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Abstract 

The aims of this thesis were to 1. investigate and improve the surface hardness 

and wear resistance of the pin parts and 2. analyze and prevent the cracking during 

usage of chain plate made from the V-Die Bending process by using computer 

simulation. Both methods result in lifetime extension of the roller chain used in an 

industrial factory and the agricultural industry. 

In the first part of the thesis, the experiments were done by applying the 

carburizing and carbonitriding technique in the original heat treatment process of the 

example factory. Hardening agents were charged into the industrial rotary retort 

furnace. Hardened specimens from the experiments were investigated by Micro Vickers 

Hardness Test, Wear Test, Double Shear test, Scanning Electron Microscope (SEM) 

and Energy-Dispersive X-ray Spectroscopy (EDS) technique. The results show that the 

hardened specimens have better wear resistance property than the original product with 

an accepted shear strength and toughness.  

The second part of the thesis was to prevent cracking of the chain plate in the 

corrosive condition. The computer simulation was used to examine to improve bending 

process design and to prevent the high stress concentration at the corner which leads to 

the formation of the cracking. The simulation results from the study defined the highest 

stress concentration occurred at the edge of the fillet of the original bending line 34 

mm. The test results revealed that the simulation results are entirely consistent with the 

actual region of the cracking during usage. The new bending line 37 mm can reduce the 

stress concentration on the fillet zone of the chain plate. 

Keyword: Heat treatment, Roller chain, V-Die bending, Wear resistance 

Stress concentration 
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Chapter 1 Introduction 

1.1. Background and Problem  

The roller chain is the most used power transmission equipment in industry.  

The roller chain is the component in the machine for transmission, conveyor and 

agriculture. The function of the roller chain is the power transmission from driver to 

the pinion gear according to the motion. The components of roller chain are pin, bush, 

roller, pin link plate and roller link plate as shown in Figure 1.1. The manufacture of 

roller chains has been standardized by the American National Standards Institute under 

standard B29.1 [1]. The mechanical properties of the component parts of chain are very 

important because it is related to the chain performance, the specification, the wear and 

accumulated elongation during using. This study has been carried out at Thai Metro 

Industry (1973) Co., Ltd. which is one of the roller chain manufacturers in Thailand. 

 

Figure 1.1 Assembly of roller chain 

The first part of this thesis is to investigate and improve the surface hardness 

and wear resistance of the pin through the heat treatment process, which will extend the 

lifetime of the chain. At the same time, the other material properties, e.g., toughness 

and shear strength were also investigated and controlled to meet the specification of the 

company. Normally, a roller chain enters and leaves the sprockets during usage and the 
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wear take place at the surface contact between the pin and bush as shown in Figure 1.2. 

As material is worn away from these surfaces the roller chain will gradually elongate 

[2] and finally results in the expiry of chain lifetime.  

 

Figure 1.2 The surface contact between pin and bush 

In the production of a roller chain, each component is usually heat treated to 

improve the mechanical properties. During this process, decarburization can take 

placed at the surface of the steel components. With the low carbon content at the surface 

of the pin specimen, it can cause a problem, as the weaker surface layer reduces wear 

resistance, enabling fatigue failures to occur more easily [3]. In many engineering 

applications, a steel part is needed to have a hardened surface for wear resistance. At 

the same time, high toughness inside materials are required in order to absorb any shock 

load [4]. The experimental procedure and the results of wear resistance improvement 

of the pin parts are shown in Chapter 3 and Chapter 4 respectively.  

Furthermore, the cracking during usage of the chain plate and the distribution 

of stresses in the bending line were also investigated in Chapter 5, the later part of this 

study. The V-die bending process of the roller chain plate was examined to prevent 

cracking, resulting in an increased lifetime extension of the chain plate by using 

computer simulation. 

The aims of the research were to improve the lifetime of the roller chain used in 

an industrial factory and the agricultural industry, also to enhance the quality of the 

products in order to gain acceptance of the customers. 



3 

1.2. Objectives of The Study  

1. To investigate and improve the surface hardness and wear resistance of the 

roller chain parts, which will result in the lifetime extension. 

2. To analyze and prevent the cracking during usage of the chain plate made 

from the V-die bending process by using computer simulation. 

1.3. Scope of The Study 

1. The testing specimens are pin and chain plate of roller chain which is made 

from 0.4%C Steel (SNCM 439 and SCM 435). The diameter of pins are 5.9, 9.5 and 11 

mm. 

2. In this study the carburizing and carbonitriding techniques are applied in the 

original heat treatment process at Thai Metro Industry (1973) Co., Ltd. The hardening 

agents are the mixture of charcoal, BaCO3 and Urea in solid state. The parameters of 

the experiments are the composition and mass of the mixture and heat treatment period. 

The investigated properties are microstructure, hardness, shear strength and wear. 

3. The computer simulation of V-die bending process is used to analyze the 

stress concentration in the chain plate during V-die bending process. The simulation 

will be done in different conditions by changing the position of V-bend on the plate. 

1.4. Utilization of The Study 

The results from the first part of the research will show how to improve 

mechanical properties of the roller chain parts by the heat treatment process. The 

computer simulation in the second part of the research will help to improve bending 

process design and prevent the high stress concentrations at the corner which lead to 

the initiation of the cracking. Both results will offer the solutions that will help the 

factory to increase the lifetime of the roller chain parts. 
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Chapter 2 Theory and Literature Review  

2.1. Roller Chain 

The roller chain is the component in a machine that is most used for power 

transmission equipment in industry. The functions of the chain are mainly used for 

power transmission. The components of roller chain are shown in Figure 2.1.  

 

Figure 2.1 The Components of Roller Chain [5] 

Sachio Shimura explained the function and relationship of each component of 

the roller chain as follows: 

2.1.1 Components of the Roller Chain 

 1. There are two types of the chain plate: 1. Pin Link Plate and 2. Roller Link 

Plate. The plates of the roller chain are the component that absorbs the tension force 

and are sometimes accompanied by shock. The plate must have the properties 

environmental resistance.   
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2. The bushing is absorbing the shearing and bending forces transferred by the 

plate and roller. When the chain articulates, the inner surface contact with pin and the 

outer surface contact with roller. Therefore, the bush must have good tensile strength 

to absorb the load.   

3. The roller is absorbing the impact load from contact with the sprocket. The 

roller chain moves between the sprockets while receiving a compression load. 

Furthermore, the roller’s inner surface contact with the outer surface of the bush. 

Therefore, it must be resistant to wear and high strength compression. 

4. The pin is absorbing the shearing and bending forces transferred by the plate. 

At the same time, when the chain is flexible during the contact of the sprocket. 

Therefore, the pin needs to be high tensile and have shear strength, and also must have 

good wear resistance. 

2.1.2 Effect of Chain Wear 

The factors that affect the chain wear are very complicated. There are many 

considerations, such as lubrication, assembly accuracy, condition of produced parts, 

and the method of producing parts; therefore, wear value can’t be greatly improved by 

merely changing one factor. 

In transmission chains, JIS B 1801-1990 regulates the surface hardness of the 

pin, the bushing, and the roller as shown in Table 2.1 to meet the multiple requirements 

for wear resistance and shock resistance [5]. 

Table 2.1 The Surface hardness of roller chain parts standard [5] 

Component HV HRC 

Pin 450 or greater 45 or greater 

Bush 450 or greater 45 or greater 

Roller 390 or greater 40 or greater 
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2.2. Heat Treatment 

Temperature, time, and hardening agent have a significant influence on the heat 

treatment process. Heat treatment can affect the strength of a metal or increase its 

toughness. Wear resistance in a metal is heavily affected by heat treatment [6].  

The importance of heat treatment operations on medium carbon steel may create 

a problem from faulty heat treatment operations which can cause failure of the machine 

components. Many research studies showed that the mechanical properties depend 

largely upon the various forms of heat treatment operations and the cooling rate. The 

mechanical properties and the applications modified by heat treating the medium 

carbon steel in order to make it suitable to the purpose [7]. 

A previous study of Hardness Improvement on Low Carbon Steel using Pack 

Carbonitriding Method with Holding Time Variation applying a newly innovated 

method of pack carbonitriding using charcoal and urea showed that carbonitriding 

temperature difference affect the mechanical properties of steel. The study showed that 

longer holding time in a certain temperature and higher austenite can affect the 

mechanical properties of the specimen [8]. 

Aramide et al. carried out an experiment on the effects of the carburizing 

temperature and time on the mechanical properties of mild steel carburized with 

activated carbon at temperatures of 850, 900, 950°C with soaking time of 15 and 30 

min. It was found that despite the short interval of soaking time, the result showed an 

improvement in the case depth and other mechanical properties of the mild steel [9]. 

The carburization process decreases the impact energy (toughness) of the mild 

steel. And the toughness is decreased with an increase in the carburization temperature. 

The stiffness of the mild steel is increased by the carburization process, but it decreases 

with increasing the carburizing temperature. The carburization treatment followed by 

the oil quenching and tempering at 550°C strongly influence the hardness and tensile 

strength of mild steels [10]. 
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Paul Aondona Ihom [11] studied various carburizing compounds were used to 

pack carburized mild steel. In his study various weight percentages of cow bone were 

used as energizer in the carburizing compounds. The experiment was carried out using 

a muffle furnace at 900°C for 8 h. The result showed that 60 wt% charcoal with 40 wt% 

cow bone had the best result with an effective case depth of 2.32 mm produced on the 

case of the carburized steel. The work showed that cow bone can be used as an energizer 

in pack carburization of mild steel.  

2.2.1 Hardening Agent 

In this study, a small amount of charcoal was charged at the beginning of the 

heat treatment process as a reducing agent to reduce oxygen of the atmosphere inside 

the furnace and to prevent oxidation of the steel product. Some amounts of barium 

carbonate (BaCO3) are charged together with charcoal to promote the Boudouard 

Reaction. In the experiments, the different mixtures of charcoal+ barium carbonate both 

with and without adding the urea were charged during the heat treatment process as a 

hardening agent to perform carburizing and carbonitriding reactions [12] at the surface 

of the specimens. The chemical reactions related to the hardening agents are shown in 

Table 2.2.  

Table 2.2 Chemical Reactions related to the Hardening Agents [12] 

Hardening agent Chemical reactions 

Charcoal C + CO2              2CO 

Barium carbonate BaCO3                 BaO   +   CO2 

Urea (NH2)2CO            NH3 + 0.5H2 + 0.5N2 + CO 

Charcoal is defined as carbonized wood used mainly as fuel or as a reductant in 

industry, e.g., to reduce oxidized iron ores in iron and steel production [13]. Charcoal 

is mostly pure carbon, made by cooking wood with low oxygen. The process can take 
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days and burns off volatile compounds such as water, methane, hydrogen, and tar, and 

leaving about 25% of the original weight in black lumps and powder. Regarding quality 

of charcoal, better chemical properties of charcoal are reached with higher levels of 

fixed carbon and lower levels of ash and volatiles. Thus, charcoal has a relatively low 

moisture content of around 5 to 15%. The volatile matter [14] and the ash content are 

linked to the amount of fixed carbon. High quality charcoal should have the fixed 

carbon content of about 75% and the final carbonization temperature of around 400-

500°C [15]. Carbon is the main hardening element in all steel. The strengthening effect 

of C in steels consists of solid solution strengthening and carbide dispersion 

strengthening. As the C content in steel increases, strength increases, but ductility and 

weldability decrease [16]. 

Barium Carbonate (BaCO3) is the principal energizer, usually comprising about 

50 to 70% of the total carbonate content. It is one of the energizers used in carburization. 

The remainder of the energizer is usually made up of calcium carbonate and sodium 

carbonate [17]. 

Urea (CO(NH2)2) is a solid product in the shape of grains; its main characteristic 

is N in the form of an amide (NH2). The compound is commercially synthesized by a 

reaction of ammonia (NH3) and carbon dioxide (CO2) under conditions that are 

dependent on the technology employed in the industrial plant [18]. Svetlana Bashkova 

et al. studied the removal of NO2 on urea-modified and heat-treated wood-based 

activated carbons. It was found that urea supported on activated carbon effectively 

reduced both NO2 and NO to N2 and the reduction continued until the complete 

consumption of urea [19]. Nitriding from nitrogen content contained in urea occurs 

after the disintegration of ammonia [8]. Nitrogen atoms diffuse to the surface of the 

steel, as shown in Figure 2.2.   

 

 

 
 

 

http://ukrfuel.com/sell-b361_0.html


9 

Figure 2.2 The Disintegration of Ammonia [20] 

The basic process used is thermochemical because some heat is needed to 

enhance the diffusion of hardening elements into the surface and subsurface regions of 

a part. The depth of diffusion exhibits a time temperature dependence. Concentration 

gradients depend on the surface kinetics and reactions of a particular process. The 

diffusivity constant, K, depends on temperature, the chemical composition of the steel, 

and the concentration gradient of a given hardening element [21].  

Case depth = K√  Time (2.1) 

2.2.2 Carburization 

Pack carburization or solid carburization uses solid carburizing material as the 

carbonaceous source. Commercial pack carburization utilizes energizers in the case 

hardening of mild steel. Different types of energizers are used together with 

carbonaceous materials to increase the carbon potential of carburizing materials. 

Carburizing performance depends on the effective control of the three principals 

variables: temperature, time and the carburizing atmosphere [22]. The commonly used 
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energizers are BaCO3, Na2CO3, and CaCO3 [11]. Pack carburization of steel parts is 

conventionally carried out at about 850 oC to 950 oC using carburizing compounds 

made up of charcoal and an energizer (a catalyst), traditionally barium carbonate. The 

energizer which usually amounts to some 6-20% of the compound is supposed to 

breakdown in the presence of carbon to form the active CO thus: 

BaCo3  →  BaO +  CO2 (2.2) 

CO2 +  C  →  2CO (2.3) 

The CO then breaks down at the steel surface according to the reverse of the 

reaction (2.3) above i.e. 

2CO  → CO2  + C   (2.4) 

BaO +  CO2  →  BaCo3 (2.5) 

The oxide of the energizing compound in turn reacts with CO2 liberated in 

Equation (2.4) to reform the carbonate. While the carbon is readily dissolved by the 

austenite phase of the steel and diffuses into the steel which upon subsequent quenching 

develops a hard case [23]. The higher the carbon potential the higher the equilibrium 

carbon concentration at the surface of the steel and thus the deeper the carburizing 

depth. 

2.2.3 Carbonitriding 

Carbonitriding is a surface-hardening heat treatment that introduces carbon and 

nitrogen into the austenite of steel. This treatment is similar to carburizing in that the 

austenite composition is changed and high surface hardness is produced by quenching 

to form martensite. However, because nitrogen enhances hardenability, carbonitriding 

makes possible the use of low-carbon steel to achieve surface hardness equivalent to 

that of high-alloy carburized steel without the need for drastic quenching, resulting in 

less distortion and minimizing the potential for cracks [21]. 
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2.2.4 Decarburization 

Decarburization is a significant problem in the heat treatment of steels as 

decarburization is detrimental to wear life and fatigue life of components [24]. 

Decarburization, as the term implies, is a loss of carbon atoms from the surface of the 

specimen, thereby producing a surface with a lower carbon content compared to a short 

distance beneath the surface. If carburization promotes a positive carbon gradient, then 

decarburization promotes a negative carbon gradient. The useful properties developed 

by carburizing and hardening will not be realized if the working surface of the 

component becomes decarburized, which frequently occurs in steel exposed to air at 

high temperature, resulting in loss of hardness at the surface [25]. 

Decarburizing reactions can occur at temperatures above about 700 °C and 

when, in the furnace atmosphere, decarburizing agents are available to react with the 

carbon in the metal surface [26]. The decarburizing agents used in furnace atmospheres 

for carburizing and reheating are carbon dioxide (CO2), water vapor (H2O), hydrogen 

(H2), and oxygen (O2). Under certain conditions, these gaseous molecules can react 

with the carbon atoms at the gas-metal interface and thereby extract them from the 

surface of the metal. This extraction is an attempt to establish some measure of 

equilibrium between the gas and metal. The chemical reactions involved are: 

𝐶𝐹𝑒  +   𝐶𝑂2   ↔   2𝐶𝑂 (2.6) 

𝐶𝐹𝑒  +   𝐻2𝑂  ↔   𝐶𝑂 +  𝐻2 (2.7) 

𝐶𝐹𝑒  +   2𝐻2   ←   𝐶𝐻4 (2.8) 

2.2.5 Phase Transformation 

The transformation from austenite to martensite proceeds as the temperature is 

reduced below martensite start (Ms) until the martensite finish temperature (Mf) is 

reached, at which point 100% martensite is expected. However, if the Mf temperature 

is below room temperature, then some austenite may be retained if only cooled to room 
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temperature. Conversely, retained austenite can become stable if a part with a high-

carbon surface layer [27] is quenched to about room temperature, held there for some 

time, and then refrigerated to below the Mf, some of the austenite will transform 

isothermally to martensite and some will survive. This surviving austenite is referred to 

as thermally stabilized austenite, and it requires a fair amount of energy to destabilize 

it [28]. 

Martensite is a nonequilibrium single-phase structure that results from a 

diffusionless transformation of austenite [29] as shown in Figure 2.3. Martensite is 

formed when austenitized iron–carbon alloys are rapidly cooled (or quenched) to a 

relatively low temperature.  

 

Figure 2.3 Isothermal Transformation Diagram for an Alloy Steel (type 4340): A, 

Austenite; B, Bainite; P, Pearlite; M, Martensite; F, Ferrite [29] 
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2.3. Testing 

The mechanical properties of materials indicate their behavior under applied 

loads. Specifically, the mechanical behavior of a material characterizes. Mechanical 

properties include stiffness, strength, ductility and hardness [30]. 

2.3.1 Hardness Tests 

Hardness is defined as resistance of a material to penetration of its surface.   

Most indentation hardness tests are a measure of the deformation that occurs when the 

material under test is penetrated with a specific type of indenter [31]. A definite value 

is obtained as the hardness of the metal, and this number can be related to the tensile 

strength of the metal [32].  

a.) Rockwell hardness is probably the most used hardness testing method 

because it is simple and self-contained, there is no need for a separate microscope 

reading, and its values have a lot of meaning for practicing mechanics; it has scales 

(Rockwell A, Rockwell B, etc.) for different hardness ranges. A small-diameter steel 

ball is used as the indenter for soft materials, and a diamond cone for hard materials. 

The depth of penetration is measured automatically by the testing machine and 

converted to a Rockwell hardness number. Therefore, each measurement requires only 

a few seconds. For each scale, hardness values range up to 100. The theory and practice 

of Rockwell Testing is most authoritatively exposed in: ASTM E 18 - Standard Test 

Method for Rockwell Hardness and Rockwell Superficial Hardness of Metallic 

Materials. An International standard, issued by ISO – International Standards 

Organization is also available: ISO 6508-1 Metallic Materials - Rockwell Hardness 

Test. The indenter is either a "spheroconical" diamond (called "Brale") shaped in 

conical form, with an included angle of 120 degrees and with a smoothly rounded tip 

of 0.2 mm radius, or a hardened ball of one of a range of different diameters (1/16", 

1/8", 1/4", 1/2") [33] as shown in Figure 2.4. 
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Figure 2.4 Rockwell Hardness Test 

b.) The Vickers Hardness Test is the method most often used. Hardness can be 

from around 3 HV (soft metals) to 1500 HV (hard metals). This method is especially 

well suited for very hard materials and for small or thin samples. Hardness testing after 

Vickers (DIN EN ISO 6507). The test area A is the area of the diamond, i.e. the four 

faces of the pyramid, which penetrates into the material as shown in Figure 2.5. There 

is, however, a simple relationship between this area and the diagonals d. (F = test force, 

d1, d2 = indent diagonals). Vickers hardness is given in HV and calculated as test force 

/ test area [30]. 

HV= 
1

9.81
 ×

F

A
 (2.9) 

 

Figure 2.5 Principal of the Vickers Hardness Test 

2.3.2 Double Shear Test 

Direct Shear Stress and Test Mechanical joints, such as rivets, bolts, and pins, 

often experience direct shearing stress, which is defined as the shearing force divided 

by the cross-sectional area of the rivet, bolt, or pin [34]. 
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Figure 2.6 Double Shear Test 

The shear strength of a joint is determined by a shear test in which the joint is 

usually subjected to double-shear loading (Figure 2.6). The load required to fracture the 

joint is determined, and the shear strength is calculated from where τ is the maximum 

shear strength, F is the shear force and A is the cross-sectional area. Equation (2.9) 

gives the average shear stress. The specimens that resist shearing forces at a single cross 

section are called single shear joints, and those resisting shearing forces at two cross 

sections are called double-shear joints [35]. 

τ = 
Fmax

2A
= 

Fmax

2( πd
2

4
⁄ )

= 
2Fmax

πd
2

 (2.10) 

2.3.3 Charpy Impact Test 

The Charpy Impact Test is the most often used method to determine toughness. 

The reasons for this are that it has cost effective sample production and simple 

experimental procedures. The Charpy impact test is the most favorable method for 

determining absorbed energy (Figure 2.7). The tougher steels absorb more energy, 

whilst brittle materials tend to absorb significantly lesser energy prior to a fracture.  The 

Charpy test also has standardized experimental procedures. The results for the 

minimum notch impact toughness at certain temperatures are used as a classification 

criterion in many steel production facilities. However, several disadvantages result 

from the simplicity of the test: Only qualitative parameters can be determined, i.e. the 
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determined parameters are dependent on the geometry and cannot be directly applied 

to components of the same material. Only different materials can be compared with one 

another [30]. 

  

Figure 2.7 Charpy Impact Test 

2.3.4 Wear Mechanism  

Wear is the progressive loss of materials from contacting surfaces relative in 

motion. Along with fatigue and corrosion, wear has been known as one of the three 

major factors limiting the life and performance of an engineering component and an 

engineering system, whether the system is as big as a heavy machine, or as small as a 

tiny electronic device [36]. 

Wear processes can be classified into different types according to the type of 

tribological load and the materials involved, e.g., sliding wear, fretting wear, abrasive 

wear, and material cavitation. Wear is caused by a number of mechanisms, the 

following four being especially important [37]: 

1. Surface fatigue is the wear that occurs as result of the formation and growth 

of cracks. It means Fatigue wear occurs when surface and subsurface cyclic shear 
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stresses or strains in the softer materials of an articulation exceed the fatigue limit for 

that material. 

2. Abrasive wear is the wear produced by a hard, sharp surface sliding against 

a softer one and digging out a groove. It means abrasive wear occurs between surfaces 

of the different relative hardens. In an abrasive wear mechanism, micro roughened 

regions and very small asperities on the harder surface locally plow through the softer 

surface. 

3. Adhesive Wear is the only universal form of wear and many sliding systems 

it is also the most important. It arises from the fact that during sliding regions of the 

adhesive bonding called junctions from between the sliding surface. If one of these 

junctions dose not back along its original interface then a chunk from one of this sliding 

surface will have been transferred to the other surface. It means Adhesive wear occurs 

when the atomic force occurring between the materials in two surfaces under relative 

load are stronger than the inherent material properties of either surface. 

4. Corrosive Wear is in corrosive environment and the sliding action continually 

removes the protective corrosion product. Corrosive wear can be considered as an 

accelerating mechanism for corrosion itself, because the motion of an articulation can 

remove corrosive products and the protective passive layer sooner than interfaces with 

no relative motion [38]. 

The specific wear rate (Ws) of the specimen is calculated in the following [39]  

𝑊𝑠 =  
∆𝑉

𝑆𝑠 × 𝐹𝑁
 (2.11) 

Where Ss = Sliding distance (cm), FN = Normal load (N) 

One guiding principle used in the selection of wear-resistant materials is that 

high hardness means good wear resistance. Wear resistant hard materials are generally 

of greater hardness than heat-treated steel and are often consisting of low fracture 

toughness. Where possible, abrasion, erosion, and wear-resistance data will be provided 
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concerning the materials listed. The data will be from standard ASTM tests such as the 

rubber wheel abrasion test, block-on-ring, pin-on-disk [4 0 ] and air jet erosion tests. In 

addition to wear properties, mechanical, physical and thermal properties will be 

provided. When dry sliding friction creates sufficient surface heating, especially at 

localized spots, a rapid rise and fall of temperature will produce spalling and an 

acceleration of wear [4 1 ]. Nadendla Srinivasababu found that the wear of the material 

is not only influenced by the speed of testing but also with load and testing time [42]. 

 

 

Figure 2.8 Wear Test  

2.4. Sheet Metal Forming 

Sheet metal forming is one of the most widely used manufacturing processes 

for the fabrication of a wide range of products in many industries. In present day 

industry, where the costs play a very important role, the sheet metal products have 

replaced many products made by forming process [43]. The reason behind sheet metal 

forming gaining a lot of attention in modern technology is due to the ease with which 

metal may be formed into useful shapes by plastic deformation processes in which the 

volume and mass of the metal are conserved and the metal is displaced from one 

location to another [44]. 
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2.4.1 V-Die Bending  

V-Die Bending is widely used thought industry because of its simple tooling. 

During V-die bending, the punch moves down, coming first to contact with the 

unsupported sheet metal. By progressing farther down, it forces the material to follow 

along, until bottoming on V shape of the die at the final stage [45]. 

 

Figure 2.9 V-Die Bending: description of a process 

2.4.2 Stress Concentration 

Stress Concentration is defined as - Localized stress considerably higher than 

average (even in uniformly loaded cross sections of uniform thickness) due to abrupt 

changes in geometry or localized loading [46]. 

Geometric discontinuities cause localized stress increases above the average. A 

stress raiser's effect can be determined quantitatively in several ways, but not always 

readily. The simplest method, if applicable, is to use a known theoretical stress 

concentration factor, Kt, to calculate the peak stress from the nominal, or average, value;  

σmax= Kt σavg (2.12) 



20 

Stress Concentration factors are obtained analytically from the elasticity theory, 

computationally from the finite element method, and experimentally using methods 

such as photo elasticity or strain gages [47]. 

 

Figure 2.10 Stress Concentration Factor for Rectangular Plate with Fillet 

(Bending Load) 

2.4.3 Application in FEM 

The finite element method (FEM) is a numerical procedure that can be used to 

obtain solutions to a large variety of engineering problems such as structural, thermal, 

heat transfer, electromagnetism and fluid flow [48]. FEM is a good choice for the 

analysis of sheet metal processes. The FEM simulations are increasingly used for 

investigating and optimizing the processes [49].  

2.4.4 Computer Simulation 

Computational analysis methods like finite element analysis (FEA) have 

progressed from validation and failure verification tools to design and concept 

verification tools, resulting in them being employed earlier in design cycles where 

analysis results drive the design process [50]. 

Hooke’s Law is the linear relationship between stress and strain for a bar in 

simple tension or compression. It is expressed by the Equation 2.13. 
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𝜎 = 𝐸𝛿 (2.13) 

𝜎 is the axial stress, 𝛿 is the axial strain, and E is a constant of proportionality 

known as the modulus of elasticity for the material. The modulus of elasticity is the 

slope of the stress-strain diagram in the linearly elastic region. Since strain is 

dimensionless, the units of E are the same as the units of stress. Typical units of E are 

psi or ksi in USCS units and pascals (or multiples thereof) in SI units [34]. 

Material non-linearity results from the non-linear relationship between stresses 

and strains. There exist various models, which define non-linear material behavior. 

Elasto-plastic, Elasto-viscoplastic, and creep nonlinear behaviors are some examples 

for material non-linearity [45]. 

The Von Mises Criterion is the most widely used one because of its success 

due to the continuous nature of the function that defines this criterion and its agreement 

with the observed behavior for the commonly confronted ductile materials [51]. The 

Von Mises Criterion states yielding occurs when the effective stress (equivalent) equals 

the yield stress (𝜎𝑦) as measured in a uniaxial test. The Von Mises yield criterion for 

any stress condition is [52]: 

(𝜎𝑥𝑥 − 𝜎𝑦𝑦)2 + (𝜎𝑦𝑦 − 𝜎𝑧𝑧)2 + (𝜎𝑧𝑧 − 𝜎𝑥𝑥)2 + 6(𝜏𝑥𝑦
2 + 𝜏𝑦𝑧

2 + 𝜏𝑧𝑥
2 ) = 2𝜎2 (2.14) 

Where σ ’s and τ ’s are normal and shear stresses, respectively, or 

(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 = 2𝜎2 (2.15) 

In terms of principal stresses 𝜎1, 𝜎2, and 𝜎3.  

2.4.5 Residual stress 

Residual stresses play an important role in the performance of machined 

components and structures, namely, in the following aspects fatigue life, corrosion 

resistance and part distortion. It is commonly found that the absolute value of the 

residual stress close to the surface of the workpiece is high and decreases as the depth 
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increases. Residual stress can be tensile or compressive and the stressed layer can have 

multiple depths, depending upon the cutting conditions, working material, cutting tool 

geometry and contact conditions at the tool/chip and tool/workpiece interfaces. 

Compressive residual stresses generally improve component performance and life 

because they promote a tensile stress and prevent crack nucleation. On the other hand, 

tensile residual stresses tend to increase stresses which lead to premature failure of 

components. These residual stresses may affect dramatically the performance of the 

machined part causing its premature failure, excessive wear and corrosion [53]. 

2.4.6 Corrosion 

SCC failures. The term "Stress-Corrosion Cracking" is usually used to describe 

failures in metallic alloys. However, other classes of materials also exhibit delayed 

failure by environmentally induced crack propagation. The stresses required to cause 

SCC are small, usually below the macroscopic yield stress, and are tensile in nature. 

The stresses can occur from applied external load, but residual stresses often cause SCC 

failures [54]. Stress Corrosion Cracking is a form of cracking due to a process involving 

conjoint corrosion and straining of a metal due to residual or applied stresses [55]. 
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Chapter 3 Experimental Procedure 

3.1. Heat Treatment Process 

3.1.1 Material 

Carbon steel is the most prevalent type of steel which can provide material 

properties that are acceptable for many applications. The JIS SNCM 439 steel is used 

commercially as a high-strength steel. It is a material that combines high hardenability 

with high ductility, high wear resistance, good toughness, and good weld ability. It has 

high fatigue resistance, when properly hardened and tempered [56]. The raw materials 

used to produce the pin part and the test specimen in this study is JIS SNCM 439. Figure 

3.1 shows the size of a test specimen. Chemical composition of the test specimens is 

shown in Table 3.1. 

Table 3.1 Chemical Composition 

C (%) Si (%) Cr (%) Ni (%) Mn (%) Mo (%) P (%) S (%) 

0.36-

0.43 

0.15-

0.35 

0.60-

1.00 

1.60-

2.00 

0.60-

0.90 

0.15-

0.30 
≤0.030 ≤0.030 

 

 

Figure 3.1 Dimension of Specimen  
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3.1.2 Furnace 

The heat treatment furnaces of the factory are rotary retort furnaces which have 

the capacity of a 60 kg/batch, as shown in Figure 3.2. The specimens can be charged 

from the front door of the furnace. The furnace is continuously rotated during the 

process to let the heat transfer throughout the specimens evenly. 

Figure 3.2 Rotary Retort Furnace 

3.1.3 Hardening Agent 

The charcoal is made from Asiatisk Mangrove (Mai Gong Gang) and was 

crushed into powder as shown in Figure 3.3. The charcoal used in the heat treatment 

process was brought from two different suppliers: Charcoal No.1(CA) was used in the 

heat treatment process of the original products and the experiment specimens whereas, 

Charcoal No.2 (CB) was used in the heat treatment process of the experiment specimens 

only. In this experiment, the hardening agent in the heat treatment process of the 

experiments is made from charcoal, with barium carbonate mixed together as shown in 

Table 3.2. As described in [57], the barium carbonate used in the mixture should not 

exceed 20 Wt%. to ensure reaction efficiency. The experiments and the heat treatment 

process of the factory use the same type of charcoal. However, some mixtures of 

hardening agent used in the experiment differentiate from that used in the heat treatment 

process of the original product by adjusting ratio of barium carbonate (BaCO3). From 

the study it was found that urea can improve mechanical properties Therefore, in order 
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to improve the surface hardness of the specimens, 10% of urea was added to the CB 

mixture (CN) as shown in Table 3.2. 

 

Figure 3.3 Charcoal Powder to be used as a Hardening Agent  

Table 3.2 Hardening Agents in the Experiments 

Hardening 

Agents 
Mixtures of Hardening Agent 

Ratio of 

Mixture 

CA Charcoal: Barium carbonate  80:20 

CB Charcoal: Barium carbonate  85:15 

CN* Charcoal: Barium carbonate: Urea 75:15:10 

*CN mixture was not analyzed by PROXIMATE ANALYSIS OF COAL 

The mixtures of hardening agent were analyzed by PROXIMATE ANALYSIS 

OF COAL under ASTM D1762-84 [58]. The results from the test of hardening agents 

demonstrate volatile matter, fixed carbon and ash. The mixtures used in the original 

production process have an 80/20 (CA) blend ratio of charcoal: Barium carbonate 

(BaCO3), in this experiment, the new mixtures with 85/15 ratio (CB) were also used for 

testing. The new mixtures (CB) have a higher content of fixed-carbon and a lower ash 

content, which shows that this might be preferable for the hardening process as opposed 

to the original hardening agent as shown in Table 3.3.  



26 

Table 3.3 Results from Analyzed Hardening Agent 

Parameters Charcoal (No.1): CA Charcoal (No.2): CB 

Moisture content (%) 2.86 6.66 

Volatile matter (%) 18.93 36.73 

Ash (%) 56.25 31.25 

Fixed carbon (%) 21.96 25.36 

3.1.4 Heat Treatment   

The original temperature that the factory used in the heat treatment process was 

lower than A3 in Iron-Carbon Phase Diagram (Figure 3.4) which cannot effectively 

improve the mechanical properties of the specimens. Therefore, in this research the 

temperature was increased to 830 ºC as it is a recommended temperature for 

austenitizing carbon and low-alloy steels prior to hardening for the specimens [59]. 

 

 

Figure 3.4 Iron-carbon phase diagram [60] 
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Figure 3.5 presents the original heat treatment process of the factory and the 

heat treatment process of the experiments. In the original heat treatment process, the 

specimens and the charcoal-BaCO3-mixture are charged into the furnace (A) with a 

temperature of 800 C. After the temperature dropped and was raised up to 830 ℃, the 

holding period begins. At 830 ℃ the austenitizing occurs [61]. The holding period time 

depends on the size of specimen. After that, the specimens are quenched by oil.  

The heat treatment process of the experiments is similar to the original process. 

In the experiments, the same furnace is used to run the tests. However, the hardening 

agents are charged at different time of the holding periods: the beginning of the holding 

period (B) and the mid-point of the holding period (C). After quenching, all specimens 

are tempered at 200-230 ℃ for 30 minutes. The temperature used for tempering process 

are controlled to be lower than 300 ℃ in order to avoid tempered embrittlement [62]. 

 

Figure 3.5 The Heat Treatment Process 

The specimens used in this experiment are parts of the pin diameter, with 

dimension of 11mm, 9.5 mm and 5.9mm, which is shown in Table 3.4 and represents 

the amount of hardening agent and the holding period used in each of the experiments.  

The 11 mm Pin diameter was tested by the addition of the hardening agent 

together with the specimen into the furnace, then an additional dosage of hardening 
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agent at the mid-point of the holding period. In the experiments, the different mixtures 

of charcoal+BaCO3 with and without adding the urea were charged during the heat 

treatment process as a hardening agent to elicit carburizing and carbonitriding reactions 

at the surface of the specimens. 

The experiment design of the 9.5 mm pin was conducted after considering the 

results from the 11 mm pin, using the same ratio of mixtures with different amounts of 

hardening agent and charging at different periods. The specimens are smaller than the 

11 mm pin; therefore, the hardening agent when added at the mid-point of the holding 

period in the heat treatment process should not exceed 150 grams. In order to study the 

difference of mechanical properties, the additional charging of the hardening agent was 

tested as follows: 1. CB-30 is the addition of hardening agent without urea with 

specimens into the furnace and incorporating the hardening agent at the mid-point of 

the holding period; 2. CN-30s is the addition of hardening agent (mixture of urea) with 

specimens into the furnace; and 3. CN-30h is the addition of hardening agent (mixture 

of urea) with specimen into the furnace and incorporating the hardening agent at the 

beginning of the holding period.  

The mechanical properties of the 11 mm and 9.5 mm pin parts were analyzed to 

design the heat treatment process for improving the mechanical properties of 5.9 mm 

pin parts. The experiment was carried out by adjusting the amount of hardening agent 

charged into the furnace with the specimens and the constant amount of the hardening 

agent charged into the furnace at the mid-point of the holding period. 
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Table 3.4 The Test Conditions of the Experiment 

No. Test conditions 

Time point of Hardening 

agent Charged  

(see Figure 3.4) Note 

A B C 

1 Original product 20 g   
Pin 120G (11 mm), 100G 

(9.5 mm), 2060 (5.9 mm) 

2 CA-01 20 g  100 g 

Pin 120G 

 11 mm 

3 CA-02 20 g  120 g 

4 CB-01 20 g  120 g 

5 CB-02 20 g  150 g 

6 CN-01 20 g  100 g 

7 CN-02 20 g  50 g 

8 CB-30 20 g  30 g 

Pin 100G 

9.5 mm 

9 CN30-S 30 g   

10 CN-30h 20 g 30 g  

11 CN-20-30 20 g  30 g 

Pin 2060 

5.9 mm 

12 CN-30-30 30 g  30 g 

13 CN-40-30 40 g  30 g 
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3.2. Characterizations 

3.2.1 Hardness Test 

1. Rockwell Hardness  

Rockwell Hardness Test was used to control the quality of parts from 

the factory. The surface of the specimen was prepared by polishing. Then the specimens 

were measured by the Rockwell (Scale A) hardness for 3 positions as shown in Figure 

3.6. 

 

Figure 3.6 Measurement Position of Specimen 

2. Micro Vickers Hardness 

The comparison between the hardness of test specimens and the 

original products were carried out by measuring the Vickers hardness along the cross-

section diameter of the specimens for 13 points plus 2 more points at the edge as shown 

in Figure 3.7 (A). The picture of the Vickers hardness test points on the specimen is 

shown in Figure 3.7 (B). Its purpose is to investigate the improvement of hardness 

profile near the surface which is related to the wear resistance [63]. The applied test 

load used in this test was 500-gram force (gf), which is generally used for this material 

[64]. 

 

(A)       (B) 

Figure 3.7 Vickers Hardness Test (A) Measurement Positions, (B) Points on The 

Specimen  
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3.2.2 Charpy Impact Test 

The Charpy Impact Test investigates the toughness of specimen after the heat 

treatment process as shown in Figure 3.8. The impact test uses the internal unit to 

analyze under specification of factory which is not less than 122 TMI scale A (a 

measurement unit set up and used by the factory) and compares other brands. In the 

test, the hardness is measured first and then the impact tested after.  

 

Figure 3.8 Charpy Impact Test Machine  

3.2.3 Dry Sliding Wear Test  

 The pin-on-disk wear test has been conducted. The tribology testing machine is 

shown in Figure 3.9 (A). During the test, the top surface of the test specimens was 

reciprocated by a tungsten carbide ball. Afterwards, the wear profiles of the specimens 

were measured by using the profilometer. The degree of wear is analyzed by using the 

wear loss area of zone-B1 [65] as shown in Figure 3.9 (B). The wear loss area was 

calculated by GeoGebra software. Normally, the wear mechanism of material depends 

on the relative velocity between the sliding surfaces, temperature, hardness and 

roughness of the materials [58]. In this study, each wear test has the same test condition 

as shown in Table 3.5. 
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(A)      (B) 

Figure 3.9 Dry Sliding Wear Test (A) Tribology Testing Machine, (B) Cross-

section Area Measured by the Profilometer 

Table 3.5 Test Condition of Wear Test 

Ball Tungsten carbide 

Mode Linear 

Load 10 N 

Speed 2 cm/s 

Time 15, 30 min 

3.2.4 Double Shear Test 

During the actual use of the chain, the pin is subject to shearing and bending 

forces transmitted by the chain link plate. The replica design of the specimen holder 

equipment for the double shear test is shown in Figure 3.10 (A). The specimen holder 

consists of 3 metal plates with holes that are the same size as the pin diameter. The 

tension load is applied to the 3 metal plates. The thickness of the middle plate is the 

same as the length of roller part in the chain. Toughness results are analyzed by the area 

under the graph from the double shear test as shown in Figure 3.10 (B). 
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(A)      (B) 

Figure 3.10 Double Shear Test (A) Machine and Specimen Holder Equipment, 

(B) Double Shear Test Result 

3.2.5 Microscopy 

The microstructure is analyzed by a Scanning Electron Microscope (SEM) as 

shown in Figure 3.11 with a test at 1,000 to 3,000x magnification, focusing on the 

microstructure of the material at the surface of the specimen and the center of the 

specimen. The EDX technique is used to compare the characteristics of the structure of 

the material as well as comparing the amount of carbon at the center and the surface of 

the specimen. 

 

Figure 3.11 Scanning Electron Microscopy   
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Chapter 4 Results and Discussion 

4.1. 11 mm Pin Diameter  

The test results of the 11 mm pin through the heat treatment process by the 

addition of the hardening agent with the specimen into the furnace and the addition of 

hardening agent at the mid-point of the holding period using different amounts of the 

hardening agent (see Table 3.4) were analyzed in order to improve surface hardness, 

wear resistance and to increase the lifetime extension of the roller chain parts. The test 

results from the different mechanical properties of the specimen are shown as follows: 

4.1.1 Internal Results (Measured in the Factory) 

The test results pertaining to the mechanical properties of the specimen 

measured in the factory, by using the Rockwell Hardness Testing and Charpy Impact 

Testing are shown below in Table 4.1. 

Table 4.1 The Internal Results 

Mixture Composition of Hardening Agent  

(Charcoal 80% / BaCO3 20%) 

Code 
Hardening 

Agent (g) 

Hardness Charpy Impact 

(TMI Scale A) 
Note 

HRA HR15N 

Original 

product 
20 73 81 172  

CA-01 120 75.9 85.6 137 Pass 

CA-02 140 75.0 83.9 138 Pass 
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Mixture Composition of Hardening Agent  

(Charcoal 85% / BaCO3 15%) 

Code 
Hardening 

Agent (g) 

Hardness Charpy Impact 

(TMI Scale A) 
Note 

HRA HR15N 

CB-01 140 76.4 86.8 117 Pass 

CB-02 170 76.3 86.7 103 Fail* 

Mixture Composition of Hardening Agent  

(Charcoal 75% / BaCO3 15% / Urea 10%) 

CN-01 120 76.7 87.19 67 Fail* 

CN-02 70 75.8 86.7 134.8 Pass 

The External Factory Heat Treatment Process 

SN-01 
Gas 

carbonitriding 
81.4 89.3 11 Fail* 

SN-02 
Gas 

carbonitriding 
81.5 89.7 10 Fail* 

SN-03 Gas carburizing 79.9 88.0 19 Fail* 

* Fail = impact strength is lower than specification 

The test results from Table 4.1 show that the hardness of the specimens from 

the experiments (75-76.7 HRA) is higher than the original product (73 HRA).  It can be 

observed that the amount and the ratio of the hardening agent have a significant effect 

on the mechanical properties. In addition, the amount and the ratio of the mixture 

composition of the hardening agent were analyzed to investigate the hardness of the 

specimens in order to meet with the specification of the factory. The test results revealed 

that, the hardness and toughness of CA-01 (75.9 HRA, 137 TMI scale A) and CA-02 

(75 HRA, 138 TMI scale A) represented almost the same values. As a result, the ratio 
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and amount of the mixture composition of the hardening agent was relatively adjusted 

to CB-01 (120 g) and CB-02 (150 g). It was found that the hardness results of the 

experiment were higher than CA-01 and CA-02. The results show no significant 

difference between CB-01 (76.4 HRA) and CB-02 (76.3 HRA). However, the 

toughness of CB-02 (103 TMI scale A) is lower in comparison with CB-01 (117 TMI 

scale A).  

Urea was consequently added to the hardening agent as a new ratio of mixture 

(CN) and charged during the heat treatment process in order to increase the surface 

hardness. The results show that the specimen of CN-01 (100 g) reaches the highest 

value of the Rockwell hardness test (76.7 HRA); however, the result of the toughness 

(67 TMI scale A) does not meet the specification of the factory. Subsequently, the 

hardening agent was adjusted to a suitable amount of mixture CN-02 (50 g) and charged 

during the heat treatment process. As a consequence, the hardness result of CN-02 (75.8 

HRA) is lower than the CN-01 and the toughness result of CN-02 (134.8 TMI scale A) 

is higher than CN-01.  

In addition, the specimens were also tested by gas carbonitriding (SN-01 and 

SN-02) and gas carburizing (SN-03) process. The hardness results of the specimens are 

remarkably high (79.9-81.5 HRA). However, the toughness of the specimens does not 

meet the factory specifications requirement. Continuing the tests would be prohibitively 

expensive due to the process. For this reason, the studies in this section were stopped. 

4.1.2 Micro Vickers Hardness Test 

In this experiment, Micro Vickers Hardness Test was used to measure the 

hardness values of the test specimens. The hardness profiles were measured on the 

cross-sectional diameter of the specimens, see Figure 3.6 (A).  

The results are presented in Figure 4. (1-7). The plot graph shows that the Micro 

Vickers Hardness at the center of the test specimens has the average hardness value of 

560 HV, which has no significant difference among each other. 
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 The Figure 4.8 shows the comparison between the hardness at the edge of the 

specimens (50 microns from the edge) on the cross-sectional surface of the test 

specimens and the original product. The result shows that the hardness of the 

experiment specimens is higher than the original product with a hardness value of 

around 556 HV. The test results revealed that the CN-01 specimen presents the highest 

hardness value of 615 HV.  

One possible reason that causes the lower surface hardness value of the original 

product compared to the Micro Vickers Hardness at the center of the test specimens can 

be the occurrence of decarburization during the heat treatment process, which play an 

important role in decreasing the surface hardness.  

 

Figure 4.1 Hardness Profile of Original Product 

 

Figure 4.2 Hardness Profile of Experiment CA-01 

 

Figure 4.3 Hardness Profile of Experiment CA-02 
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Figure 4.4 Hardness Profile of Experiment CB-01 

  

Figure 4.5 Hardness Profile of Experiment CB-02 

  

Figure 4.6 Hardness Profile of Experiment CN-01 

  

Figure 4.7 Hardness Profile of Experiment CN-02 

 

Figure 4.8 Micro Vickers Hardness at the Edge 
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4.1.3 Double Shear Test 

The results of shear strength and toughness from double shear tests are shown 

in Table 4.2, which draws a comparison between the original products and the 

experiment specimens. The Double Shear Test was measured according to the 

variability of toughness from the Charpy Impact Test. 

Table 4.2 The Results from Double Shear Test 

Code 
Shear Strength 

(N/mm2) 

Maximum Load 

(kN) 

Elongation 

(mm) 

Toughness 

(J) 

Original Product 1,080 208 5.26 478 

CA-01 1,079 208 5.89 487 

CB-01 1,049 202 5.54 456 

CB-02 1,091 210 5.70 440 

CN-01 1,087 209 5.32 454 

CN-02 1,103 212 5.29 482 

From Figure 4.9 we can see that the results of the Double Shear tests have no 

significant difference between the original products and the experiment specimens. All 

results still meet the specification of the factory measured by using the maximum load 

value, which is not less than 190 kN. 
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(B) 

 

(C) 

Figure 4.9 The Results from Double Shear Test (A) Shear Strength, (B) 

Maximum load and (C) Toughness of The 11 mm Diameter  

4.1.4 Wear Test 
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Table 4.3 The Result from Tribology Testing 
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Wear Loss Area (µm2) 

15 min 30 min 

Original Product 479 700 

CA-01 247 501 

CB-01 171 319 

CB-02 168 321 

208 208
202 201

210 209 212

140

160

180

200

220

Original

Product

CA-01 CA-02 CB-01 CB-02 CN-01 CN-02

k
N

478 487
456

421 440 454 482

200

300

400

500

600

Original

Product

CA-01 CA-02 CB-01 CB-02 CN-01 CN-02

A
re

a 
u

n
d

er
 t

h
e 

cu
rv

e 
(J

)



41 

CN-01 183 382 

CN-02 245 401 

E 226 360 

S 196 364 

The experiment included the addition of the hardening agent into the furnace to 

improve the wear resistance of the pin part. Initially, the original product showed the 

highest wear loss area for both cases: after 15 minutes (479 µm²) and 30 minutes (700 

µm²).  After 15 minutes of the wear test, wear resistance ability of the experiment 

specimens was approximately 2 times greater than that of the original product. It was 

found that wear resistance ability from the mixture of the hardening agent CB-02 

showed the lowest wear loss area (168 µm²). Followed by the specimens from the 

mixture CB-01 and CN-01, which has a similar amount of wear loss area (171 µm² and 

183 µm²). Whereas the mixture of hardening agent CA-01 and CN-02 provided similar 

results (247 µm² and 245 µm²), which presented better wear resistance ability in 

comparison to the original product. After 30 minutes of the wear test, the measured 

wear loss area of all specimens was increased to nearly double, compared against the 

test results after 15 minutes. 

 

(A)     (B) 

Figure 4.10 Wear Loss Area (A) after 15 minutes, (B) after 30 minutes of The 11 

mm Pin Diameter  
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Figure 4.11 presents the results of the wear loss area between CB-02 and other 

products. After 15 minutes of the wear test (A) it can be seen that the wear resistance 

ability of CB-02 represents lower wear loss area (168 µm2) than specimen S (196 µm2) 

and specimen E (226 µm2). Similarly, the wear test of CB-02 after 30 minutes (B) 

represents the lowest wear loss area (321 µm2), which provides the best wear resistance 

ability, compared to specimen E (360 µm2) and specimen S (364 µm2). 

 
(A)     (B) 

Figure 4.11 Wear Loss Area (A) after 15 minutes, (B) after 30 minutes of The 

Experiment Specimens and other products 

The results can be explained by the fact that the amount and the ratio of 
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4.1.5 Microstructure  

The experiment specimens were investigated after the wear test. The edges of 

the specimens were analyzed. The SEM micrographs (1,000 - 3,000 magnifications) of 
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the zone of 50-micron decarburization depth mainly consists of retained austenite 

phase, whereas in the case of the experiment specimens (Figure 4.13-4.14), the 

microstructure mainly consists of martensite. All the hardened test specimens have 

similar microstructure to the experiment specimens. 

 

(A)     (B) 

Figure 4.12 Microstructure of The Original Product (A) at the edge and (B) at 

the center 

 

 

(A)     (B) 

Figure 4.13 Microstructure of the Experiment Specimens in Carburizing Process 

(code CA, CB) (a) at the Edge and (b) at the Center 
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(A)     (B) 

Figure 4.14 Microstructure of the Experiment Specimens in Carbonitriding 

Process (code CN) (A) at the Edge and (B) at the Center 

Table 4.4 The Results from Energy-Dispersive X-ray at the Edges and Center 

Specimen 

Position 

Edge 

(Wt % of carbon) 

Center 

(Wt % of carbon) 

Original product 22.72% 27.39% 

Without urea (CA, CB) 35.41% 21.41% 

Urea Mixture (CN) 28.83%* 21.38% 

*11.02 Wt% of nitrogen was found at the edge of the specimen CN 

Table 4.4 presents the elemental analysis results from Energy-Dispersive X-ray 

at the edges and at the center of the original product and the experiment specimens.  

The test results revealed that the weight percentage of carbon content in the 

original product at the edge is 22.72 Wt%. The value at the center of the specimen 

presents 27.39 Wt%. which shows a higher weight percentage compared to that of the 
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original product. The results of the experiments can perhaps be explained by the fact 

that the decarburization still occurs at the edge of the original product. The experiment 

specimens show 28.83-35.41 Wt% of the carbon content at the edge. It presents a higher 

weight percentage than the original product as well as providing a better result in wear 

resistance ability. 

Furthermore, 11.02 %Wt of Nitrogen was found at the edge of the specimen 

CN. One possible reason can be the hardening agent mixture of urea, which plays an 

important role in increasing the surface hardness of the specimens. 

4.1.6 Discussion 

The results of the experiment from the addition of the hardening agent into the 

furnace to improve the wear resistance of the pin part showed that the amount and the 

ratio of the hardening agent used have a significant effect on the mechanical properties. 

The suitable amount of the hardening agent used has a significant influence on the 

surface hardness of the specimens. Excessive amounts of the hardening agent can cause 

embrittlement and excessive hardness values of the specimen that do not meet the 

factory specification requirements.   

The results of the tests within the factory cannot identify the wear resistance due 

to and insufficient testing machine. Moreover, the impact test results from the factory 

are varied. The results cannot be used to analyzed against to the double shear test results 

which are more reliable. It was found that the results of the shear strength and toughness 

from the double shear tests have no significant difference between the original products 

and the experiment specimens. In addition, the hardness results obtained from the micro 

Vickers hardness test correlate positively with the results of the wear test. 

The results of the 11 mm pin from the experiment indicated that the CB-02 

specimen showed the best wear resistance. However, the highest amount of hardening 

agent was added into the furnace (150 g). The second highest wear resistance was 

shown to be CN-01, which is slightly less than the CB-02 by adding a lesser amount of 
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the hardening agent (100 g) in the experiment. The experiment showed that the wear 

resistance ability of both CB-02 and CN-01 had improved approximately 50% or 

double compared to that of the original product. 

4.2. 9.5 mm Pin Diameter  

The experiment design of the 9.5 mm pin was conducted after considering the 

results from the 11 mm pin, using the same ratio of mixtures with different amount of 

hardening agent and was charged at different periods, see Table 3.4 and Figure 3.4. The 

test results of the different mechanical properties of the specimen are shown as follows: 

4.2.1 Internal Results 

The test results of the mechanical properties of the specimens obtained by using 

similar measurement as the experiment of the 11 mm pin. The hardness test and impact 

test results were tested from the factory as shown in Table 4.5. 

Table 4.5 The internal results 

Code 
Hardening 

Agent (g) 

Hardness Charpy Impact 

(TMI Scale A) 

Note 

 HRA  HR15N 

Original product 20 73 82 126 - 

CB-30 50 75.8 85.3 78 Pass 

CN-30s 30 75.5 85.2 79 Pass 

CN-30h 50 74.8 84.3 79 Pass 

The test results from Table 4.5 show that the hardness of the experiment 

specimens (74.8-76 HRA) is higher than the original product (73 HRA). In the 

experiments, the CB-30 presents the highest hardness value of 75.8 HRA. Followed by 

the specimens from the mixture CN-30s (75.5 HRA). Both results represent almost the 
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same hardness values.  From the table we can see that CN-30h shows the lowest 

hardness value of 74.8 HRA.  

4.2.2 Double Shear Test 

The results of shear strength and toughness from the double shear tests are 

shown in Table 4.6. In comparison with the test results, there is no significant difference 

between the original products and the experiment specimens. 

Table 4.6 The Results from Double Shear Test 

Double 

Shear Test 

Shear Strength 

(N/mm2) 

Maximum Load 

(kN) 

Elongation 

(mm) 

Toughness 

(J) 

Original 

product 
1,123 159 4.74 283 

CB-30 1,105 156 4.53 267 

CN30-S 1,137 161 4.61 300 

CN-30h 1,155 163 4.28 282 

Figure 4.15 (A) shows the results from the double shear test. It can be seen that 

the results show no significant difference among each other. Figure 4.15 (B) shows the 

maximum load results. It presents almost the same values. All results still meet the 

specification of the factory which is not less than 120 kN.  Figure 4.15 (C) presents area 

under the curve or toughness.  
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(C) 

Figure 4.15 The Results from Double Shear Test (A) Shear Strength, (B) 

Maximum Load, and (C) Toughness of The 9.5 mm Pin Diameter 

4.2.3 Wear Test   

The wear test results were highlighted in Table 4.7. The 9.5 mm pin was 

examined under the same conditions as the 11 mm pin. The test results revealed that 

the CB-30 specimen showed the best wear resistance. 

Table 4.7 The Results from Tribology Test 

Code 

Wear Loss Area (µm2) 

15 min 30 min 

Original product 619 740 

CB-30 368 415 

CN-30s 541 731 

In the experiment, the hardening agent was added into the furnace to improve 

the wear resistance of the pin part. Initially, the original product showed the highest 

wear loss area for both cases: after 15 min (619 µm²) and 30 min (740 µm²). 

These results indicate that the wear resistance ability from the mixture of 

hardening agent CB-30 shows the lowest wear loss area of 368 µm². Followed by the 

mixture of CN-30s, which presents the wear loss are 541 µm². Both results show better 

wear resistance ability in comparison to the original product. After 30 minutes of the 
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wear test, the wear loss area of all test specimens increased higher than that of the test 

specimens after 15 minutes. However, the experiment specimens provide better wear 

resistance ability than the original product as shown in Figure 4.16. 

From the results of 11 mm pin, it was found that hardness is positively correlated 

with wear resistance ability. Table 4.5 illustrates that CN-30h has the lowest value of 

hardness. For these reasons, the specimen was not examined for the wear test. 

 

   (A)      (B) 

Figure 4.16 Wear Loss Area (A) after 15 minutes, (B) after 30 minutes of The 9.5 

mm Pin Diameter 
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added with the specimens into the furnace and at the mid-point of the holding period to 

improve wear resistance, thereby leading to an increase in wear resistance ability. This 

proves that the addition periods of the hardening play an important role increasing the 

mechanical properties.  

4.3. 5.9 mm Pin Diameter  

The mechanical properties of the 11 mm and 9.5 mm pin parts were analyzed to 

design the heat treatment process for improving the mechanical properties of the 5.9 

mm pin.  

4.3.1 Internal Result 

The internal results of the 5.9 mm pin are shown in Table 4.8. The specimens 

were measured to analyze the mechanical properties. 

The test results show the hardness value of the experiments around 74.8-75.0 

HRA, which is higher than the original product (73 HRA). All the toughness results 

from the test specimens meet the specification of the factory.  

Table 4.8 The internal results 

Code 

Hardening 

Agent (g) 

Hardness Charpy Impact 

(TMI Scale B) 

Note 

 HRA HR15N 

Original product 20 73 82 126 - 

CN-20-30 50 74.8 84 102 Pass 

CN-30-30 30 75.0 84.3 111 Pass 

CN-40-30 70 75.0 85.2 108 Pass 

In the experiment, the test results revealed that the hardness and toughness 

values of CN-30-30 (75.0 HRA, 111 TMI scale B) and CN-40-30 (75.0 HRA, 108 TMI 
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scale B) represented almost the same values. Finally, the CN-20-30 presents the lowest 

hardness value from the test (74.8 HRA, 102 TMI scale B). 

4.3.2 Wear Test 

The experiment results of 5.9 mm pin state that the amount and the addition 

periods of the hardening agent into the heat treatment process can improve the wear 

resistance ability.  

Table 4.9 highlights the wear test results from tribology testing. The test is a 

comparison between the original product and the experiment specimens.  

Table 4.9 The Results from Tribology Test 

Code 

Wear Loss Area (µm2) 

15 min 30 min 

Original product 1,131 1,225 

CN-20-30 590 916 

CN-30-30 486 967 

The Figure 4.17 as shown the wear loss area at 15 minutes and 30 minutes. After 

the test, the results of the experiment specimens show better wear resistance than the 

original product. Initially, the original product showed the highest wear loss area for 

both cases: after 15 minutes (1,131 µm²) and 30 minutes (1,225 µm²). After 15 minutes 

of the wear test, CN-30-30 shows the best result (486 µm2). After 30 minutes, the test 

results reveal that there is no significant different between the CN-20-30 (916 µm2) and 

the CN-30-30 (967 µm2). It was found that the amount of hardening agent effetely 

improved the wear resistance ability of the test specimens. 
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(A)       (B) 

Figure 4.17 Wear Loss Area (A) after 15 minutes, (B) after 30 minutes of The 5.9 

mm Pin Diameter 

4.3.3 Discussion 

 An increase in the amount of hardening agent added into the furnace with the 

specimens can improve the wear resistance ability of the pin part. It can be seen that 

the wear test results of the test specimen after 15 minutes show better wear resistance 

than the original product around 50%. However, after 30 minutes, the results of the 

experiment specimens show almost the same values of the wear loss area whereas, the 

experiment results present better wear resistance than the original product by around 

20%.  

This can be due to the insufficient holding period in the heat treatment process; 

therefore, the addition periods of the hardening agent should be adjusted in order to 

increase the wear resistance ability of the test specimens. 

4.4. Discussion  
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furnace. This research aims to investigate and improve the surface hardness and wear 

resistance of the roller chain parts, which will result in the chain lifetime extension; 

therefore, an investigation into the wear resistance ability of pin parts has been 

conducted in this project. 
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The test results revealed that the addition of hardening agent with the specimens 

at the beginning of the process once was not sufficient to improve the wear resistance 

ability of the pin parts. As a result, the hardening agent was added with the specimens 

into the furnace and at the mid-point of the holding period, thereby leading to increase 

in wear resistance ability. The results indicated that this is the best process of improving 

the wear resistance ability of the pin parts.  

The investigation into the mechanical properties of pin parts such as Rockwell 

hardness test, Charpy impact test and double shear test from the factory cannot indicate 

the wear resistance ability of the specimens. To find out the wear resistance ability the 

pin-on-disk wear test has been conducted. It was found that the wear test results 

obtained from the tribology testing machine are positively correlated with the results of 

the micro Vickers hardness test. 

Furthermore, the results of the experiment showed that the hardening agent 

without urea showed the best wear resistance. However, the highest amount of 

hardening agent was added into the furnace. The second highest wear resistance was 

shown to be the hardening agent with urea, which is slightly less than the hardening 

agent without urea by adding a lesser amount of the hardening agent in the heat 

treatment process. This proves that urea plays an important role in increasing the 

surface hardness of the pin parts. 

4.5. Future Work 

Heat treatment process is one of the limitations in this study. The timing of the 

process has an effect on the production of the factory, further research studies need to 

carry out experiments with different amounts of hardening agents and time points. 

Furthermore, to characterize carbon diffusion, additional research studies also need to 

apply other analysis methods such as wear mechanism, numerical analysis and EBSD 

analysis.  
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Chapter 5  Computer Simulation 

5.1. Background and Problem 

The Roller chain is widely used in the transportation industry. In the fish loading 

process of the seafood industry, the roller chain was used on conveyor belts for carrying 

fish to the freezer storage. JIS SCM 435 is the carbon steel used to produce the chain 

plate in the factory. The chain plate was made in the V- die bending and heat treatment 

process. After that it was used to assemble as components of the roller chain. 

Without properly taking care and keeping well maintained by covering the 

grease, the lifetime of roller chain on the sea fish conveyor belts will usually be shorter 

than normal due to corrosion from the sea water. After a certain time, stress corrosion 

cracking might take place during the usage in the loading process and finally lead to 

the fracture of the chain plate. The fracture in the plate takes place on the bending line 

at the corner as shown in Figure 5.1.  The possible causes of the problem consist of 

many factors as follows: 1. The raw material used to produce the chain plate is still not 

most suitable for seawater corrosion (The cost of production is an important factor of 

the factory; therefore  changing materials from carbon steel to stainless steel will 

increase production costs); 2. The bending line leads to a higher stress concentration at 

the corner which results in the formation of the cracking during usage; 3. The residual 

stress caused by the heat treatment process and the tension load during the usage results 

in the fracture of the chain plate; and 4. Inadequate maintenance of the grease covering 

during the usage promotes the corrosion rate which lead to the fracture.   
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Figure 5.1 Cracking caused Chain Fracture after Usage 

The chain manufacturer aimed to increase the lifetime of the chain plate. Under 

the economical point of view, the factory decided to solve the problem by changing the 

bending line as it seemed to be the most effective solution without significant effects 

on the production cost; therefore, only the bending process design was studied in this 

project.  

The cracking of the chain plate during usage and the distribution of stresses on 

the bending line were analyzed in this part of the study. The computer simulation was 

used to examine in order to improve the bending process design and to prevent a high 

stress concentration at the corner which leads to the formation of the cracking. The goal 

is to extend the lifetime of the chain plate.  

In this case, the stress distribution in the bending lines of the chain plate were 

analyzed by computer simulation software, ANSYS workbench 18.1. Figure 5.2 shows 

the original bending line (PH-A, 34 mm from the bottom to the bending line), which is 

located on the fillet zone (between 32 to 36 mm) and the new bending line, which is 

located above the fillet region, (PH-B, 37 mm from the bottom to the new bending line). 

The new bending line was examined to reduce the stress concentration. After the 

bending process, the dimensions of the specimen is still under the standard of the roller 

chain (ANSI-B29.1). Finally, the results from the computer simulation were validated 

with the micro Vickers hardness results of the specimens. 
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Figure 5.2 Bending line of Chain Plate at 34 mm (PH-A) and 37 mm (PH-B) 

5.2. Simulation Setup 

Figure 5.3 shows the user interface of ANSYS transient structural program with 

uploaded CAD model, which was used to analyze the stress concentration of the chain 

plate. The computer simulation was set up under the conditions stated in Table 5.1-5.4.  

The simulation setup outline is on the left size of the program window as shown 

in Figure 5.3. The simulation setup consists of 4 modules as the following modules:      

1. Geometry module, which specifies each part of the specimen, 2. Connections 

module, which defines the relationship of the components, 3. Mesh module, which 

defines the accuracy of the simulation response, and 4. Transient structural module, 

which determines the dynamic response of components of the specimen. 

 

 

Figure 5.3 Simulation Setup in ANSYS 18.1 Program 
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5.2.1 Geometry Module 

Table 5.1 is the setup conditions for the geometry module. In this simulation, 

the selected specimen was structural steel. The nonlinear mechanical properties 

database was used which corresponds to the material properties during the deformation 

that were transformed from the elastic zone to the plastic zone. 

Table 5.1  The Setup in Geometry Module 

Geometry Module 

Parts Stiffness Behavior 

Punch Rigid body 

Die Rigid body 

Specimen Structural steel NL 

5.2.2 Connection Module 

Table 5.2 shows the connections module setup. Penetration occurs when contact 

compatibility is disconnect for each part. Therefore, in order to prevent errors, the 

program must establish a relationship between the both the surfaces. Frictional contact 

is nonlinear movement; therefore, it was selected in the definition. For frictional 

contact, friction coefficient must be input. A friction coefficient of 0.1 is used in this 

case. The Nodal-Normal to Target was set up in the Detection Method as it dictates the 

direction of forces that are applied at the interface. 
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Table 5.2  The Setup in Connection Module 

Connection Module 

Definition  Detection Method Contact Bodies Target Bodies 

Frictional Nodal-Normal to target Punch, Die Specimen 

5.2.3 Mesh Module 

Meshing technique is very important for the setup of the simulation. Meshes 

produce results with an acceptable level of accuracy. Mesh density is a metric used to 

control accuracy. It has an effect on simulation results. 

 Coarse mesh produces results with low accuracy. Although it uses less 

computational resources and takes a short time to run, it provides a defective solution 

and cannot be calculated for the solution in some cases. Whereas, fine mesh, a high-

density mesh produces results with high accuracy. However, it requires long run times 

to calculate results. Therefore, the mesh technique should be properly set up for the 

geometry in the simulation.  

Table 5.3  The Setup in Mesh Module 

Mesh Module 

Sizing 

Mesh Controls 

Specimen Punch Die 

Adaptive Body sizing Edge sizing Edge sizing 

The mesh module setup is shows in Table 5.3. In this case, the most suitable 

element size of a specimen is 0.75 mm. The three components have approximately 

80,000 elements. Figure 5.4 shows element sizing of the simulation specimens.   
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(A)     (B) 

Figure 5.4 (A) Model for Simulation, (B) Sizing of Meshing in Simulation 

5.2.4 Initial Conditions Module 

 Table 5.4 shows the load that is applied by the punch. The velocity of the punch 

was the same as the factory. The punch takes 2 seconds to move within -Z axis and 

velocity is at 7.5 mm/s. Finally, after bending the specimen is perpendicular. 

Table 5.4  The Setup in Transient Module 

Initial Conditions Module 

Geometry 

Velocity 

X Y Z 

Punch 0 mm/s 0 mm/s -7.5 mm/s 

Analysis Setting Module 

Number of Steps Step End Time 

1 2 s 
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5.3. Simulation Results 

Figure 5.5. shows the simulation results of the chain plate on the original 

bending line (34 mm). The numerical result of Von-Mises stress (A) presents the 

location of the highest stress concentration. Whereas, maximum principal stress (B) 

states the stress region that the initial crack can occur [66]. The simulation results define 

the highest stress concentration occurs at the edge of the fillet (A) and tension zone is 

the location where maximum principal stress occurs (B). Both results from the 

simulation are entirely consistent with the actual region of the crack during usage.  

 

  

  

(A)     (B) 

Figure 5.5 The Computer Simulation Result of PH-A (A) Von-Mises Stress, and 

(B) Maximum principal Stress 

In this study, the new bending line 37 mm (PH-B) was examined in order to 

reduce the stress concentration on the fillet zone of the chain plate. Figure 5.6 presents 

that the new bending line effectively reduce stress concentration of the chain plate. 
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(A)     (B) 

Figure 5.6 The Computer Simulation Result of PH-B (A) Von-Mises Stress, and 

(B) Maximum principal Stress 

The results of this study are shown in Figure 5.7. The test results revealed that 

the stress concentration on the fillet zone of the original bending line (A) is higher than 

that of the new position (B). It can be seen that the stress distribution in the fillet zone 

of the new bending line has changed, thereby leading to a reduction in stress 

concentration and the cracking during usage. The results can be explained by the fact 

that the bending line has a significant influence on the stress concentration of the 

specimen.   

 

  

   (A)     (B) 

Figure 5.7 The Comparison between (A) The Original Bending line, and (B) The 

New Bending line  
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The measurement positions of the chain plate are shown in Figure 5.8. Position 

(A) was measured on the area that is perpendicular to the bending line to analyze stress 

distribution of the specimen and Position (B) was measured near the fillet zone to 

analyze the stress concentration at the corner of the fillet. 

 

Figure 5.8 The Measurement Positions of the Specimen 

Figure 5.9 presents Von-mises stress (A) and principle stress (B). PH-A 

represents the stress distribution of the original bending line. The results from the 

simulation indicated that the maximum stress region is at 36 mm which occurs in the 

fillet zone.  Whereas, PH-B represents the stress distribution of the new bending line. 

The results showed that the maximum stress region has shifted from 36 mm to 42 mm. 

The simulation results revealed that the bending process design can prevent the high 

stress concentration at the corner of the fillet which lead to the formation of the cracking 

during usage. 
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(A)     (B) 

Figure 5.9 Stress Profile from Bending Simulation between PH-A and PH-B (A) 

Von Mises Stress and (B) Maximum principal Stress 

 

5.4. Validation 

Validation of the simulation results were compared by micro Vickers hardness 

test as shown in Figure 5.10. 

 

Figure 5.10 Micro Vickers Hardness Test 
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The specimens were measured at the same position as shown Figure 5.11. The 

corner of the fillet and the fillet zone were analyzed to validate the stress concentration 

of the specimens. 

 

Figure 5.11 Validation of the Computer Simulation with Micro Vickers 

Hardness Test near the Fillet Zone 

The hardness results at the fillet of the chain plate are shown in Table 5.5. The 

results of the bending simulation showed that the hardness was converted from 

equivalent stress to micro Vickers hardness. The simulation results are in accordance 

with the actual specimen measurement results. The hardness results of the new bending 

line (161.2 HV) is lower than the original bending line (205.7 HV).  It can be seen that 

position 1 presents a higher hardness result than position 2. It was found that there was 

a higher effect on residual stress at position 1 due to the location of the fillet zone. This 

proves that the new bending line can effectively reduce the stress concentration on the 

fillet of the chain plate which leads to the formation of the cracking during usage. 

Table 5.5  The Results from Vickers Hardness Test and Simulation 

 
Code 

Micro Vickers Hardness Test (HV) 

Position 1 Position 2 

The original 

bending line 

Specimen-A 205.7 177.4 

PH-A 185.82 (592 MPa) 160.29 (513 MPa) 

The new bending 

line 

Specimen-B 161.2 151.4 

PH-B 157.58  (501 MPa) 131.77  (447.27 MPa) 

1 2 
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Figure 5.12 shows the hardness results of the specimens measured by micro 

Vickers hardness test. In comparison with the test results, the new bending line (b) 

presented lower hardness result than that of the original bending line (a). The hardness 

profile obtained from the simulation are entirely consistent with the actual region of 

stress distribution of the specimens. 

  

(A)                      (B) 

Figure 5.12 Validation between Computer Simulation Result and Lab Test of 

Specimen (A) the Original Bending line (34 mm) and (B) the New Bending line 

(37 mm)  

The phenomena of the specimens after the bending process are shown in Figure 

5.13 (the original bending line) and Figure 5.14 (the new bending line). The Figures 

present the deformation results of geometry and dimension of the specimen from 

computer simulation (A) and the bending machine (B). 
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  (A)     (B) 

Figure 5.13 The Comparison of Bending Process Results between (A) the 

Computer Simulation, and (B) the Bending Machine (34 mm) 

 

  (A)     (B) 

Figure 5.14 The Comparison of Bending Process Results between (A) the 

Computer Simulation, and (B) the Bending Machine (37 mm) 
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5.5. Discussion 

The simulation results from the study defined the highest stress concentration 

occurred at the edge of fillet of the original bending line. The test results revealed that 

the simulation results are entirely consistent with the actual region of the cracking 

during usage. Therefore, the new bending line 37 mm was examined in order to reduce 

the stress concentration on the fillet zone of the chain plate. The results indicated that 

the stress concentration on the fillet zone of the original bending line is higher than that 

of the new bending line. The results stated that the stress distribution on the fillet zone 

of the new bending line had changed, thereby leading a reduction in stress concentration 

and the crack during usage. The micro Vickers hardness results proved that the bending 

process design can effectively reduce and prevent the high stress concentration on the 

fillet of the chain plate and results in the lifetime extension. 

5.6. Future Work 

The limitation in this part of the study is primarily concerned with high costs of 

raw materials and characterization methods. For further research using V-die bending 

process can be made as follows; 

1. The analysis and investigation of the effect of corrosive seawater on the chain 

plate by using SEM and other techniques 

2. The analysis of residual stress of the chain plate by XRD technique  
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Chapter 6  Conclusion 

The first part of this thesis aimed to investigate and improve the surface 

hardness and wear resistance of the roller chain parts, which results in the chain lifetime 

extension. There are several factors affecting the quality of the roller chain parts in the 

heat treatment process. 

 Decarburization still occurs in the original heat treatment process of the factory, 

since only 20 grams of charcoal mixture charging in the begin cannot prevent the 

oxidation reaction during the whole process of heat treatment. Decarburization during 

the heat treatment process plays an important role in decreasing the surface hardness 

and wear resistance at the 50 micron-layer beneath the outside surface. 

The results of the 11 mm pin from the experiment indicated that CB-02 and CN-

01 specimen shows the best wear resistance. The results showed that the mechanical 

properties of the specimens from adding CB-02 and CN-01 presented nearly the same, 

although adding a lesser amount of hardening agent with the mixture of urea in CN-01. 

One possible reason can be that the hardening agent with the mixture of urea plays an 

important role in increasing the surface hardness of the specimens. The experiment also 

showed that the wear resistance ability in both cases improved approximately 50% or 

by double compared to that of the original product. 

The experiment design of the 9.5 mm pin was carried out after considering the 

results from the 11 mm pin. The wear loss area of CN-30s was lower than the original 

product around 10-15%, which has no significant different from the original product. 

Whereas, CB-30 presented the best wear resistance ability, which was 30% higher than 

that of CN-30s.  
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The test results of the 5.9 mm pin indicated that the rise of the amount of 

hardening agent added into the furnace with the specimens improved the wear 

resistance ability of the pin part. The wear test results of the test specimen after 15 

minutes showed better wear resistance than the original product around 50%. However, 

after 30 minutes, the test specimens showed almost the same values of the wear loss 

area whereas, the experiment results presented better wear resistance than the original 

product around 20%. 

 The experiments can be explained by the fact that the addition of the hardening 

agent with the specimens at the beginning of the process was not sufficient to improve 

the wear resistance ability of pin parts. As a result, the hardening agent was added with 

the specimens into the furnace and at the mid-point of the holding period to improve 

wear resistance. The results of the experiment from the addition of the hardening agent 

into the furnace to improve the wear resistance of the pin parts showed that the amount 

and the ratio of the hardening agent has a significant effect on the mechanical 

properties. The suitable amount of the hardening agent has a significant influence on 

mechanical properties of the specimens, thereby leading to an increased lifetime. 

The second part of the thesis was to increase the lifetime of the chain plate in 

the corrosive condition. The computer simulation was used to examine in order to 

improve the bending process design and to prevent the high stress concentration at the 

corner which leads to the formation of the cracking during usage. The simulation results 

from the study defined the highest stress concentration occurred at the corner of the 

fillet in the original bending line (34 mm). The test results revealed that the simulation 

results are entirely consistent with the actual region of the crack during usage. The new 

bending line (37 mm) can reduce the stress concentration on the fillet zone of the chain 

plate. The simulation results which were validated with the micro Vickers hardness 

results proved that the bending process design can effectively reduce the high stress 

concentration and prevent cracking at the fillet of the chain plate which results in the 

lifetime extension. 
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This thesis offered the solutions that help the factory to improve the surface 

hardness and wear resistance of the roller chain parts by developing the heat treatment 

process and to prevent cracking during usage of the chain plate by using computer 

simulation to improve the bending process design. Both cases resulted in the lifetime 

extension of the roller chain used in an industrial factory and the agricultural industry. 
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Appendix A 

Part of assembly jig for double shear test 
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Appendix B 

Example of double shear test result 
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Appendix C 

Example of surface roughness result 
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