0.99 – 0.980 – – – – –

– 32.0 1.22 1.16 – 1.190 – – – – –

13 35.0 1.35 – – 1.350 0.463 1.26 1.07 1.165 0.400

– 38.0 1.50 – – 1.500 – – – – –

14 42.0 1.75 – – 1.750 0.400 1.64 1.39 1.515 0.350

clarify the difference due to the testing method, the sliding 
surface is degreased to exclude the disturbance factors of 
the lubrication. Since the preliminary testing confirmed 
that the result variation is smaller, three number of tests 
are conducted for the newly developed wear testing. For 
the conventional chain type wear testing to be compared, 
two number of tests are conducted. For the conventional 
chain type wear testing, one cycle N can be defined when 
the chain is going around. Instead, for the newly developed 
wear testing machine, one cycle N can be defined as one 
reciprocating motion of the bush. Real roller chains are used 
with the number of cycles N ≥  25 ×  104 per year. In this 
study, therefore, N =  25 ×  104 is defined as the standard 
number of cycle N per year without considering idling time.

The total wear amount WT can be defined as WT=WP+WB 
where WP is the pin wear depth and WB is the bush wear 
depth. This is because WT=WP+WB is related to the chain 
elongation. In the newly developed wear testing machine, 
WT can be measured from the displacement amount of the 
hydraulic cylinder. In the conventional chain type wear 
testing machine, WT can be measured from the total length 
change of the roller chain. Those measuring can be conve-
niently used without removing the test piece during the test. Fig. 13. Comparison of the wear amount between WT

N  (newly 
developed) and WT

C  (conventional). (Online version in 
color.)
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is the wear amount of the conventional chain type wear test-
ing. At the standard number of cycle N =  25 ×  104 denoted 
by point (F) in Fig. 13, WT

N  =  0.85–0.93 mm, and WT
C  = 

0.69–0.84 mm. From the wear curves in both testing, both 
wear rates at the initial stage of the test are larger, and then 
the slopes remain almost constant, and the slopes slightly 
increase after the wear amount become larger than about 
1 mm. Large amount of wear at the initial stage of the test 
is called as initial wear condition. This state lasts until the 
number of cycles about N =  3 ×  104 denoted by point (E) 
in Fig. 13, and then changes to stable wear condition. Such 
a transition phenomenon is generally confirmed in adhesive 
wear of metals with repetition.16,17)

Focusing on the variation in the wear amount due to 
the number of tests at N =  3 ×  104 denoted by point (E) 
in Fig. 13, the variation is 0.03 mm for WT

N  and 0.07 mm 
for WT

C . Similarly, at N =  25 ×  104 denoted by pint (F) in 
Fig. 13, the variation is 0.08 mm for WT

N  and 0.15 mm for 
WT

C . Thus, the variation of WT
N  is about half of the varia-

tion of WT
C . This is consistent with the design principle of 

this new testing. The stable wear amount will be discussed 
in section 5.1.

5. Comparison of the Results between the Newly Devel-
oped Wear Testing and the Conventional Chain Type 
Wear Testing

5.1. Comparison of Wear Rate between the Newly 
Developed Wear Testing and the Conventional 
Chain Type Wear Testing under Stable Condition

The allowable wear amount in a real chain is usually 3 
mm for the pin diameter DP =  15.8 mm. Then, the initial 
wear amount WT

N
k  =  0.24 mm is only 8% of the allow-

able wear amount for the newly developed wear testing. 
And the initial wear amounts WT

C
k  =  0.17 mm is only 

6% of the allowable wear amount for the conventional 
chain type wear testing. In other words, more than 90% 
of allowable wear amount are consumed under the stable 
wear condition. Therefore, stable wear amounts should be 
compared between the newly developed wear testing and 
the conventional chain type wear testing. First of all, wear 
rate is discussed.

The wear rate dWT/dN can be determined from the 
amount of wear per cycle number denoted by dW /dNT

N  
for the newly developed wear testing and dW /dNT

C  for the 
conventional wear testing. They can be obtained from Eqs. 
(1) and (2). The average amount of wear ∆WT

N , ∆WT
C  in 

Table 7 is used for both testing.

dW

dN

W

N
W W WT

N
T
N

T
N

T
N

T
N� � ��

�
�

�, k k1 in Table 7  ... (1)

dW

dN

W

N
W W WT

C
T
C

T
C

T
C

T
C� � ��

�
�

�, k k1 7in Table  ... (2)

As an example, Table 7 shows ∆WT
N  =  0.147 mm during 

the number of cycle N =  21 ×  104 ~ 25 ×  104. Then, from 
Eq. (1), the wear rate dW /dNT

N  =  3.68 ×  10 −6 mm/cycle 
can be obtained.
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Figure 14 shows the wear rates of both testing calculated 
using Eqs. (1) and (2). In Fig. 14, the number of cycle N is 
plotted as the median value of the measurement interval. For 
example, the result during the number of cycle N =  21 × 
104 ~ 25 ×  104 is plotted as the result at N =  23 ×  104. 
The wear rate difference between dW /dNT

N  and dW /dNT
C  is 

significant under initial wear condition during N ≤ 3 ×  104 
whose number is denoted by point (G) in Fig. 14. However, 
then they are nearly the same under stable wear condition 
during N ≥  3 ×  104.

Let’s consider why the wear rates dW /dNT
N  and dW /dNT

C  
are different at the initial stage. It should be noted that the 
surface properties affect the initial wear of the pin and the 
bush. As shown in Fig. 11, at the near surface for dW /dNT

N  
a lathe turning mark is observed but the oxide film is not 
observed. On the other hand, as shown in Fig. 12, at the near 
surface for dW /dNT

C , an oxide film having a thickness of 
about 20 μm can be observed. In dry friction, since the oxide 
film on the metal surface prevents metal-to-metal contact, 
the friction and wear rate become smaller.18–20) This is the 
reason why dW /dNT

N  is larger than dW /dNT
C  at the initial 

stage of the test. Since the thin oxide film often disappears at 
the initial stage of tests, the variation for dW /dNT

C  is always 
larger than the variation of dW /dNT

N . During the pin and 
the bush reciprocating sliding motion under dry friction, the 
wear debris are attached at the sliding surface and the metal-
to-metal contact area decreases. Therefore, the influence 
of the initial surface condition becomes smaller under the 
stable wear condition, the difference between dW /dNT

N  and 
dW /dNT

C  becomes smaller within 15%. From Fig. 14, the 
number of cycle N ≥  3 ×  104 corresponds to the stable wear 
condition where WT

N
k  ≥  0.24 mm as shown in Table 7.

After the test finished, the pin and the bush were removed 
from the testing machine to measure the wear amount 
directly. Table 8 shows the total wear amount WT which 
can be defined as WT=WP+WB where WP is the pin wear 
depth and WB is the bush wear depth. The test piece No. 1 
is measured for the newly developed wear testing and the 
test piece No. 2 is measured for the conventional wear test-
ing. It should be noted that the ratio of the pin wear depth 
WP to the total wear amount WT is the nearly same for WT

N  
and WT

C , that is, WP/WT
N ≅WP/WT

C . The previous section 

Fig. 14. Comparison of the wear rate between dW /dNT
N  (newly 

developed) and dW /dNT
C  (conventional). (Online version 

in color.)
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describes that the total wear rates dW /dNT
N  and dW /dNT

C  
are also the same under stable wear condition. The wear 
amount ratio for the pin and the bush is also the same for 
both testing. The wear amount WT

N  can be simply measured 
from the displacement amount of the hydraulic cylinder 
and the wear amount WT

C  can be simply measured from 
the chain elongation for WT

C  in Table 7. Those amounts 
WT

N  and WT
C  are in good agreement with the wear amount 

WT directly measured from the pin and the bush in Table 8. 
Those results show that the wear amount can be evaluated 
accurately without removing the test piece.

5.2. Comparison of Cross-section Shape between the 
Newly Developed Wear Testing and the Conven-
tional Chain Type Wear Testing

Figure 15(a) shows the cross-section change of the pin 
due to the newly developed wear testing. The crescent-
moon-shaped wear range is symmetric to the x-axis. Figure 
15(b) shows the cross-section change of the pin due to the 
conventional chain type wear testing. The crescent-moon-
shaped wear range is approximately symmetric to the x-axis. 
Figure 15 shows similar wear shape can be obtained by the 
newly developed machine.

Figure 16(a) shows the cross-section change of the bush 
due to the newly developed wear testing. The wear shape 
is a crescent moon but the most wear position is situated 
at about −15° to the x-axis. Figure 16(b) shows the cross-
section change of the bush due to the conventional chain 
type wear testing. The wear shape is a crescent moon but the 
most wear position is situated at about −15° to the x-axis. 
The asymmetric wear shape to the x-axis may be due to 
the influence of the sprocket engaging. Figure 16 shows 
similar wear shape can be obtained by the newly developed 
machine. Although the sliding angle between the pin and the 
bush is θ0=32.7° as described in section 4.1 for the testing 
condition, the wear can be seen more widely about 180°as 
shown in Figs. 15 and 16. This is because the contact area 
and the radius of curvature at the contact surface increase 
with increasing the wear amount. Since the wear shapes of 
the pins and bushes are nearly the same, the newly devel-
oped wear testing machine has sufficient reproducibility of 
real roller chains.

5.3. Comparison of Wear Surface Condition between 
the Newly Developed Wear Testing and the Con-
ventional Chain Type Wear Testing

Figure 17 compares the wear surface condition of the 
pin. Figure 17(a) shows the pin surface after the newly 
developed wear testing and Fig. 17(b) shows the pin surface 

after the conventional chain type wear testing. The sliding 
direction is perpendicular to the pin axis as shown in Fig. 
17. Figures 17(a-2) and 17(b-2) show typical groove-like 
scratches and Figs. 17(a-3) and 17(b-3) show the typical 
adhesive surface where the black material is attached. Those 
macroscopic observations show that most of pin surfaces in 
Figs. 17(a) and 17(b) are dominated by scratches or adhe-
sive surface in a similar way.

Figure 18 compares the wear surface of the bush. Figure 
18(a) shows the bush surface after the newly developed 
wear testing and Fig. 18(b) shows the bush surface after 
the conventional chain type wear testing. The sliding direc-
tion is perpendicular to the pin axis as shown in Fig. 18. 
Figures 18(a-2) and 18(b-2) show groove-like scratches 
observed. Scratches of the conventional testing are finer 
than scratches of the new testing. And the surface of the 
conventional testing is less shiny than the surface of the 
new testing. Figures 18(a-3) and 18(b-3) show the typical 
adhesive surface where the black material is attached. The 

Fig. 16. Bush inside diameter profile change before and after test-
ing. (Online version in color.)

Table 8. Total wear amount WT
N  ≠ WT

C  and wear ratio WP/WT
N  =  WP/WT

C  directly measured wear amount in compari-
son with WT

N  and WT
C  in Table 7.

Items WT
N : Newly developed wear testing 

fom No. 1
WT

C : Conventional chain type wear 
testing from No. 2

Directly measured from the pin and the bush [mm]

WP/WT
N 0.46 WP= 0.82 WP/WT

C 0.45 WP= 0.64

WB/WT
N 0.54 WB= 0.95 WB/WT

C 0.55 WB= 0.79

(WP+WB)/WT
N 1.0 WP+WB=1.77 (WP+WB)/WT

C 1.0 WP+WB=1.43

Displacement amount of the hydraulic cylinder for WT
N  

and Chain elongation for WT
C  from Table 7 [mm] WT

N =1.75 WT
C =1.39

Fig. 15. Pin diameter profile change before and after testing. 
(Online version in color.)
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difference of the wear surface of the bush is caused by the 
difference of the sliding condition. The sliding state between 
the pin and the bush is always under compression during 
the test for the newly developed wear testing, but there is a 
period without compression for the conventional chain type 
wear testing as shown in Table 1. Moreover, as shown in 
Table 6, the idling time between the reciprocating motion 
is different. Those differences of no compression and idling 
time may affect the wear surface of the bush. However, the 
effect is not very large since the wear amount ratio of the 
pin and the bush is almost the same as shown in Table 8 
and similar wear surfaces can be observed.

6. Conclusion

To evaluate the wear resistance of the roller chain, huge 
amount of time and cost were spent by using the conven-
tional wear testing machine. This study therefore focused 
on developing a new wear testing machine composed by 
minimum components to simplify the wear testing. The 

Fig. 17. Wear surface of the pin. (Online version in color.)

Fig. 18. Wear surface of the bush. (Online version in color.)

conclusions can be summarized in the following way.
(1) By using the newly developed wear testing machine, 

the wear amount can be evaluated conveniently without 
using main chain components such as inner plate, outer 
plate and roller. The wear testing variation is smaller than 
the variation of the conventional chain type wear testing.

(2) Wear mechanism of the real roller chain was clari-
fied in the real roller chain during operation. The wear of the 
roller chain occurs when the bend angle is changed under 
the tensile load. In the driving state, the pin is fixed under 
the compressive state, and the bush rotates. In the driven 
state, the bush is fixed under the compressive state, and the 
pin rotates (see Figs. 4 and 5).

(3) The newly developed wear testing machine was 
developed by considering the sliding state between the pin 
and the bush of the real roller chain. The newly developed 
wear testing machine consists of only two parts, that is, the 
pin and the bush to improve the reproducibility, to reduce 
the cost of test pieces, to reduce the preparing time, and to 
be controlled easily (see Figs. 6 and 7).

(4) The results show that the wear rate and the wear 
status are almost the same between the newly developed 
wear testing machine and the conventional chain type wear 
testing machine under stable wear condition. Therefore, the 
newly developed wear testing machine has sufficient repro-
ducibility with high accuracy compared to the conventional 
chain type wear testing machine.
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Appendix: Reproducibility of Sliding Direction for the 
Pin and the Bush

In this appendix, the details of the sliding directions of 
the pin and the bush will be discussed. In the real roller 
chain, Figs. A1(a) and A1(b) illustrate the sliding direc-
tion focusing on the pin and the bush from Figs. 5(a) and 
5(b). Figures A1(a-1)–A1(a-3) are corresponding to Figs. 
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5(a-1)–5(a-3), and A1(b-1)–A1(b-3) are corresponding to 
Figs. 5(b-1)–5(b-3). Although in Fig. 5(b) the loading direc-
tion is fixed, in Fig. A1(b) the position of the pin is fixed.

First of all, the contact point change is explained in rela-
tion to the sliding direction change between the pin and the 
bush. As shown in Fig. A1(a), in the driving state, the pin 
is fixed under the compressive contact load Pc =  T, and the 
bush rotates from θA=0 to θA=θ0. Therefore, the contact 
point of the bush varies in the range of angle θA=0~ θ0 
under the fixed contact point of the pin. As shown in Fig. 
A1(b), in the driven state, the bush is fixed under the com-
pressive contact load Pc =  T, and the pin rotates from θA=0 
to θA=θ0. Therefore, the contact point of the pin varies in 
the range of angle θA=0~ θ0 under the fixed contact point 

Fig. A1. Real roller chain under uni-directional friction between 
the driving state and the driven state. (Online version in 
color.)

Fig. A2. Newly developed wear testing machine under reciprocat-
ing friction for 1 cycle. (Online version in color.)

of the bush.
Next, let’s focus on the contact points P and Q whose 

locations may affect the chain elongation. In the real roller 
chain, the sliding direction of point P on the pin surface is 
perpendicularly upward in Fig. A1(a) and perpendicularly 
downward in Fig. A1(b-3). The sliding direction of point 
Q on the bush surface is perpendicularly downward in Fig. 
A1(a-1) and is perpendicularly upward in Fig. A1(b). In 
other words, the sliding motions of the points P and Q are 
reciprocating.

In the newly developed wear testing machine, Fig. A2 
illustrates the sliding direction for the pin and the bush dur-
ing operation. As shown in Fig. A2, the pin is fixed under 
the compressive contact load Pc =  T, and the bush rotates in 
clockwise and counterclockwise directions in the range from 
θA=0 to θA=θ0. During the operation, the sliding motions of 
the point P and Q are reciprocating. Since the sliding direc-
tion during the operation is the same as the sliding direction 
of the real roller chain, the newly developed wear testing 
machine adopts such reciprocating motions.




