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Abstract
The purpose of this study is to identify the causes of the continuous failure of center-link chains for a trolley conveyor 
system by analyzing their failure characteristics under static and dynamic loading conditions and to propose methods for 
securing their mechanical integrity. For this purpose, center-link chains were minimally processed to prepare testing speci-
mens with their original surface property and structural dimension maintained. These specimens were used to measure the 
tensile strength (1172.1 MPa), elongation (8.7%), yield strength (1073.4 MPa), hardness (44.1 HRC), and surface roughness 
( R

a
 = 10.5 μm). A three-point bending fatigue test (R = 0.1) resulted in a fatigue limit of 746.7 MPa. The results confirmed 

that the rough surface of the center-link chain caused a reduction in the elongation and fatigue limit and an increase in the 
scattering of the surface hardness and fatigue life, which were the direct causes of frequent chain failure in the field. To 
improve the fatigue life of the center-link chain, two methods were reviewed in this study. The first method was to reduce its 
surface roughness through surface machining of the center-link chain, and the second was to modify its shape design to allow 
improved structural integrity, even if the current surface roughness is retained. In the case of the first method, the results of 
the fatigue test using the specimen with reduced surface roughness (from R

a
 = 10.5 to 0.9 μm) by surface machining demon-

strated reduced scattering and increased fatigue limit (from 746.7 to 920.3 MPa). As for the second method, a stiffener was 
added and two design variables (slope angle and fillet radius) of the stiffener were selected to propose a new design that can 
reduce the maximum stress ~ 1.6 times compared to the conventional design. While both methods for improving the structural 
integrity of the center-link chain were effective enough to improve the fatigue life of the chain, the second method, which 
requires only the initial mold manufacturing cost for modifying the shape design of the chain, was finally selected, because 
it exhibited better economic feasibility than the first method that increases the product cost and overall process time due to 
addition of the surface machining process.

Keywords Center-link chain · Fatigue life · Failure analysis · Surface roughness · Mechanical integrity · Trolley conveyor 
system

1 Introduction

A trolley conveyor is a device that can transport vehicle bod-
ies along a rail by placing trolleys at regular intervals on the 
rail installed on the ceiling of the vehicle assembly factory. 
The center-link chain, a component to connect trolleys in the 
trolley conveyor, is the key part to deliver driving power to all 
the trolleys and provide synchronized movement. The rupture 
of center-link chains has caused frequent interruptions in a 
series of processes in actual vehicle assembly lines. As the 
center-link chain is exposed to repeated loading changes, it 
is vulnerable to fatigue failure. Mostly brittle fracture occurs 
because it is designed to have high hardness to prevent 
wear caused by contact between chains [1]. Therefore, the 
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unexpected fatigue failure of the chain frequently occurs, and 
the workers cannot easily recognize such situation [2]; there 
is a problem of spending as much as 112 min on average per 
case for the chain replacement causing the shutdown of the 
assembly line. As the fatigue failure of the center-link chain 
results in considerable economical damage, it is very impor-
tant to accurately predict its fatigue life when it is designed 
and to prevent its fatigue failure in advance [3–7].

Kim et al. [8] evaluated the structural stability of the chain 
for ceiling cranes by predicting its deformation behavior and 
obtaining its maximum allowable load according to its loading 
type (tension or bending). Liu et al. [9] performed a finite ele-
ment analysis to analyze the strength of the trolley beam of the 
crane and reduced its weight by approximately 16% compared 
to the existing crane through an optimization of the crane. 
Kitsunai et al. [10] conducted a fatigue test to investigate the 
factors affecting the rupture in the gusset plate of the overhead 
travelling crane, and confirmed that the rupture occurred due 
to the gradual progression of cracks in the area where high 
stress was concentrated. As seen by the previous studies cited 
above, most studies were conducted to predict the behavior 
of trolley beams or chains for cranes under the loading con-
ditions and evaluate their structural stability. Although they 
were conducted to secure the safety of transport equipment 
as in this study, it was difficult to find studies conducted on 
trolley conveyors. Furthermore, previous studies have evalu-
ated the fatigue life of the target structure based on the test 
results of standard testing specimens [11, 12]. Therefore, the 
fatigue life of the actual product can be significantly shorter 
than the fatigue life predicted using the standard testing speci-
mens [13–16], because the fatigue life of the actual product 
is influenced not only by the stress-concentrated shape of the 
structure, but also by the inhomogeneous material distribu-
tion and the surface condition according to the manufacturing 
process such as heat treatment [17–20]. For example, because 
the center-link chain of this study is produced by forging the 
raw material, its mechanical properties and such as surface 
roughness are affected by the material inhomogeneity of the 
interior and exterior of the product [21–23]. In addition, as 
the processes including heat treatment or surface treatment 
after forging have a considerable effect on the mechanical 
properties of the product, a significant number of factors affect 
the initially predicted design values and fatigue life [24, 25]. 
Therefore, it is necessary to verify the structural stability of 
the continuously problematic target structure in the actual 
industrial field considering the influencing factors related 
to the manufacturing process and to reflect the verification 
results to the design for the structural reliability [26, 27].

The purpose of this study is to identify the causes of the 
continuously occurring problem of center-link chains made 
of SCM440 material, which are used in the vehicle assembly 
factories, by analyzing their failure characteristics under static 
and dynamic loading conditions and to propose methods for 

securing their mechanical integrity through changes in their 
design or manufacturing processes. For this purpose, the 
material strength, hardness, surface roughness, and fatigue 
characteristics of the center-link chain, which affect its static 
and dynamic failure, were investigated quantitatively and its 
shape design was modified to allow improved mechanical 
integrity, even if the surface roughness is considered.

2  Materials and Methods

2.1  Preparation of Specimen

The subject of this study is the center-link chain made 
through the forging process and its material is SCM440, 
which is chromium-molybdenum alloy steel. The chemical 
composition of SCM440 contains 0.90–1.20 wt% chromium 
and 0.15–0.35 wt% molybdenum (Table 1). It is resistant 
to corrosion and has excellent mechanical properties, and 
thus is widely used as alloy steel for mechanical structures.

The surface of the center-link chain that is used in 
the actual field is very rough and may produce differ-
ent mechanical properties from the standard specimens, 
depending on the uneven stress distribution. Therefore, 
unlike previous studies that use testing specimens without 
surface defects or internal inhomogeneity, this study used 
testing specimens minimally machined from the actual 
product. The testing specimens were prepared in consid-
eration of the highly loaded area of the center-link chain 
where damage occurs during the operation in the actual 
field (Fig. 1). As for the testing specimen to be extracted 
from the center-link chain, the stress distribution occurring 
under the main acting loads (tensile and bending loads, 
Fig. 2) on the center-link chain was examined in advance 
through a finite element analysis to determine the cutting 
points sufficiently distant from the section with the maxi-
mum stress. Then, the testing specimens were prepared by 
applying minimal machining to the actual center-link chain 
product and preserving its surface (Fig. 3).

Table 1  Chemical composition 
(wt%) of SCM440

Composition Chemical 
content 
(wt%)

C 0.38–0.43
Si 0.15–0.35
Mn 0.60–0.85
Cr 0.90–1.20
Ni < 0.25
Mo 0.15–0.35
P < 0.03
S < 0.03
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2.2  Tensile and Hardness Tests

Tensile tests were conducted to identify the basic mechani-
cal properties of the center-link chain made of SCM440 

material. The tensile tests were conducted at room tempera-
ture (25 °C) with a 1 mm/min loading speed using testing 
specimens (n = 3) with a 50 mm gauge length (Fig. 4a). The 

Fractured

Center-link chain

Trolley

Fig. 1  Fractured area in the middle of the center-link chain

Fig. 2  Loading conditions: tensile and bending loads applied on the 
center-link chain

Cutting position

Horizontal areaCurvature area

Grinding for grips

Curvature area

Fig. 3  Testing specimens machined from center-link chain products: 
center-link chain product and testing specimen manufactured from 
the center-link chain product by cutting both ends of its horizontal 
area and grinding those ends for tensile grips

(a) Tensile testing machine (b) Hardness testing machine

(c) Surface roughness testing machine

(d) Three-point bending fatigue testing machine

Specimen

Jig

Stylus

Surface

SpecimenJig

Fig. 4  Testing machines with specimens mounted
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load was slowly increased until the testing specimens were 
ruptured. Then, strain was computed from the change in the 
grip-to-grip length relative to the initial grip-to-grip length. 
The tensile strength, yield strength, and elongation were then 
calculated based on the results from the stress–strain dia-
gram. The surface hardness was measured from a total of 60 
points of the six testing specimens at 10 mm intervals using 
a Rockwell hardness tester (C scale, 150 kgf  , Matsuzawa, 
Japan) (Fig. 4b).

2.3  Surface Roughness Measurements

The surface roughness needs to be identified because it is 
an element that can affect the fatigue life or the strength of a 
product under general tensile loading conditions. The rough 
surface of the center-link chain is visible with the naked 
eyes because and surface machining was not applied on the 
testing specimens and the surface property of the center-link 
chain product was preserved. The surface roughness val-
ues of the testing specimens were measured using Talysurf 
Series 2 (Taylor-Hobson Ltd, UK) to obtain quantitative data 
(Fig. 4c). The surface roughness was measured for a total 
of 15 testing specimens with a 45 mm gauge length and a 
speed of 0.25 mm/s, and the average roughness ( Ra ) values 
and the maximum height roughness ( Rmax ) were obtained.

2.4  Fatigue Test

The inside of the center-link chain is fastened to the trol-
ley and it moves along with the trolley. In this instance, the 
chain is basically subject to tension. When the trolley passes 
the wheel, a bending load is further applied to the center of 
the center-link chain in addition to the tension. The bending 
load in the latter situation is more severe in terms of stress 
distribution of the center-link chain. Therefore, a three-point 
bending fatigue test was conducted to fully reflect the latter 
condition (Fig. 4d).

For the fatigue test, an MTS 810 (MTS Systems Corpo-
ration, US), a hydraulic dynamic material testing machine 
with a maximum capacity of 10 tons, was used. Both the 
supporting part and loading part of the specimen holding jig 
were made in the same semicircular shape (r = 15 mm), and 
mirror surface machining was applied to its surface to mini-
mize friction due to its contact with the testing specimens 
during testing. When the three-point bending fatigue test was 
conducted, the specimens were placed in the center of the 
supporting point so that they could not be deflected to the 
left or right, and the bending stress was generated by apply-
ing a load at half the distance between the supporting points. 
For the fatigue loading conditions, the repetition frequency 
was set to a 5 Hz sinusoidal profile and the stress ratio was 
0.1. The fatigue test was performed until the specimens 
were completely ruptured. The fatigue life to determine the 

fatigue limit was set to 1 × 106 cycles and more cycles were 
set as run-out to obtain the S–N curve.

3  Results and Discussion

3.1  Tensile and Hardness Test

The load–displacement curves of the testing specimens with 
rough surfaces preserved from the center-link chain product 
were obtained from the tensile test, and then converted to 
the engineering stress–strain curves (Fig. 5). As a result, 
the tensile strength was found to be 1175.9 ± 17.8 MPa 
(n = 3), the yield strength obtained through the 0.2% offset 
method was 1065.3 ± 23.3 MPa (n = 3), and the elongation 
was 8.7 ± 0.5% (n = 3). In addition, the surface hardness 
measured using the Rockwell hardness tester was 44.1 ± 3.1 
HRC (n = 60). It is believed that the hardness value varied 
depending on the position because the surface of the subject 
of this study was very rough.

Among the above results, the tensile strength and the 
yield strength satisfied the standard values set forth in JIS 
G4105-1979, but the elongation was approximately 40% 
lower. It is believed that the elongation was lower than the 
standard value because the very rough surface condition led 
to the notch effect and caused the rapid fracture of the test-
ing specimens.

3.2  Surface Roughness Measurements

Before conducting the fatigue test, the surface rough-
ness was measured for a total of 15 testing specimens. 
As a result, the average roughness ( Ra ) was 10.5 ± 1.7 μm 
(n = 15) and the maximum height roughness ( Rmax ) was 
87.9 ± 16.2 μm (n = 15). It was quantitatively confirmed 
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that the surface of the center-link chain product was very 
rough owing to the nature of the forging process applied 
to the product.

3.3  Fatigue Test

After conducting the fatigue test, the S–N (stress-fatigue 
life) curve was obtained (Fig. 6). The S–N curve showed 
linear behavior on a log scale and fitted with a linear equa-
tion. Then, this equation on a linear scale becomes:

where Smax is the maximum stress applied to the specimen 
and Nf  is the corresponding fatigue life.

The fatigue limit calculated at 1 × 106 cycles from 
Eq. (1) was 746.7 MPa. The coefficient of determination 
( R2 ) measured as R2 = 0.751 (n = 15). This R2 value is a 
statistical value and a value closer to 1 indicates that the 
data are closer to the linear trend line. Therefore, it was 
found that there was a significant scattering in the fatigue 
life of the testing specimens due to the high surface rough-
ness of the center-link chain. In particular, the results of 
the fatigue test in the high-cycle region revealed that the 
fatigue life was 118,949 cycles at a stress of 827 MPa, 
289,741 cycles at 810  MPa, and 1,000,000 cycles at 
800 MPa (Fig. 6). In other words, a fatigue life difference 
of approximately 9 times (= 1,000,000/118,949) occurred 
among the testing specimens at stress levels close to 
800 MPa. This scattering result due to the high surface 
roughness confirmed that there could be a difficulty in 

(1)Smax = 2047.2 × N−0.073
f

securing the reliability of the fatigue life of the center-
link chain.

3.4  Fatigue Life Improvement Methods 
of the Center‑Link Chain

To improve the fatigue life of the center-link chain of this 
study, the method of reducing the surface roughness through 
the surface machining process was examined first, and then 
the method of modifying the design to allow improved struc-
tural integrity, even when the current surface roughness is 
retained, was examined as an alternative. It was judged effec-
tive to select a method of the two that is more appropriate 
in terms of economic efficiency to be applied to the product 
of this study.

3.5  Fatigue Life Improvement by Surface Machining

Ten testing specimens with reduced surface roughness were 
prepared by applying the mechanical surface machining pro-
cess (machining depth: 1 mm) to the rough surfaces of the 
testing specimens. The surface roughness was measured 
using the same method described earlier (a 45 mm gauge 
length and a speed of 0.25 mm/s). The average surface 
roughness ( Ra ) was 0.9 ± 0.5 μm (n = 10), and the maximum 
height roughness ( Rmax ) was 12.0 ± 4.3  μm (n = 10). It was 
found that the average roughness decreased approximately 
12 times compared to the testing specimens without surface 
machining.

Likewise, the fatigue test was conducted using the same 
method as described earlier, and the linear relation between 
the maximum stress ( Smax ) and the fatigue life ( Nf  ) on a log 
scale was converted to a linear scale:

The R2 value was 0.874, which was approximately 11% 
higher than that of the testing specimens without surface 
machining ( R2 = 0.751), confirming significantly reduced 
scattering. When the surface roughness was lowered by 
surface machining, the fatigue limit at 1 × 106 cycles was 
920.3 MPa, which was about 10 times higher than the fatigue 
life (approximately 100,000 cycles) of the testing specimens 
without surface machining at a similar stress level, which 
had high surface roughness (Fig. 7). These results are in 
good agreement with those of previous studies, whereby 
high surface roughness affects the fatigue life reduction 
[21–23]. Therefore, it was believed that the improved sur-
face roughness of the center-link chain through mechanical 
surface machining enhanced the fatigue life and reduced the 
scattering of the fatigue life in the high-cycle region, thereby 
improving the reliability of the product.

(2)Smax = 1472.0 × N−0.034
f

Fig. 6  Fatigue test results of testing specimens without surface 
machining (n = 15) that are presented with the upper and lower limits 
of a 95% confidence level. The fatigue life was 118,949 cycles at a 
stress of 827 MPa, 289,741 cycles at 810 MPa, and 1,000,000 cycles 
at 800 MPa, revealing a significant scattering in the fatigue life
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3.6  Fatigue Life Improvement by Shape Design 
Modification

3.6.1  Structural Analysis of the Initial Shape Design

To determine structural stability improvement due to the 
shape design modification, finite element analysis was 
used. First, the structural evaluation of the current product 
was performed to identify the problem, which was set as 
the reference value for determining the degree of design 
improvement. To secure sufficient design stability, a struc-
tural analysis (ANSYS V17.2, USA) for the center-link chain 
was conducted using the worst operating condition that may 
occur to the center-link chain in the field.

First, three-dimensional (3D) modeling of the center-link 
chain was performed using CAD software (V5R19, CATIA, 
France), based on the dimensions specified in the drawing. 
The 3D-modeled center-link chain was divided into hexa-
hedron elements and 133,785 nodes and 35,156 elements 
were created. It was confirmed that the maximum skewness 
was less than 0.85. The material properties of SCM440 that 
were used for the structural analysis are shown in Table 2. 
The loading conditions (tensile and bending loads) were set 

based on the worst operating conditions of the center-link 
chain (Fig. 8). While the center-link chain was subject to 
angular tension, the occurrence of bending at the center of 
the chain due to the contact with the wheel was simulated.

The structural analysis showed that the maximum stress 
of 828.1  MPa and maximum deflection of 1.223  mm 
occurred at the center of the center-link chain (Fig. 9). The 
safety factor according to the maximum stress was 1.30, and 
the fatigue life was predicted to be 242,651 cycles by the 
empirical Eq. (1) of the previously calculated S–N curve. 
The maximum stress was found to be within the scattering 
range of the S–N curve, suggesting that fatigue failure of 
the center-link chain could occur unexpectedly under its use 
conditions. Therefore, it was confirmed that the modification 
of the center-link chain design was required.

3.6.2  Modification of the Center‑Link Chain Design

Based on the results of the abovementioned structural analy-
sis, the design was modified to reduce the stress at the center 

Fig. 7  Comparison of fatigue test results between testing specimens 
with (n = 10) and without (n = 15) surface machining that are pre-
sented with the upper and lower limits of a 95% confidence level. The 
fatigue life of testing specimens with surface machining at the stress 
of approximately 900 MPa was about 10 times higher than that with-
out surface machining. Fractured specimens are shown in the box at 
the bottom left of the figure

Table 2  Material properties of 
SCM440

Property Value

Young’s modulus 200 GPa
Poisson’s ratio 0.3
Tensile strength 1172.1
Yield strength 1093.4

Bending load
: 

Wheel radius
: 476 mm

Tension
:

Nodes: 133,785
Elements: 35,156

Angle: 

Fig. 8  Finite element model of the center-link chain and the loading 
conditions for its structural analysis

(a) Maximum stress

(b) Maximum deflection

Fig. 9  Structural analysis results of the center-link chain under the 
loading conditions shown in Fig. 8
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of the horizontal part of the center-link chain, where the 
maximum stress occurred. As the horizontal part is sub-
ject to the dominant bending load, the concept of insert-
ing a stiffener vertically to the center point was applied so 
that deformation due to bending could be alleviated and the 
bending load could be distributed to the two parallel hori-
zontal parts. As both ends of the stiffener that contact the 
center-link chain may have the shape of a notch that can 
cause stress concentration and crack generation, the fillet 
radius in this contact was selected as a design variable and 
the design level was determined based on a 3-mm curvature 
applied to other joints of the conventional product. In addi-
tion, as the inclined inner surface of the stiffener facilitates 
the forging process, this was selected as a design variable. 
Consequently, for the shape design that considers the pre-
vention of stress concentration at the joints between the 
stiffener and the center-link chain, a certain volume was 
provided as a constraint for the design of the stiffener, and 
the slope angles (82°, 86°, 90°) of the inner surface of the 
stiffener, as well as the fillet radii (1, 2, and 3 mm) of the 
joints were set as design variables (Fig. 10). To determine 
the analysis model, nine combinations were created using 
three levels for each of the two design variables (slope angle 
and fillet radius) according to the design of experiment, and 
the structural analysis was conducted for these nine case 
models (Table 3). The analysis conditions and methods were 
the same as described in Sect. 4.2.1 above.

Structural analysis showed that the maximum stress 
occurred near the fillet radius at both ends of the stiffener 
in all the nine case models (Fig. 11). The maximum stress 
range was 520–750 MPa and the range of the safety fac-
tor calculated based on the yield strength (1073.1 MPa) 
was approximately 1.4–2.1. The range of the maximum 
deflection occurring at the center of the center-link chain 
was approximately 0.423–0.433 mm (Table 4). When the 
lowest maximum stress that occurred to the Case 9 model 
was compared with the maximum stress of the conventional 
model without the stiffener, the maximum stress decreased 

by approximately 1.6 times from 828.1 to 521.9 MPa and the 
maximum deflection decreased by approximately 2.9 times 
from 1.223 to 0.423 mm.

The maximum stress, an objective function for product 
life improvement, shows the smaller-the-better characteris-
tics. In the case of the smaller-the-better characteristics, the 
process of obtaining the S/N ratio is determined as shown in 
Eq. (3), and the optimal level of the design variables (slope 
angle and fillet radius) is the combination of the levels that 
maximizes the S/N ratios. yi represents the maximum stress 
value shown in Table 4, and n represents the total number 
of cases with the same levels for each design variable (slope 
angle and fillet radius).

Fillet radius: 1, 2, 3 mm

Stiffener
- Surface area: 125.1 mm2

- Slope angle: 82, 86, 90

Fig. 10  Change in the stiffener shapes by the design variables (slope 
angle and fillet radius) of the center-link chain

Table 3  Analysis model cases 
produced by the design of 
experiment (DOE)

Case Design variables

Slope 
angle (°)

Fillet 
radius 
(mm)

1 82 1
2 82 2
3 82 3
4 86 1
5 86 2
6 86 3
7 90 1
8 90 2
9 90 3

(a) Maximum stress 

(b) Maximum deflection

Fig. 11  Structural analysis results of Case 6
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For example, to obtain the S/N ratio for a 1 mm fillet radius, 
as there are three cases (Case 1, Case 4, and Case 7) where 
the fillet radius is 1 mm in the DOE table (Table 4), n = 3, 
y1 = 743.8  MPa, y2 = 666.9  MPa, and y3 = 650.8  MPa, 
because yi is the maximum stress value of each case (Case 
1, Case 4, and Case 7). Using these values, the S/N ratio can 
be calculated as shown in Eq. (4) below.

As shown in Eqs. (3) and (4) described earlier, the calcu-
lation of the S/N ratio using design levels of each design var-
iable revealed that a 3-mm fillet radius and a 90° slope angle 
were the most stable design levels, as shown in Fig. 12.

When the designing was performed under the constraint 
that the stiffener has the same volume, joints with uniform 

(3)S∕Nratio = − 10log10

[

1

n

n
∑

i=1

y2
i

]

(4)
S∕Nratio = − 10log

10

[

(y2
1
+ y2

2
+ y2

3

)

∕3]

= − 10log
10

[

(743.82 + 666.8
2 + 650.8

2
)

∕3]

= − 56.8

width were found to be more effective in distributing the 
load between the two horizontal parts of the center-link 
chain. As the fillet radius at the joints between the horizontal 
parts and the stiffener increased, the stress concentration was 
reduced. Although the Case 9 model exhibited the lowest 
maximum stress value of 521.9 MPa, the maximum stress 
of the Case 6 model with inner surface slope showed a small 
difference of approximately 8 MPa. Therefore, considering 
the easiness of forging, the Case 6 model with a 3-mm fillet 
radius and an 86° slope angle was selected as the optimal 
model (Fig. 11). According to the empirical Eq. (1) of the 
previous S–N curve, the fatigue life of the Case 6 model was 
predicted to be 109,723,127 cycles, which was significantly 
higher than the fatigue life (242,651 cycles) of the conven-
tional center-link chain.

3.7  Selection of a Fatigue Life Improvement 
Method

In this study, two methods (Case A: surface machining and 
Case B: design modification) were examined to improve the 
fatigue life of the center-link chain (Fig. 13). It was found 
that the surface roughness reduction through surface machin-
ing (Case A) could increase the fatigue life by delaying crack 
initiation and propagation on the chain surface. Furthermore, 
it was found that the modification of the shape design of the 
chain (Case B) could improve the fatigue life by reducing 
the stress level for the chain. As both improvement methods 
were judged to be sufficiently effective for the elongation 
of the fatigue life, it was necessary to review the time and 
cost required for the actual application of the two methods. 
Accordingly, the differences between the two methods in 
the product manufacturing process and cost were analyzed.

For Case A, the current product design and process can 
be retained and only the surface machining process for the 
product needs to be added before the product inspection at 
the end of the process (Fig. 13a). As such, this additional 
process may result in increased product cost and increased 
production time. For Case B, it is necessary to add material 
according to the stiffener installation, and the mold that is 
used in the current forging and trimming processes needs 
to be replaced to modify the shape of the product from the 
conventional process (Fig. 13b). As the mold is a consum-
able part in the process and must be replaced after a certain 
amount of use, this method has the advantage of inducing 
the natural replacement of the mold. The replacement of the 
mold die, however, carries a considerable cost compared 
to the unit price of the product. Table 5 shows the factors 
generating additional product cost according to the two 
improvement methods.

In Table 5, the added material cost and the added pro-
cess cost are additional cost factors directly applied to each 
product. As the replacement cost of the mold die occurs once 

Table 4  Maximum stress and maximum deflection in the center-link 
chain due to tensile and bending loads as per structural analysis

Case Maximum stress 
(MPa)

Maximum deflec-
tion (mm)

Safety factor

1 743.8 0.433 1.44
2 577.9 0.431 1.86
3 545.8 0.428 1.97
4 666.8 0.428 1.61
5 573.6 0.426 1.87
6 529.9 0.423 2.02
7 650.8 0.428 1.65
8 542.1 0.426 1.98
9 521.9 0.423 2.06

82 86 90

Fillet radius [mm] 1 2 3
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Fig. 12  Main effects plot for the S/N ratio of the maximum stress
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during the production of many identical products, 1/n of 
the replacement cost of the mold die can be applied to each 
model if the product is produced in the quantity of n after the 
mold die replacement. Therefore, the manufacturing costs 

of Case A and Case B required to improve the fatigue life of 
the center-link chain can be expressed as Eq. (5).

As the actual costs of the cost factors shown in Eq. (5) may 
vary in different countries and in different regions and compa-
nies in a country, it is necessary to determine a more economi-
cal improvement method by calculating the cost per product 
according to the local circumstances. Accordingly, in this study, 
the required cost amount for each cost factor according to a 
company in South Korea was investigated, and it was confirmed 
that the same cost factor could lead to different cost amounts 
depending on the company. However, as the center-link chain 
is made of SCM440 material, which is relatively inexpensive 
and widely used in South Korea, the added material led to rela-
tively lower cost increase than the other cost factors (additional 
process and replacement of the mold die). As the replacement 
cost of the mold die is the largest item among the three cost 
factors and is divided by the product output quantity as shown 
in Eq. (5), the cost added per product is relatively lower if the 
required product output quantity is large. In other words, the 
total production cost of Case A was lower than that of Case B 
if the production output quantity was small.

As the added process cost = added material cost + replace-
ment cost of the mold die/critical production output quantity, 
the intersection where the total production costs of Case A 
and Case B are equal can be calculated using Eq. (6) below 
and indicates the critical production output quantity. It is 
more economical to apply Case B (the design improvement 
method) if the production output quantity is larger than the 
intersection, but if not, the application of Case A (the surface 
machining method) is more effective.

(5)

Cost per finished product = The current productmanufacturing cost

+ Addedmaterial cost

+ Added process cost

+ Replacement cost of themold die∕

The number of products

(6)

Critical production output quantity

= Replacement cost of themold die∕

(added process cost − addedmaterial cost)

(a) Adding the surface machining process to the process steps 
(Case A)

(b) New shape through the mold replacement (Case B)

Receiving 
raw materials

Forging

Trimming

Heat treatment

Shot blast

Rust prevention 
and inspection

Packing and shipped

Added process
→  surface machining

[Case A]

Receiving 
raw materials

Heat
treatment

Shot blast

Rust prevention 
and inspection

Packing and shipped

[Case B]

Replacement of mold die

Forging

Trimming

Fig. 13  Manufacturing process change due to the application of the 
two fatigue life improvement methods of a center-link chain

Table 5  Factors generating additional product cost according to the 
center-link chain improvement methods

Cost

Add material Replacement of 
mold die

Added 
process

Current design X X X
Case A X X O
Case B O O X
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From the practical point of view, the production demand 
generally exceeds the critical production output quantity in 
case of the center-link chain, which is the subject of this 
study. Therefore, Case B was finally selected due to the 
lower production cost per product than Case A (Fig. 14). 
Regarding the lead time, moreover, the production output 
quantity per unit time decreases because of an increase in the 
lead time per product caused by the added process in Case 
A. In Case B, however, the same productivity could be main-
tained because there was no change in the lead time. The 
center-link chain, which was manufactured with the Case 
B method, was applied to the actual automobile production 
process in the filed with no failures reported. Therefore, we 
believe that the structural stability and reliability as well as 
the economical practicality has been sufficiently improved 
by the design improvement of Case B.

4  Conclusions

The purpose of this study is to identify the causes of the 
continuously occurring problem of the failure of center-link 
chains made of SCM440 material, which are used in the 
vehicle production field as a major component of a trolley 
conveyor system, by quantitatively analyzing their failure 
characteristics under static and dynamic loading condi-
tions and to propose methods for securing their mechanical 
integrity through changes in their design or manufacturing 
processes. To analyze the failure phenomenon based on the 
product itself, testing specimens including the section where 
the failure of the center-link chain occurred were extracted 
and a tensile test, hardness test, and fatigue test were con-
ducted using the testing specimens with their original sur-
face property and structural dimension maintained. Owing 
to the rough surface of the center-link chain manufactured 
by the forging process, it was found that the elongation was 
reduced and the deviation of the surface hardness as well as 
the scattering of the fatigue test result were considerable. 
Moreover, the rough surface of the center-link chain led to 
a significantly adverse effect on the fatigue life in the high 
cycle fatigue. Therefore, the mechanical performance of the 
actual product may be significantly lower than the predicted 

performance designed through the test results of the standard 
testing specimens with the surface machining process.

To improve the fatigue life of the center-link chain, two 
methods were examined. The first method was to reduce 
its surface roughness through surface machining, and the 
second was to improve its shape design. As a result of apply-
ing the first method, the fatigue limit value increased by 
approximately 23% (746.7–920.3 MPa) and the scatter-
ing of the S–N curve was improved by approximately 16% 
( R2 = 0.751–0.874). In the second method, the optimal stiff-
ener shape (design variables: slope angle and fillet radius) 
that can reduce the stress caused by tensile and bending 
loads was designed through structural analysis. As a result, 
the maximum stress (529.9 MPa, Case 6) was reduced by 
approximately 1.6 times compared to the conventional model 
(828.1 MPa), leading to a significant increase in the fatigue 
life from 242,651 cycles to 109,723,127 cycles. From the 
practical point of view, the two improvement methods were 
analyzed regarding process changes and cost factors, when 
applied to the actual manufacturing process in the field. Con-
sidering the critical production quantity of the product, the 
more practical improvement method was the second method 
(i.e., to modify the design of the center-link chain shape), 
because of the lower production cost per product than the 
first method (i.e., to reduce the surface roughness of the 
center-link chain through surface machining).
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