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The fracture of a driving helical gear in the 5th position gearing system in the gear-

box of pick-up car which was to adjust the engine to increase horsepower. The helical gear 
was made from chromium steel JIS-SCr 420. It has been determined in many ways on the 
failure analysis of this helical gear i.e. 1) Composition (wt%) analysis with a spectrometer, 
2) Vickers test, 3) Microstructural analysis with optical microscope, which the crack of the 
surface layer and energy dispersive spectroscopy using a scanning electron microscope, 4) 
Helical gear’s AGMA bending stress and AGMA contact stress equation analysis and 5) All 
results compared with the finite element method. The analysis of summary results of this 
driving helical gear was determined with a fatigue fracture, which the load of contact stress 
over took the tensile strength of the material (1,300 MPa). The fracture characteristic of the 
helical gear’s surface was expected with the fracture as transgranular and Intergranular, 
which had been absolutely observed as the brittle fracture. On the axial of helical gear was 
fractured as the cleavage features and pitting. This mixing failure area can be illustrated by 
the brittle and ductile fracture. It can be seen that the mixing failure area of oxide inclusion 
with carbide surrounding before the liquid state of material will be solidified which caused 
the failure of this driving helical gear. The summary analysis results can be accorded with 
the assumption of this research and as the information for a protection of any failure 
gearing.  
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CHAPTER 1 

INTRODUCTION 

 

1 Overview 
The helical gears are part of the transmission system in an automobile, to transmit 

power and motion from one to another parallel shaft. Failure of gears results in replacement 
parts and increased cost. For example, in this case, the pickup has to adjust the engine to 
increase horsepower. The transmission system was not designed for the higher torque. 
This results in a fracture in the helical gear in the 5th position during the change from gear 
of 4th to 5th position. The helical gears made from chromium steel (JIS-SCr 420/AISI 5120) 
and more process of heat treatment. 

The causes of gear failure are numerous including faulty design, improper 
applications, and manufacturing errors. Design errors include such things as incorrect gear 
geometry, incorrect material, poor material quality, and inadequate lubrication system. 
Application errors include things such as improper mounting and installation, inadequate 
cooling, improper lubrication, and poor maintenance. Manufacturing errors could be poor 
machining or faulty heat treatment of parts or poor gear system assembly.  

Most of that damage is caused by a fracture of the teeth reacting with bending 
stresses. This phenomenon is called (pitting) or the holes on the gear teeth which stress 
exposed at the surface due to the backlash (contact stress). Analysis of the bending 
stresses and contact stress is used in several methods. Analysis of the bending stresses by 
AGMA bending equation and contact stresses by AGMA contact equation, both methods 
show difficulty. Another better method is finite element method which can simulate the 
stresses induced in the teeth flank, teeth fillet during meshing of gears. Because of the 
above, this is the source of the breakage problem with the helical gears and using any 
tools to analyze the objective of the research is to study chemical properties, mechanical 
properties, microstructure and analytical method bending stress uses Lewis equation of 
AGMA standards and contact stress uses Hertz equation of AGMA standards and the 
results were compared with finite element method. These are all tools that are used widely 
in the automotive industry.  
 
 



This paper aims to identify the causes of failure in a helical gear used in a pick-up 
car. The knowledge gained from this investigation would help prevent or minimize the 
reoccurrence of similar failures in the future. 
 

2 Assumption 
 Factors affecting failure of the helical gears (Chemical composition, dimension of 

gears, torque, crack, speed, bending stress and contact stress) are critical for the 

mechanical properties of the harden chromium steel gears (JIS-SCr 420) 
 

3 Objective  

3.1 To analyze physical and mechanical property of a helical gear transmission  
pickup car. 

3.2 To analyze bending and contact stresses of a helical gear transmission of 

pickup car using finite element method. 
 

4 Scope  
 This research aims to analyze failure of helical gears that are made of harden 

chromium steel gears (JIS-SCr 420) is following as. 
4.1 Chemical composition analysis. 

4.2 Mechanical property of gear. 

4.3 Analysis of bending stresses by AGMA bending equation and contact stresses 

by AGMA contact equation. 
4.4 Analysis bending stress and contact stress using finite element method. 

4.5 To compare the result between mechanical test and finite element method. 

 

 

 
 



CHAPTER 2 

LITERATURE REVIEW AND THEORY 

 

1. Literature Review  
Sermsak Kateboonlue (2002), Analysis of the stress distribution in spur and helical 

gear teeth by the finite element method. Analysis of stresses in spur and helical gear by 

using the theoretical equation compare a finite element method. Based on the results 

obtained from the finite element analysis and the theoretical equations, namely, Lewis 

equation and AGMA standard, it was found that the maximum bending stresses were found 

to be at the radius of gear fillets. The relationships between the bending stress and the 

corresponding dependent parameters; namely, diametral pitch, face width, gear ratio and 

transmitted power were also determined by using the data obtained from the finite element 

analysis and the theoretical equations, namely, Lewis equation and AGMA standard. Based 

on the results, it was found that those relationships were identical. 

Anat Hasap (2005), Wear characteristics of miniature spur gear in high precision 

transmission systems. Experiment with the wear of spur gears in high precision 

transmission system which consists of a small gear made from materials in the polymer 

poly bromide and Poly ox methylene. Study the impact of various factors as affecting the 

wear of the small gear such torque, speed of operating conditions and the relationship of 

various factors on the wear of the small gear. The results of this study can be used as 

models for the design and applications for spur gears in high precision transmission 

system. 

Osman Asi (2005), Fatigue failure of a helical gear in a gearbox. This paper 

presents a failure analysis of a helical gear used in gearbox of a bus, which is made from 

AISI 8620 steel. The helical gear had been in service about three years when several teeth 

failed. The failed helical gear had a number of adjacent teeth and random teeth breakage 

at one end of the teeth. An evaluation of the failed helical gear was undertaken to assess 

its integrity that included a visual examination, photo documentation, chemical analysis, 

http://www.sciencedirect.com/science/article/pii/S1350630705001780


micro-hardness measurement, and metallographic examination. The failure zones were 

examined with the help of a scanning electron microscope equipped with EDX facility. 

Results indicate that teeth of the helical gear failed by fatigue with a fatigue crack initiation 

from destructive pitting and spalling region at one end of tooth in the vicinity of the pitch 

line because of misalignment. 

Samroeng Netpu, Panya Srichandr (2012), Failure analysis of a helical gear in a 

gearbox used in a steel rolling mill. This paper reports the results of an investigation into 

the premature failure of a helical gear used in a gearbox of a steel mill in Thailand. The 

gear failed after about 15,000 h of service which was much shorter than the normal service 

life of 40,000-50,000 h. It was concluded the helical gear subsequently failed due to fatigue 

fracture initiated by surface and subsurface damages resulting from excessive contact 

stress. Excessive contact stress at gear tooth surface resulted from the replacement of a 

new, more powerful motor. The lesson learned from this case is that one must be careful 

when replacing key components of machines. The consequences of any replacements must 

first be thoroughly analysed before the final decisions are made. 

Charnont Moolwan, Samroeng Netpu (2012), Failure analysis of a two high gearbox 

shaft. This paper reports the results of failure analysis of a two high gearbox shaft of a 

gearbox in a hot steel rolling mill in Thailand which fail prematurely after about 15,000 

hours of service. Standard procedures for failure analysis were employed in this 

investigation. The results showed that the shaft failed by fatigue fracture. Beach marks on 

the fracture surface were clearly visible. Fatigue cracks were initiated at the corners of the 

wobbler. Relatively small final fracture area of the fracture surface indicated that the shaft 

was under a low stress at the time of failure. It is concluded that the shaft failed by fatigue 

fracture and that premature failure occurred due to high stress concentration at the corners 

of the wobbler of the shaft which led eventually to fatigue crack initiation, crack growth, and 

final fracture. Improved design and machining practice suggested that this would help 

prolong service life of the component. 

Govind T Sarkar, Yogesh L Yenarkar, Dipak V Bhope (2013), Stress analysis of 

helical gear by finite element method. The bending and surface stresses of gear tooth are 



major factor for failure of gear. Pitting is a surface fatigue failure due to repetitions of high 

contact stresses. This paper investigates finite element model for monitoring the stresses 

induced of tooth flank, tooth fillet during meshing of gears. The involute profile of helical 

gear has been modeled and the simulation is carried out for the bending and contact 

stresses and the same have been estimated. To estimate bending and contact stresses, 3D 

models for different helical angle, face width are generated by modeling software and 

simulation is done by finite element software packages. Analytical methods of calculating 

gear bending stresses uses AGMA bending equation and for contact stress AGMA contact 

equation are used. It is important to develop appropriate models of contact element and to 

get equivalent result using Ansys and compare the result with standard AGMA stress. 

Samroeng Netpu, Panya Srichandr (2013), Failure analysis of a helical gear in 

power plant. This paper reports the results of failure analysis of failure analysis of a helical 

gear used in a power plant in Thailand. The gear failed after approximately nine years of 

service. Visual inspection as well as macro and microscopic examinations of fracture 

surface were performed. Microstructure of the gear material was examined and 

microanalysis were carried out. Microhardness at the case of the gear at various distances 

from the surface were measured. The results showed that the fracture surface exhibited 

fatigue fracture characteristics. There were inclusions in the microstructure of gear material. 

Microanalysis results indicated that the inclusions are iron oxide surrounded by (FeMo)3C 

carbide. It is concluded that the gear failed by fatigue fracture. The inclusion were thought 

to be formed during the casting of the ingot that was used to make the gear blank, possibly 

due to inadequate degassing or deoxidation of liguid steel prior to ingot casting. 

J. Venkatesh, Mr. P. B. G. S. N. Murthy (2014), Design and structural analysis of 

high speed helical gear using Ansys. In the gear design the bending stress and surface 

strength of the gear tooth are considered to be one of the main contributors for the failure 

of the gear in a gear set. Thus, the analysis of stresses has become popular as an area of 

research on gears to minimize or to reduce the failures and for optimal design of gears In 

this paper bending and contact stresses are calculated by using analytical method as well 

as Finite element analysis. To estimate bending stress modified Lewis beam strength 



method is used. Pro-e solid modeling software is used to generate the 3-D solid model of 

helical gear. Ansys software package is used to analyze the bending stress. Contact 

stresses are calculated by using modified AGMA contact stress method. In this also Pro-e 

solid modeling software is used to generate contact gear tooth model. Ansys software 

package is used to analyze the contact stress. Finally these two methods bending and 

contact stress results are compared with each other. 
 

 

2. Theory  
2.1 Gearing material 
Alloyed steel to JIS G 4053 case hardening steels standard grade SCr 420 (AISI- 

5120) for applications requiring high tensile strength and toughness values, in particular in 

medium and large cross sections in the quenched and tempered condition. The chemical 

composition of SCr 420 alloy steel as shows in table 1.  
 

Table 1 Chemical composition for chromium steel SCr 420. (From JIS G 4053. (2003).   

 Japanese Industrial Standard. First English Edition. Japan) 

 

Typical analysis C Si Mn P S Ni Cr 

(Ave. values %) 0.18-0.23 0.15-0.35 0.60-0.90 ≤ 0.030 ≤ 0.030 ≤ 0.025 0.90-1.20 

 

SCr 420- alloyed case hardening steel for parts with a required core tensile strength 

of 1000 - 1300 N/mm² and good wearing resistance as boxes, piston bolts, spindles, 

camshafts, gears, shafts and other mechanical controlling parts. The heat treatments and 

mechanical properties of SCr 420 steel look at table 2 – 3. The details are obtained in 

Appendix B. 
 

 

 



Table 2 Heat treatments of SCr 420 alloy steel. (From Saarstahl. Material Specification Sheet.  

URL: http//www.saarstahl.com) 
 

Forging   Commence 1100 - 850°C  

Normalizing Heat to approx. 840 - 870˚C, furnace cooling 

Soft annealing Heat to approx. 650 - 700°C/furnace 

Carburising Heat to approx. 880 - 980°C 

Core hardening Heat to approx. 860 - 900°C/oil 

Case hardening Heat to approx. 780 - 820°C/oil 

Tempering Heat to approx. 150 - 200°C, water cooling 

 

Table 3 Mechanical properties of SCr 420 alloy steel. (From Saarstahl. Material Specification  

Sheet. URL: http//www.saarstahl.com) 

 

Tensile Strength N/mm2  1000 - 1300 

Modulus of elasticity 103 N/mm2 210 

Brinell hardness   (HBW):   (+TH) 170 – 217 HB 

Percentage of elongation % 8% minimum 

Reduction Ratio Minimum 3.5:1 

 

The microstructure of case carburized and tempered specimen of SCr420 steel as 

shown in Figure 1, the metallographic observations perform revealed the presence of fine 

pearlitic microstructures with inter lamellar spacing on the order of 20 µm. When viewed at 

high magnification, deep-penetrating grain boundary oxides could be observed in the 

outermost layers of polished and etched specimens, as shown in Figure 2. In order to 

ascertain the depth of oxide formation, the specimens were polished lightly after etching 

with Nital.  

 

 



 

 

 

 

 

 
 

Figure 1 Metallograph of SCr420 steel (etched in 3% Nital for 4 seconds) in green state  

revealing the presence of pearlitic microstructure. (From Dry Sliding Wear Behavior of 

Carburized 20mncr5 Alloy Steel, International Journal of Engineering Science 

Invention,Vol. 3, 2014) 

 
 

 

 

 

 

 

 

 

 

Figure 2 Micrographs indicating the presence of internal oxidation in SCr420 specimens  

etched in 3% Nital for 5 seconds. (From Dry Sliding Wear Behavior of Carburized 

20mncr5 Alloy Steel, International Journal of Engineering Science Invention, Vol.3, 2014) 

 

2.2 Carburizing of gears 

This is the oldest and one of the cheapest methods of case hardening. A low-

carbon steel, usually about 0.20 percent carbon or lower, is placed in an atmosphere that 

contains substantial amounts of carbon monoxide. The usual carburizing temperature is 



1700oF. The carburizing process diffuses carbon into the surface of heat-treated 

components in an atmosphere controlled furnace followed by directly quenching the 

processed gears into a selected quenchant thus introducing high carbon quenched, hard 

martensite case. Commercial carburizing may be accomplished by means of pack 

carburizing, gas carburizing, and liquid carburizing. 

2.2.1 Pack carburizing 

In pack carburizing, the work is surrounded by a carburizing compound in a 

closed container. The container is heated to the proper temperature for the required amount 

time and then slow-cooled. This is essentially a batch method and does not lend itself to 

high production. Commercial carburizing compounds usually consist of hardwood charcoal, 

coke, and about 20 percent of barium carbonate as an energizer. The carburizing 

compound is in the form of coarse particles or lumps, so that, when the cover is sealed on 

the container, sufficient air will be trapped inside to form carbon monoxide. The principal 

advantages of pack carburizing are that it does not require the use of a prepared 

atmosphere and that it is efficient and economical for individual processing of small lots of 

parts or of large, massive parts. The disadvantages are that It is not well suited to the 

production of thin carburized cases that must be controlled to close tolerances; it Cannot 

provide the close control of surface carbon that can be obtained by gas carburizing; parts 

cannot be direct-quenched from the carburizing temperature; and excessive time is 

consumed in heating and cooling the, charge. Because of the inherent variation in case 

depth and the cost of packing materials, pack carburizing is not used on work requiring a 

case depth of less than 0.030 in. and tolerances are at least 0.010 in. 

2.2.2 Liquid carburizing  

Liquid carburizing is a method of case hardening steel by placing it in a bath of  

molten cyanide so that carbon will diffuse from the bath in to the metal and produce a case 

comparable to the one resulting from pack or gas carburizing. Liquid carburizing may be 

distinguished from cyaniding by the character and composition of the case produced. The 

cyanide case is higher in nitrogen and lower in carbon the reverse is true of liquid 

carburized cases. Low temperature salt baths (lights case) usually contain a cyanide 



content of 20 percent and operate between 1550 °F and 1650° F. High temperature salt 

baths (deep case) usually have cyanide content of 10 percent and operate between 1650°F 

and 1750° F. 

2.2.3 Gas carburizing 

Gas carburizing consists of heating and holding low carbon alloy steel (0.07-

0.28 percent Carbon) at normally 1650–1800oF (899–982oC) in a controlled atmosphere 

which causes additional carbon to diffuse into the steel (typically 0.70-1.10 percent carbon 

at the surface). Gear blanks to be carburized and hardened are generally preheated after 

the initial anneal by a subcritical anneal at 1100 oF-1250oF (590–675oC), normalize, 

normalize and temper or quench and temper to specified hardness before carburize 

hardening. This is done for machinability, dimensional stability and possible grain 

refinement considerations. An intermediate stress relief before final machining before 

carburizing may be used to remove residual stress from rough machining. After carburizing 

for the appropriate time, gearing will usually be cooled to 1475-1550oF (802–843oC), held at 

temperature to stabilize while maintaining the carbon potential, and direct quenched. 

Gearing may be atmosphere cooled after carburizing to below approximately 600oF (315oC) 

and then reheated in controlled atmosphere to 1475-1550oF (802-843oC) and quenched. 

After quenching, gearing is usually tempered at 300–375oF (149–191oC). Gearing may be 

subsequently given a refrigeration treatment to transform retained austenite and 

retempered. 

 

2.3 Failure analysis 

 The failure of engineering materials is almost always an undesirable event for 

several reasons; these include human lives that are put in jeopardy, economic losses, and 

the interference with the availability of products and services. Even though the causes of 

failure and the behavior of materials may be known, prevention of failures is difficult to 

guarantee. The usual causes are improper materials selection and processing and 

inadequate design of the component or its misuse. It is the responsibility of the engineer to 

anticipate and plan for possible failure and, in the event that failure does occur, to assess 



its cause and then take appropriate preventive measures against future incidents. The 

following topics are simple fracture ductile and brittle modes. These discussions include 

failure mechanisms and methods by which failure may be prevented or controlled. 

2.3.1 Ductile fracture 

Ductile fracture surfaces will have their own distinctive features on both 

Macroscopic and microscopic levels. Figure 3 shows schematic representations for two 

characteristic macroscopic fracture profiles. The configuration shown in Figure 3a is found 

for extremely soft metals, such as pure gold and lead at room temperature, and other 

metals, polymers, and inorganic glasses at elevated temperatures. These highly ductile 

materials neck down to a point fracture, showing virtually 100% reduction in area. 

 

 

 

 

 

 

 

 

 

Figure 3 (a) Highly ductile fracture in which the specimen necks down to a point. (b)  

Moderately ductile fracture after some necking. (c) Brittle fracture without any plastic 

deformation. (From William D. Callister, Jr., Materials Science and Engineering an 

Introduction Failure, Seventh edition, Copyright 2007 by John Wiley & Sons, Inc 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 4 Stages in the cup-and-cone fracture. (a) Initial necking. (b) Small cavity formation. 

 (c) Coalescence of cavities to form a crack. (d) Crack propagation. (e) Final shear 

fracture at a angle relative to the tensile direction. (From K. M. Ralls, T. H. Courtney, 

and J.Wulff, Introduction to Materials Science and Engineering, p. 468. Copyright © 1976 

by John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.) 

 

The most common type of tensile fracture profile for ductile metals is that 

represented in Figure 3b, where fracture is preceded by only a moderate amount of 

necking. The fracture process normally occurs in several stages (Figure 4). First, after 

necking begins, small cavities, or microvoids, form in the interior of the cross section, as 

indicated in Figure 4b. Next, as deformation continues, these microvoids enlarge, come 

together, and coalesce to form an elliptical crack, which has its long axis perpendicular to 

the stress direction. The crack continues to grow in a direction parallel to its major axis by 

this microvoid coalescence process (Figure 4c). Finally, fracture ensues by the rapid 

propagation of a crack around the outer perimeter of the neck (Figure 4d), by shear 

deformation at an angle of about with the tensile axis-this is the angle at which the shear 

stress is a maximum. Sometimes a fracture having this characteristic surface contour is 

termed a cup-and-cone fracture because one of the mating surfaces is in the form of a cup, 

the other like a cone. In this type of fractured specimen (Figure 5a), the central interior 

region of the surface has an irregular and fibrous appearance, which is indicative of plastic 

deformation. 

 



 

 

 

 

 

Figure 5 (a) Cup-and-cone fracture in aluminum. (b) Brittle fracture in a mild steel. (From  

William D. Callister, Jr., Materials Science and Engineering an Introduction Failure, 

Seventh edition, Copyright 2007 by John Wiley & Sons, Inc.) 

 

Much more detailed information regarding the mechanism of fracture is 

available from microscopic examination, normally using scanning electron microscopy. 

Studies of this type are termed fractographic. The scanning electron microscope is 

preferred for fractographic examinations since it has a much better resolution and depth of 

field than does the optical microscope; these characteristics are necessary to reveal the 

topographical features of fracture surfaces. 

 

 

 

 

 

 

 

 

Figure 6 (a) Scanning electron fractograph showing spherical dimples characteristic of  

ductile fracture resulting from uniaxial tensile loads. 3300x. (b) Scanning electron 

fractograph showing parabolic-shaped dimples characteristic of ductile fracture resulting 

from shear loading. 5000x. (From R.W. Hertzberg, Deformation and Fracture Mechanics 

of Engineering Materials, 3rd edition. Copyright © 1989 by John Wiley & Sons, New 

York. Reprinted by permission of John Wiley & Sons, Inc.) 



When the fibrous central region of a cup-and-cone fracture surface is examined 

with the electron microscope at a high magnification, it will be found to consist of numerous 

spherical “dimples” (Figure 6a); this structure is characteristic of fracture resulting from 

uniaxial tensile failure. Each dimple is one half of a microvoid that formed and then 

separated during the fracture process. Dimples also form on the shear lip of the cup-and-

cone fracture. However, these will be elongated or C-shaped, as shown in Figure 6b. This 

parabolic shape may be indicative of shear failure. Furthermore, other microscopic fracture 

surface features are also possible. Fractographs such as those shown in Figure 6a and 6b 

provide valuable information in the analyses of fracture, such as the fracture mode, the 

stress state, and the site of crack initiation. 

2.3.2 Brittle fracture 

Fracture surfaces of materials that failed in a brittle manner will have their own 

distinctive patterns; any signs of gross plastic deformation will be absent. For example, in 

some steel pieces, a series of V-shaped “chevron” markings may form near the center of 

the fracture cross section that point back toward the crack initiation site (Figure 7a). Other 

brittle fracture surfaces contain lines or ridges that radiate from the origin of the crack in a 

fanlike pattern (Figure 7b). Often, both of these marking patterns will be sufficiently coarse 

to be discerned with the naked eye. For very hard and fine-grained metals, there will be no 

discernible fracture pattern. Figure 8, a micrograph of the center of axle specimen reveals 

the presence of cleavage features, which indicates that this was a brittle fracture. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 7 (a) Photograph showing V-shaped “chevron” markings characteristic of brittle  

fracture. Arrows indicate origin of crack. Approximately actual size. (b) Photograph of a 

brittle fracture surface showing radial fan-shaped ridges. Arrow indicates origin of crack. 

Approximately 2x. ((a) From R.W. Hertzberg, Deformation and Fracture Mechanics of 

Engineering Materials, 3rd edition. Copyright © 1989 by John Wiley & Sons, New York. 

Reprinted by permission of John Wiley & Sons, Inc. Photograph courtesy of Roger 

Slutter, Lehigh University. (b) Reproduced with permission from D. J.Wulpi, 

Understanding How Components Fail, American Society for Metals, Materials Park,  

OH, 1985.) 

 

For most brittle crystalline materials, crack propagation corresponds to the 

Successive and repeated breaking of atomic bonds along specific crystallographic planes 

(Figure 9a); such a process is termed cleavage. This type of fracture is said to be 

transgranular (or transcrystalline), because the fracture cracks pass through the grains. 

Macroscopically, the fracture surface may have a grainy or faceted texture (Figure 9b), as a 

result of changes in orientation of the cleavage planes from grain to grain. This cleavage 

feature is shown at a higher magnification in the scanning electron micrograph of Figure 9b. 

 

 

 

 



 

 

 
 

 

 

 

 

Figure 8 This area of cleavage fracture from the center of axle is typical of cleavage  

fracture.  (From Failure Analysis of Induction Hardened Automotive Axles, Journal of 

Failure Analysis & Prevention, Vol. 8 (2008), Springer) 

 

In some alloys, crack propagation is along grain boundaries (Figure 10a); this 

fracture is termed intergranular. Figure 10b is a scanning electron micrograph showing a 

typical intergranular fracture. This type of fracture normally results subsequent to the 

occurrence of processes that weaken or embrittle grain boundary regions. 

 

 

 

 

 

 

 

 

Figure 9 (a) Schematic cross-section profile showing crack propagation through the interior  

of grains for transgranular fracture. (b) Scanning electron fractograph of ductile cast iron 

showing a transgranular fracture surface. Magnification unknown. (Figure (b) from V. J. 

Colangelo and F. A. Heiser, Analysis of Metallurgical Failures, 2nd edition. Copyright © 

1987 by John Wiley & Sons, New York. Reprinted by permission of John Wiley & Son.) 



 

 

 

 

 

 

 

 

Figure 10 (a) Schematic cross-section profile showing crack propagation along grain  

boundaries for intergranular fracture. (b) Scanning electron fractograph showing an 

intergranular fracture surface. 50x. (Figure (b) reproduced with permission from ASM 

Handbook, Vol. 12, Fractography, ASM International, Materials Park, OH, 1987.) 

 

2.4 Fundamentals of gear 
The terminology of spur-gear teeth is illustrated in Figure 11. A pinion is the smaller 

of two mating gears. The larger is often called the driven gear. 

The circular pitch p is the distance, measured on the pitch circle, from a point on 

one tooth to a corresponding point on an adjacent tooth. Thus the circular pitch is equal to 

the sum of the tooth thickness and the width of space. 
 

 

 

 

 

 

 

 

 

 

Figure 11 Nomenclature of spur-gear teeth (From Shigley’s, Mechanical engineering design,  

Tenth edition, Copyright 2011 by the McGraw-Hill companies Inc., Reprinted by 

permission of the McGraw-Hill companies Inc.) 



The module m is the ratio of the pitch diameter to the number of teeth. The 

customary unit of length used is the millimeter. The module is the index of tooth size in SI. 

The diametral pitch P is the ratio of the number of teeth on the gear to the pitch 

diameter. Thus, it is the reciprocal of the module. Since diametral pitch is used only with 

U.S. units, it is expressed as teeth per inch. 

The addendum (a) is the radial distance between the top land and the pitch circle. 

The dedendum b is the radial distance from the bottom land to the pitch circle. The whole 

depth ht is the sum of the addendum and the dedendum. 

The clearance circle is a circle that is tangent to the addendum circle of the mating 

gear. The clearance c is the amount by which the dedendum in a given gear exceeds the 

addendum of its mating gear. The backlash is the amount by which the width of a tooth 

space exceeds the thickness of the engaging tooth measured on the pitch circles. 

 

2.5 The Lewis bending equation 
Wilfred Lewis introduced an equation for estimating the bending stress in gear teeth 

in which the tooth form entered into the formulation. The equation, announced in 1892, still 

remains the basis for most gear design today 
 

 

 

 

 

 

 

 

 

 

Figure 12 The maximum stress in a gear tooth. (From Shigley’s, Mechanical engineering  

design, Tenth edition, Copyright 2015 by the McGraw-Hill companies Inc., Reprinted by 

permission of the McGraw-Hill companies Inc.) 

 



To derive the basic Lewis equation, refer to Figure 12. Bending failure and pitting of 

the teeth are the two main failure modes in a transmission gearbox. The bending stresses 

in a helical gear are another interesting problem. When loads are too large, bending failure 

will occur. Bending failure in gears is predicted by comparing the calculated bending stress 

to experimentally-determined allowable fatigue values for the given material. This bending 

stress Equation (2-1) was derived from the Lewis formula. Bending Stress is given by 

b  = 
Jt

t

YbmK

W



     (2-1) 

     called the Lewis form factor. The Lewis equation considers only static loading 

and does not take the dynamics of meshing teeth into account. 

The maximum stress is expected at the point which is a tangential point where the 

parabola curve is tangent to the curve of the tooth root fillet called parabola tangential 

method. Two points can be found at each side of the tooth root fillet. The stress on the 

area connecting those two points is thought to be the worst case.  

The AGMA equation for bending stresses given by, 

    b = 
Jt

BHso

t

Ybm

KKKKKW      (2-2) 

where for SI units, tW  is the tangential transmitted load (N), K is the dynamic 

factor, sK is the size factor, BK is the rim-thickness factor, b is the face width of the 

narrower member (mm), HK is the load-distribution factor, oK is the overload factor, tm  is 

the transverse metric module, JY  is the geometry factor for bending strength. 

2.5.1 Overload Factor oK  

The overload factor oK  is intended to make allowance for all externally applied 

loads in excess of the nominal tangential load tW in a particular application see Table 4. 

Examples include variations in torque from the mean value due to firing of cylinders in an 

internal combustion engine or reaction to torque variations in a piston pump drive. There 

are other similar factors such as application factor or service factor. These factors are 

established after considerable field experience in a particular application. 

 

 

JY



Table 4 Overload Factor, oK  

 

Driven Machine 

Power source Uniform Moderate shock Heavy shock 

Uniform 1.00 1.25 1.75 

Light shock 1.25 1.50 2.00 

Medium shock 1.50 1.75 2.25 

 

2.5.2 Size Factor sK  

The size factor reflects non-uniformity of material properties due to size. It 

depends upon Tooth size, Diameter of part, Ratio of tooth size to diameter of part, Face 

width, Area of stress attern, Ratio of case depth to tooth size and Hardenability and heat 

treatment. Standard size factors for gear teeth have not yet been established for cases 

where there is a detrimental size effect. In such cases AGMA recommends a size factor 

greater than unity. If there is no detrimental size effect, use unity. AGMA has identified and 

provided a symbol for size factor. Also, AGMA suggests sK = 1.Noting that sK  is the 

reciprocal of bK , we find the result of all the algebraic substitution is 

 

    sK =
bk

1 = 
0535.0

192.1

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Table 5 Values of the Lewis Form Factor Y  (These Values Are for a Normal Pressure  

Angle of 20o, Full-Depth Teeth, and a Diametral Pitch of Unity in the Plane of Rotation) 

 

Number of Teeth Y  Number of Teeth Y  
12 0.245 28 0.353 

13 0.261 30 0.359 

14 0.277 34 0.371 

15 0.290 38 0.384 

16 0.296 43 0.397 

17 0.303 50 0.409 

18 0.309 60 0.422 

19 0.314 75 0.435 

20 0.322 100 0.447 

21 0.328 150 0.460 

22 0.331 300 0.472 

24 0.337 400 0.480 

26 0.346 Rack 0.485 

 

sK can be viewed as Lewis’s geometry incorporated into the Marin size factor in fatigue. 

You may set sK = 1, or you may elect to use the preceding Eq. (a). This is a point to 

discuss with your instructor. We will use Eq. (a) to remind you that you have a choice. If 

sK in Eq. (a) is less than 1, use sK = 1 

2.5.3 Load-Distribution Factor HK  

The load-distribution factor modified the stress equations to reflect non-uniform 

distribution of load across the line of contact. The ideal is to locate the gear “midspan” 

between two bearings at the zero slope place when the load is applied. However, this is not 

always possible. The following procedure is applicable to 

• Net face width to pinion pitch diameter ratio 2
Pd

F  



• Gear elements mounted between the bearings, Face widths up to 40 in 

• Contact, when loaded, across the full width of the narrowest member 

The load-distribution factor under these conditions is currently given by the face 

load distribution factor, pfC , where 

 

 HK  = 1 + )( emapmpfmc CCCCC      (2-3) 

where  1  for uncrowned teeth 

mcC =          (2-4) 

0.8  for crowned teeth 

  025.0
10


pd

F      F 1 in 

 pfC = F
d

F

p

0125.0037.0
10

     F1 17 in (2-5) 

  2000228.00207.01109.0
10

FF
d

F

p

   F17 40 in 

Note that for values of  PdF 10/  < 0.05,  PdF 10/ = 0.05 is used. 

  1  for straddle-mounted pinion with 
S

S1 < 0.175 

pmC =          (2-6) 

1.1  for straddle-mounted pinion with 175.01 
S

S  

maC  = 2CFBFA         (2-7) 

  0.8 for gearing adjusted at assembly, or compatibility 

 eC =  is improved by lapping, or both   (2-8) 

1 for all other conditions 

 

 

 

 

 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Mesh alignment factor maC . (ANSI/AGMA 2001-D04.) 

 

2.5.4 Dynamic Factor K  

As noted earlier, dynamic factors are used to account for inaccuracies in the 

manufacture and meshing of gear teeth in action. Transmission error is defined as the 

departure from uniform angular velocity of the gear pair. Some of the effects that produce 

transmission error are: 

• Inaccuracies produced in the generation of the tooth profile; these include 

errors in tooth spacing, profile lead, and run out 

• Vibration of the tooth during meshing due to the tooth stiffness 

• Magnitude of the pitch-line velocity 

• Dynamic unbalance of the rotating members 

• Wear and permanent deformation of contacting portions of the teeth 

• Gear shaft misalignment and the linear and angular deflection of the shaft 

In an attempt to account for these effects, AGMA has defined a set of quality 

numbers, Q . These numbers define the tolerances for gears of various sizes manufactured 

to a specified accuracy. Quality numbers 3 to 7 will include most commercial quality gears. 

Quality numbers 8 to 12 are of precision quality. The following equations for the dynamic 

factor are based on these Q numbers: 

 



  K = 
B

A

VA












  200       (2-9) 

where   A = 50 + 56(1 - B) 

  B =   3/2
1225.0 Q       (2-10) 

 

2.5.5 Thickness Factor BK  

When the rim thickness is not sufficient to provide full support for the tooth root, 

the location of bending fatigue failure may be through the gear rim rather than at the tooth 

fillet. In such cases, the use of a stress-modifying factor BK  is recommended. This factor, 

the rim-thickness factor BK , adjusts the estimated bending stress for the thin-rimmed gear.  

 

Table 6 Reliability Factors RK ( ZY ) Source: ANSI/AGMA 2001-D04. 

 

Reliability RK ( ZY ) 

0.9999 1.50 

0.999 1.25 

0.99 1.00 

0.90 0.85 

0.50 0.70 

 

2.5.6 Bending-Strength Geometry Factor JY  

The AGMA factor J employs a modified value of the Lewis form factor, also 

denoted byY ; a fatigue stress-concentration factor fK ; and a tooth load-sharing ratio Nm . 

The load-sharing ratio Nm is equal to the face width divided by the minimum total length of 

the lines of contact. This factor depends on the transverse contact ratio Pm , the face-

contact ratio Fm , the effects of any profile modifications, and the tooth deflection. For spur 

gears, Nm 5 1.0. For helical gears having a face-contact ratio Fm < 2.0, a conservative 

approximation is given by the equation 

 



Nm = 
Z

PN

95.0
     (2-11)  

where NP is the normal base pitch and Y is the length of the line of action in 

the transverse plane. 

 

 

 

 

 

 

 

 

 

Figure 14 Helical-gear geometry factors 'J . Source: The graph is from AGMA 218.01, which 

 is consistent with tabular data from the current AGMA 908-B89. The graph is 

convenient for design purposes. 

 

2.5.7 Surface-Strength Geometry Factor IZ  

The factor I is also called the pitting-resistance geometry factor by AGMA. We 

have replaced  by t , the transverse pressure angle, so that the relation will apply to 

helical gears too. Now define speed ratio Gm as 

    Gm = 
P

G

N

N      (2-12) 

The geometry factor IZ for external spur and helical gears is the denominator 

adding the load-sharing ratio Nm , we obtain a factor valid for both spur and helical gears. 

The equation is then written as 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 15 'J -factor multipliers for use with Figure 14 to find J . Source: The graph is from  

AGMA 218.01, which is consistent with tabular data from the current AGMA 908-B89. 

 

The graph is convenient for design purposes. 
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where Nm = 1 for spur gears. In solving Eq. (2–11) for Nm , note that 

NP  = nnP cos       (2-14) 

where NP is the normal circular pitch. The quantity Z, for use in Eq. (2–11), can 

be obtained from the equation 

Z =   2
1

22

bPp rar   +   2
1

22

bGG rar   -   tGP rr sin   (2-15) 

 

where Pr and 
Gr are the pitch radii and 

bPr and 
bGr the base-circle radii of the 

pinion and gear, respectively.6 Recall from Eq. (13–6), the radius of the base circle is 

br = 
tr cos       (2-16) 

 

 



2.5.8 The Elastic Coefficient EZ  

Values of EZ may be computed directly from Table 7. 

Table 7 Elastic Coefficient EZ , 1psi (1MPa) Source: AGMA 218.01 

 
Gear Material and Modulus  

of Elasticity 
GE , Ibf/in2 (MPa) 

Pinion 

Material 

Pinion Modulus 

of Elasticity  

PE Psi (MPa) 

Steel 

30 x 106 

(2 x 105) 

Malleable Iron 

25 x 106 

(1.7 x 105) 

Nodular Iron 

24 x 106 

(1.7 x 105) 

Cast Iron 

22 x 106 

(1.5 x 105) 

Aluminum Bronze 

17.5 x 106 

(1.2 x 105) 

Tin Bronze 

16 x 106 

(1.1 x 105) 

Steel 30 x 106 

(2 x 105) 

2300 

(191) 

2180 

(181) 

2160 

(179) 

2100 

(174) 

1950 

(162) 

1900 

(158) 

Malleable iron 25 x 106 

(1.7 x 105) 

2180 

(181) 

2090 

(174) 

2070 

(172) 

2020 

(168) 

1900 

(158) 

1850 

(154) 

Nodular iron 24 x 106 

(1.7 x 105) 

2160 

(179) 

2070 

(172 

2050 

(170) 

2000 

(166) 

1880 

(156) 

1830 

(152) 

Cast iron 22 x 106 

(1.5 x 105) 

2100 

(174) 

2020 

(168) 

2000 

(166) 

1960 

(163) 

1850 

(154) 

1800 

(149) 

Aluminum 

bronze 

17.5 x 106 

(1.2 x 105) 

1950 

(162) 

1900 

(158) 

1880 

(156) 

1850 

(154) 

1750 

(145) 

1700 

(141) 

Tin bronze 16 x 106 

(1.1 x 105) 

1900 

(158) 

1850 

(154) 

1830 

(152) 

1800 

(149) 

1700 

(141) 

1650 

(137) 

Poisson’s ratio 5 0.30. 
*When more exact values for modulus of elasticity are obtained from roller contact tests, they may be used. 

 

2.6 The Hertz contact stress 
One of the main gear tooth failure is pitting which is a surface fatigue failure due to 

repetition of high contact stresses occurring in the gear tooth surface while a pair of teeth is 

transmitting power. Contact failure in gears is currently predicted by comparing the 

calculated Hertz contact stress to experimentally determine allowable values for the given 

material. The method of calculating gear contact stress by Hertz’s Equation (2-17) originally 

derived for contact between two cylinders. 

In machine design, problems frequently occur when two members with curved 

surfaces are deformed when pressed against one another giving rise to an area of contact 

under compressive stresses. Of particular interest to the gear designer is the case where 

the curved surfaces are of cylindrical shape because they closely resemble gear tooth 

surfaces. The surface compressive stress (Hertzian stress) is found from the equation 



c  = 

2

2

2

1

2

1

21

11

11

cos

EE

rr

B

Wt

 






     (2-17) 

    1r  = 
2

sinpd , 2r = 
2

sinpd    

AGMA Contact Stress Equations 

The fundamental equation for pitting resistance (contact stress) is  

 

c  = EZ
Iw

RHso

t

bZd

ZKKKKW

1

     (2-18) 

where for SI units, tW  is the tangential transmitted load (N), K  is the dynamic 

factor, sK  is the size factor, b is the face width of the narrower member (mm), HK is the 

load-distribution factor, oK is the overload factor, EZ is an elastic coefficient  2/ mmN , RZ is 

the surface condition factor, wld is the pitch diameter of the pinion (mm) and IZ  is the 

geometry factor for pitting resistance. 

 

2.7 Finite element method 

2.7.1 General steps of the finite element method  

Finite element method is a numerical method to approximate a given problem, 

with the appearance of the problem into smaller parts, called elements, these elements are 

connected together (Node) at a later point in the position to calculate the parameters 

desired (Dependent Variables) by creating an equation for each element corresponding to 

the differential equations of the problem. Then the equation will cause the solution to 

approximate with the finite element method and this will allow us to know the behavior of 

stress and strain, as well as moving around the various positions of the backlash. Current 

has developed a computer program used to calculate stress finite element method making 

it so easy and quick to find the stress in parts that we want to study. The analyst must 

make decisions that are carried out automatically by a computer program step 1-8 as 

following. 



 

 

 

(a) Simple two-noded line element (typically used to represent a bar or beam element) and 

the higher-order line element 

 

 

 

 

(b) Simple two-dimensional elements with corner nodes (typically used to represent plane 

stress/strain) and higher-order two-dimensional elements with intermediate nodes along the 

sides 

 

 

 

 

(c) Simple three-dimensional elements (typically used to represent three-dimensional stress 

state) and higher-order three-dimensional elements with intermediate nodes along edges 

 

 

 

 

(d) Simple axisymmetric triangular and quadrilateral elements used for axisymmetric 

problems 

 

Figure 16 Various types of simple lowest-order finite elements with corner nodes only and  

higher-order elements with intermediate nodes. (From Daryl L. Logan, A First Course in 

the Finite Element Method, Fourth Edition, Copyright 2007 by Thomson Canada Limited) 

 



Step 1 Discretize and select the element types 

Step 1 involves dividing the body into an equivalent system of finite elements 

with associated nodes and choosing the most appropriate element type to model more 

closely with the actual physical behavior. The total number of elements used and their 

variation in size and type within a given body are primarily matters of engineering judgment. 

The elements must be made small enough to give usable results and yet large 

enough to reduce computational effort. Small elements (and possibly higher order 

elements) are generally desirable where the results are changing rapidly, such as where 

changes in geometry occur; large elements can be used where results are relatively 

constant. 

The choice of elements used in a finite element analysis depends on the 

physical makeup of the body under actual loading conditions and on how close to the 

actual behavior the analyst wants the results to be. Judgment concerning the 

appropriateness of one-, two-, or three-dimensional idealizations is necessary. Moreover, 

the choice of the most appropriate element for a particular problem is one of the major 

tasks that must be carried out by the designer/analyst. Elements that are commonly 

employed in practice-most of which are considered in this text-are shown in Fig 2.16. 

The primary line elements [Figure 16(a)] consist of bar (or truss) and beam 

elements. They have a cross-sectional area but are usually represented by line segments. 

In general, the cross-sectional area within the element can vary, but throughout this text it 

will be considered to be constant. The simplest line element (called a linear element) has 

two nodes, one at each end, although higher-order elements having three nodes [Figure 

16(a)] or more (called quadratic, cubic, etc. elements). 

The basic two-dimensional (or plane) elements [Figure 16(b)] are loaded by 

forces in their own plane (plane stress or plane strain conditions). They are triangular or 

quadrilateral elements. The simplest two-dimensional elements have corner nodes only 

(linear elements) with straight sides or boundaries, although there are also higher-order 

elements, typically with mid-side nodes [Figure 16(b)] (called quadratic elements) and 

curved sides. The elements can have variable thicknesses throughout or be constant. 



The most common three-dimensional elements [Figure 16(c)] are tetrahedral 

and hexahedral (or brick) elements; they are used when it becomes necessary to perform a 

three-dimensional stress analysis. The basic three-dimensional elements have corner nodes 

only and straight sides, whereas higher-order elements with mid-edge nodes (and possible 

mid-face nodes) have curved surfaces for their sides [Figure 16(c)]. 

The axisymmetric element [Figure 16(d)] is developed by rotating a triangle or 

quadrilateral about a fixed axis located in the plane of the element through 360. This 

element can be used when the geometry and loading of the problem are axisymmetric. 

Step 2 Select a displacement function 

Step 2 involves choosing a displacement function within each element. The 

function is defined within the element using the nodal values of the element. Linear, 

quadratic, and cubic polynomials are frequently used functions because they are simple to 

work with in finite element formulation. However, trigonometric series can also be used. For 

a two-dimensional element, the displacement function is a function of the coordinates in its 

plane (say, the x-y plane). The functions are expressed in terms of the nodal unknowns (in 

the two-dimensional problem, in terms of an x and a y component). The same general 

displacement function can be used repeatedly for each element. Hence the finite element 

method is one in which a continuous quantity, such as the displacement throughout the 

body, is approximated by a discrete model composed of a set of piecewise-continuous 

functions defined within each finite domain or finite element. 

Step 3 Define the strain / Displacement and stress / Strain relationships 

Strain/displacement and stress/strain relationships are necessary for deriving 

the equations for each finite element. In the case of one-dimensional deformation, say, in 

the x direction, we have strain x related to displacement u by 

     x = 
x

u

d

d     (2-19) 

for small strains. In addition, the stresses must be related to the strains through 

the stress/strain law-generally called the constitutive law. The ability to define the material 



behavior accurately is most important in obtaining acceptable results. The simplest of 

stress/strain laws, Hooke’s law, which is often used in stress analysis, is given by 

     x  = xE     (2-20) 

Where are x  = stress in the x direction and E = modulus of elasticity. 

Step 4 Derive the element stiffness matrix and equations 

Initially, the development of element stiffness matrices and element equations 

was based on the concept of stiffness influence coefficients, which presupposes a 

background in structural analysis. We now present alternative methods used in this text that 

do not require this special background. 

Direct Equilibrium Method, According to this method, the stiffness matrix and 

element equations relating nodal forces to nodal displacements are obtained using force 

equilibrium conditions for a basic element, along with force/deformation relationships. 

Because this method is most easily adaptable to line or one-dimensional elements, this 

method for spring, bar, and beam elements, respectively. 

Work or Energy Methods, To develop the stiffness matrix and equations for 

two- and three-dimensional elements, it is much easier to apply a work or energy method. 

The principle of virtual work (using virtual displacements), the principle of minimum potential 

energy, and Castigliano’s theorem are methods frequently used for the purpose of 

derivation of element equations. 

Methods of Weighted Residuals, The methods of weighted residuals are useful 

for developing the element equations; particularly popular is Galerkin’s method. These 

methods yield the same results as the energy methods wherever the energy methods are 

applicable. They are especially useful when a functional such as potential energy is not 

readily available. The weighted residual methods allow the finite element method to be 

applied directly to any differential equation. 

 

 

 



Using any of the methods just outlined will produce the equations to describe 

the behavior of an element. These equations are written conveniently in matrix form as 

 

 

 

 

 

 

 

or in compact matrix form as   

 f  =  k  d      (2-22) 

Where   f  is the vector of element nodal forces,  k  is the element stiffness 

matrix (normally square and symmetric), and  d  is the vector of unknown element nodal 

degrees of freedom or generalized displacements, n.  

Step 5 Assemble the element equations to obtain the global or total equations 

and introduce boundary conditions. 

In this step the individual element nodal equilibrium equations generated in step 

4 are assembled into the global nodal equilibrium equations. Another more direct method of 

superposition (called the direct stiffness method), whose basis is nodal force equilibrium, 

can be used to obtain the global equations for the whole structure. Implicit in the direct 

stiffness method is the concept of continuity, or compatibility, which requires that the 

structure remain together and that no tears occur anywhere within the structure. The final 

assembled or global equation written in matrix form is 

      F  =  K  d     (2-23) 

Where  F  is the vector of global nodal forces,  K  is the structure global or 

total stiffness matrix, (for most problems, the global stiffness matrix is square and 

symmetric) and  d  is now the vector of known and unknown structure nodal degrees of 

freedom or generalized displacements. It can be shown that at this stage, the global 

stiffness matrix  K  is a singular matrix because its determinant is equal to zero. To 

(2-21) 
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remove this singularity problem, we must invoke certain boundary conditions (or constraints 

or supports) so that the structure remains in place instead of moving as a rigid body. 

Step 6 Solve for the unknown degrees of freedom (or generalized 

displacements) 

Equation (2-23), modified to account for the boundary conditions, is a set of 

simultaneous algebraic equations that can be written in expanded matrix form as 

 

 

 

 

 

Step 7 Solve for the element strains and stresses 

For the structural stress-analysis problem, important secondary quantities of 

strain and stress (or moment and shear force) can be obtained because they can be 

directly expressed in terms of the displacements determined in step 6. Typical relationships 

between strain and displacement and between stress and strain such as Equation (2-19) 

and (2-20) for one-dimensional stress given in step 3-can be used. 

Step 8 Interpret the results 

The final goal is to interpret and analyze the results for use in the 

design/analysis process. Determination of locations in the structure where large 

deformations and large stresses occur is generally important in making design/analysis 

decisions. Postprocessor computer programs help the user to interpret the results by 

displaying them in graphical form. 

2.7.2 Applications of the finite element method   

The finite element method can be used to analyze both structural and 

nonstructural problems. Typical structural areas  

1. Stress analysis, including truss and frame analysis, and stress concentration 

problems typically associated with holes, fillets, or other changes in geometry in a body 

2. Buckling 

(2-24) 
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3. Vibration analysis 

Finally, some biomechanical engineering problems (which may include stress  

analysis) typically include analyses of human spine, skull, hip joints, jaw/gum tooth 

implants, heart, and eye. 

We now present some typical applications of the finite element method. These  

applications will illustrate the variety, size, and complexity of problems that can be solved 

using the method and the typical discretization process and kinds of elements used. 

The finite element method used for this frame enables the designer/analyst  

quickly to obtain displacements and stresses in the tower for typical load cases, as required 

by design codes. Before the development of the finite element method and the computer, 

even this relatively simple problem took many hours to solve. 

Another problem, that of the hydraulic cylinder rod end shown in Figure 17, was 

modeled by 120 nodes and 297 plane strain triangular elements. Symmetry was also 

applied to the whole rod end so that only half of the rod end had to be analyzed, Figure 18 

illustrates the use of a three-dimensional solid element to model a swing casting for a 

backhoe frame. The three-dimensional hexahedral elements are necessary to model the 

irregularly shaped three-dimensional casting. Two-dimensional models certainly would not 

yield accurate engineering solutions to this problem. 

 

 

 

 

 

 

 

Figure 17 Two-dimensional analysis of a hydraulic cylinder rod end (120 nodes, 297 plane  

strain triangular elements) (From Daryl L. Logan, A First Course in the Finite Element 

Method, Fourth Edition, Copyright 2007 by Thomson Canada Limited) 

 



 

 

 

 

 

 

 

 

 

Figure 18 Three-dimensional solid element model of a swing casting for a backhoe frame.  

(From Daryl L. Logan, A First Course in the Finite Element Method, Fourth Edition, 

Copyright 2007 by Thomson Canada Limited) 

 

2.7.3 Three-dimensional stress and strain 

We begin by considering the three-dimensional infinitesimal element in 

Cartesian coordinates with dimensions dx, dy, and dz and normal and shear stresses as 

shown in Figure 19. This element conveniently represents the state of stress on three 

mutually perpendicular planes of a body in a state of three-dimensional stress. As usual, 

normal stresses are perpendicular to the faces of the element and are represented by 

 

 

 

 

 

 

 

Figure 19 (a) wheel rim; (b) engine block. ((a) Courtesy of Mark Blair; (b) courtesy of Mark  

Guard.) (From Daryl L. Logan, A First Course in the Finite Element Method, Fourth 

Edition, Copyright 2007 by Thomson Canada Limited) 

(a) (b) 



x, y, and z. Shear stresses act in the faces (planes) of the element and 

are represented by xy, yz, zx, and so on. From moment equilibrium of the element, 

 

   xy = yx yz = zy zx = xz 

 

Hence, there are only three independent shear stresses, along with the three 

normal stresses. 

 

 

 

 
 

 

 

 

Figure 20 Three-dimensional stresses on an element. (From Daryl L. Logan, A First Course  

in the Finite Element Method, Fourth Edition, Copyright 2007 by Thomson Canada 

Limited) 

 

They are repeated here, for convenience, as 

 

   x = 
x

u



  y = 
y

v



  z = 
z

w



    (2-25) 

where u, v, and w are the displacements associated with the x; y, and z 

directions. The shear strains g are now given by 

    xy = 
y

u



 + 
x

v



 = yx 

    yz = 
z

v



 + 
y

w



 = zy     (2-26) 

    zx = 
x

w



 + 
z

u



 = xz 

 



where, as for shear stresses, only three independent shear strains exist. 

We again represent the stresses and strains by column matrices as 

    x   x 

    y   y 

    z   z    (2-27) 

    xy   xy 

    yz   yz 

    zx   zx 

The stress/strain relationships for an isotropic material are again given by 

        =  D        (2-28) 

where    and    are defined by Eq. (2-28), and the constitutive matrix  D  

(see also Appendix C) is now given by 

 
    1 -           0    0    0 

     1 -        0    0    0 

      1 -     0    0    0 

  D  = 
   211 


    

2

21 
    0    0  (2-29) 
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2.7.4 Tetrahedral element 

Consider the tetrahedral element with corner nodes 1–4. This element is a 4 

nodes solid shown in Figure 21 the principle are follows. 

 

 

 

 

  =   = 

  



 

 

 

 

 

 

Figure 21 Tetrahedral solid elements (From Daryl L. Logan, A First Course in the Finite  

Element Method, Fourth Edition, Copyright 2007 by Thomson Canada Limited)  

 

Assuming the distribution of solutions is estimated as follows. 

  ),,( zyx  = zyx 4321        (2.30a) 

where ii ,  = 1, 2, 3, 4 are constants determined by the conditions of the 

following 4 nodes which 4 fixed already. It can be written by the distributed nature of the 

approximate solution in terms of the nodes as follows. 

    = 44332211  NNNN   =  
)41( x

N   
)14( x

    (2.30b) 

where iN i ,  = 1, 2, 3, 4 is the shape function on the surface which can be 

written as follows. 

.  iN  = 
V6

1  zdycxba iiii    i  = 1, 2, 3, 4    (2.30c) 

 

Here in 

    1 x1  y1  z1 

          V = 
6

1    1 x2  y2  z2   (2.30d) 

    1 x3  y3  z3 

    1 x4  y4  z4 

   x2  y2  z2  x2 1  z2 

  1a  =  x3  y3  z3 1c  = - x3 1 z3 

   x4  y4  z4  x4 1 z4 

4 

3 

2 1 

x 

y 

z 



   1  y2  z2  x2 y2  1 

  1b  = - 1  y3  z3 1d  = - x3 y3  1  (2.30e) 

   1  y4  z4  x4 y4 1 

 

where V = the volume of the tetrahedron and the other coefficients 
idcba iiii ,,,, = 2, 3, 4  are similar to equation (2.30e) which can be written by cyclic 

permutation. 

2.7.5 Computer programs for the finite element method 

There are two general computer methods of approach to the solution of 

problems by the finite element method. One is to use large commercial programs, many of 

which have been configured to run on personal computers (PCs); these general-purpose 

programs are designed to solve many types of problems. The other is to develop many 

small, special-purpose programs to solve specific problems. In this section, we will discuss 

the advantages and disadvantages of both methods. We will then list some of the available 

general-purpose programs and discuss some of their standard capabilities. 

Some advantages of general-purpose programs: 

1. The input is well organized and is developed with user ease in mind. Users 

do not need special knowledge of computer software or hardware. Preprocessors are 

readily available to help create the finite element model. 

2. The programs are large systems that often can solve many types of 

problems of large or small size with the same input format. 

3. Many of the programs can be expanded by adding new modules for new 

kinds of problems or new technology. Thus they may be kept current with a minimum of 

effort. 

4. With the increased storage capacity and computational efficiency of PCs, 

many general-purpose programs can now be run on PCs. 

5. Many of the commercially available programs have become very attractive in 

price and can solve a wide range of problems. 

 



Some disadvantages of general-purpose programs: 

1. The initial cost of developing general-purpose programs is high. 

2. General-purpose programs are less efficient than special-purpose programs 

because the computer must make many checks for each problem, some of which would not 

be necessary if a special-purpose program were used. 

3. Many of the programs are proprietary. Hence the user has little access to the 

logic of the program. If a revision must be made, it often has to be done by the developers. 

Some advantages of special-purpose programs: 

1. The programs are usually relatively short, with low development costs. 

2. Small computers are able to run the programs. 

3. Additions can be made to the program quickly and at a low cost. 

4. The programs are efficient in solving the problems they were designed to 

solve. 

The major disadvantage of special-purpose programs is their inability to solve 

different classes of problems. Thus one must have as many programs as there are different 

classes of problems to be solved. 

There are numerous vendors supporting finite element programs, and the 

interested user should carefully consult the vendor before purchasing any software. 

However, to give you an idea about the various commercial personal computer programs 

now available for solving problems by the finite element method, we present a partial list of 

existing programs. 

1. Algor 

2. Abaqus 

3. ANSYS 

4. COSMOS/M 

5. GT-STRUDL 

6. MARC 

7. MSC/NASTRAN 

8. NISA 



9. Pro/MECHANIC 

10. SAP2000 

11. STARDYNE 

Standard capabilities of many of the listed programs are provided in the 

preceding references and in Reference [45]. These capabilities include information on 

1. Element types available, such as beam, plane stress, and three dimensional 

solid 

2. Type of analysis available, such as static and dynamic 

3. Material behavior, such as linear-elastic and nonlinear 

4. Load types, such as concentrated, distributed, thermal, and displacement 

(settlement) 

5. Data generation, such as automatic generation of nodes, elements, and 

restraints (most programs have preprocessors to generate the mesh for the model) 

6. Plotting, such as original and deformed geometry and stress and 

temperature contours (most programs have postprocessors to aid in interpreting results in 

graphical form) 

7. Displacement behavior, such as small and large displacement and buckling 

8. Selective output, such as at selected nodes, elements, and maximum or 

minimum values 

All programs include at least the bar, beam, plane stress, plate-bending, and 

three dimensional solid elements, and most now include heat-transfer analysis capabilities. 

Complete capabilities of the programs are best obtained through program reference 

manuals and websites. 

 

2.7 Assumption method 

Assumption is a tool to investigate.  If the first experimental observation is based on 

the hypothesis predicted.  Researchers should not assume that the experimental results 

support that hypothesis.  Please know that the hypothesis is only a temporary answer.  



When there is clear evidence,  assumptions can become a reality.  When experimenting with 

the hypothesis.  Researchers have determined that the hypothesis is canceled.    

An investigation to answer the research is not a random event. It’s proven to be  

systematic to evidence. As a result, the researchers were able to guess the answer, even if 

temporarily, study the problem in detail, use the hypothesis as a set of guidelines to find the 

answer.  It also proposes a variable and experimental.   

Assumption must have some kind of neutral.  The assumption is just  suggestions to 

make a point to find out why.  So there are experiment and then results, They are 

interpreted that way. Hypothesis is true predictions, while there is no evidence that seemed 

to support, the assumption is that what is said about the relationship of two or more 

variables, the assumption must be that the relationship between the variables. The 

guidelines indicate that relationship.  Therefore, identifying variables is making sure that 

there is no need to study variables.  First of all, the traffic on the definition of a variable 

before. So there is understanding, which means the change of sign or  the fact that both 

quantity and quality such as color, sex, year etc. Variables the researcher are made aware 

of are the relationships between concepts. Guide the formulation of hypotheses within the 

framework of the theory.  Enabling the researchers to learn how to analyze the data and 

some statistics. 

 

 

 

 

 

 
 



CHAPTER 3 

MATERIAL AND EXPERIMENTAL METHODS 

 

1. Material and experimental methods 
This study was conducted on a failed helical gear used in a pick-up car. 

Composition (wt%) analysis, mechanical property, microstructure examination and finite 

element analysis of the failed gear was made from JIS-SCr 420 steel. The failure 

investigation was conducted as follows. 

 

1.1 Chemical composition analysis 

Chemical composition of the gear material was analyzed using an optical emission 

spectrometer (THERMO model ARL 3460) as shown in Figure 22. Specimens for 

microstructural examination were prepared in accordance with C E407 standard. Figure 23 

shown the pinion gear side of the tracks through the electrons are 4 points at the outer 

surface region, and figure 24 shown the tracks through the electrons at the central region. 

 

 

 

 

 

 

 

 

 
Figure 22 Spectrophotometer test machine (THERMO model ARL 3460). 

 

 



The outer surface region 

The outer surface region 

 

 

 

 

 

 
   

 

Figure 23 Pinion gear of the chemical examination by spectrometer at the outer surface  

region. 

 

 

 

 

 

 

 

 

 Figure 24 Pinion gear of the chemical examination by spectrometer at the central region. 

 

1.2 Hardness measurements 

Specimen was then sectioned for micro-hardness measurement, Micro-hardness 

was measured using (MITUTOYO: HM-210A) as shown in Figure 25, with diamond pyramid 

angle of 136o indenter and 300 gm load. A total of 20 points as shown in Figure 26 were 

measured to establish the hardness profile of the case of the failed gear under ASTM E92-

82 (Reapproved 2003). 

 

 

 

The central region 



 

 

 

 

 

 

 

 

Figure 25 Micro-Vickers hardness testing machines (MITUTOYO: HM-210A). 

 

 

 

 

 

 

Figure 26 A total of 20 points with diamond pyramid from the outer to the central region. 

 

 1.3 Microstructure examination 

Microstructure was examined using an optical microscope (Olympus laser 

microscopes model OLS 4000) as show in Figure 27.  

 

 

 

 

 

 

 

 

Figure 27 Optical microscope (Olympus laser microscopes model OLS 4000). 



The fracture surface was then subjected to more detailed macroscopic and 

microscopic examinations using optical microscopes under ASTM E407. The procedures 

for preparing metallographic samples are as follows: 

1. Metal sample prepared by selecting and cutting from the fracture surface of the 

specimen. 

2. The sample of the fracture surface of the specimen was ultrasonically cleaned. 

3. Mounting the sample in a synthetic resin cast into a small mold as follow  in a 

Figure 28. 

 

 

 

 

 

 

 

Figure 28 Mounting small a sample specimens in a synthetic resin. 

 

4. Preliminary grinding of the embedded sample. 

5. Polishing, Figure 29 shown using rotary discs impregnated with alumina or 

diamond powders on wet silicon carbide papers: usually papers of 400-1200 grit are 

employed. 

  

 

 

 

 

 

 

Figure 29 Polishing of the specimen with rotary discs. 



6. Examining the polished section with a metallurgical microscope. 

7. Etching with 2 % Nital a suitable etching solution. 

9. Doing photomicrography and drawings, if required, of the section to show 

microstructural details. In this case were look through a telescope 2 point at the outer 

surface and the central region as follows in Figure 30. 

 

 

 

 

 

 

 

Figure 30 A sample specimen look through an optical microscopes at the outer surface and  

the central region. 

 

The fracture surface was then subjected to more detailed microscopic examinations 

and inclusions were analyzed Energy Dispersive Spectroscopy (EDS) technique were using 

scanning electron microscopes (Hitachi model S-3400N) as show in a Figure 31, scanning 

electron microscope in order to look more closely at the nature of the fracture, Salient 

features of the fracture and respective photographs taken.  

 

 

 

 

 

 

 

 

     Figure 31 Scanning electron microscope (Hitachi model S-3400N). 
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The specimen must meet the following requirements before it is loaded to the SEM 

stage. The procedures for preparing metallographic samples were studied in the same 

manner optical microscope. Actual methods are as follows. 

1. Grinding. 

A small piece of specimen is cut by a metal-cutting-saw as follow in a Figure 32 

After cutting operation, burrs on the edges of the specimen should be carefully removed by 

a fine file or coarse grinding paper. 

 

 

 

 

 

 

 

Figure 32 A sample specimen of the fracture surface cutting from the pinion gear. 

 

The silicon carbide grinding papers are held flat in a unit containing water facility for 
lubrication purpose. Each unit contains four grades of papers, starting with grade 400 
(coarse) and finishing with grade 1200 (fine). Grinding of the work piece is done by starting 
with the coarse papers and then continuing with the fine papers. In each stage, grinding is 
done by rubbing the specimen backwards and forwards on the grinding paper in one 
direction only, until the surface is completely ground, that is, until only grinding marks due 
to this particular paper can be seen to cover the whole surface. 

The specimen is washed thoroughly to remove coarse silicon carbide particles 

before proceeding to a finer paper. The direction of grinding is changed from paper to 

paper, so that the removal of previous grinding marks is easily observed. The extra time 

spent on each paper should be increased as the finer papers are used. At the end of the 

grinding sequence, the specimen is washed thoroughly and dried. Now, the specimen is 

ready for polishing. 

 



2. Polishing.  
The polishing is done on rotating wheels covered by a special cloth. Alumina is 

employed as polishing agent. The 1-micron size is commonly used, but the total polishing 
time shortened by starting on the 7 or 3 micron grade. The pad should be kept well 
supplied with lubricant. The specimen should be held firmly in contact with the polishing 
wheel, but excessive pressure should be avoided. During polishing the specimen should be 
rotated or moved around the wheel so as to give an even polish. The specimen should be 
thoroughly cleaned and dried between each wheel. 

3. Etching.  

Before etching, it is essential to ensure that the polished surface is grease and 

smear free. If the final polishing has involved the use of magnesia (in the form of an 

aqueous paste of fine magnesia) or alumina (in the form of an aqueous suspension of fine 

alumina), then thorough washing followed by drying off with acetone or alcohol will give a 

suitable surface, although it must not be fingered afterwards. 

Etching is generally done by swabbing. Etching times will vary from specimen to 
specimen, however, a good general, procedure is to observe the surface during etching, 
and to remove the specimen when evidence of the grains first appears. Microscopical 
examination will then reveal whether the degree of etching is sufficient. Further etching can 
then follow to strengthen up the details as required. 

After each etching, the specimen should be thoroughly washed in running water, 
followed by drying off with acetone or alcohol.  
As a guide the following etchants are commonly used Nital (ethyl alcohol+ 2% HN03) -iron 
and steel. 

4. Bring sample specimen into the scanning electron microscope to study and 

analyze the microstructure as follow in a Figure 33.  

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 33 A sample specimen of the fracture surface into the scanning electron  

microscope. 

 

5. The investigation result of the scanning electron microscopy is going to be 

recorded as follows: 

- Examine each specimen and sketch typical microstructure 
- Estimate the carbon content of the steels. 

 

1.4 Bending and contact stresses analysis 

Bending and contact stresses are calculated by using analytical method as well as 

finite element analysis. To estimate bending stress modified AGMA bending equation is 

used. Solid works 2014 modeling software is used to generate the 3-D solid model of the 

structural analysis of the helical gear tooth model is carried out using the finite element 

analysis and the boundary conditions were applied to the gear model. ANSYS 14.5 

software package is used to analyze the bending stress. Contact stresses are calculated by 

using modified AGMA contact stress method. In this also Solid works 2014 modeling 

software is used to generate contact gear tooth model. ANSYS 14.5 software package is 

used to analyze the contact stress. Finally these two methods bending and contact stress 

results are compared with each other. 

 

 
 



CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

1. Chemical composition analysis  
Chemical composition of the gear material was analysed using a spectrophotometer 

(THERMO: ARL 3460). The average values of the chemical composition of gear material 

are shown in Table 8. The compositions indicate that the gear was made from low-alloyed 

steels JIS G4053: Standard grade SCr 420, commonly and widely used in making gears. 

This means that proper material was used for making the gear. The details are obtained in 

Appendix B. 
 

Table 8 Chemical composition of the failed gear and those of SCr 420 steel (%wt) 

 

Material Failed gear (Case) Failed gear (Core) SCr 420 

C 0.564 0.223 0.18-0.23 

Si 0.246 0.250 0.15-0.35 

Mn 0.856 0.835 0.60-0.90 

P 0.019 0.020 0.030 

S 0.013 0.017 0.030 

Ni 0.019 0.026 0.250 

Cr 1.021 1.116 0.90-1.20 

 

2. Visual examination 
Visual examination of the failed helical gear showed that a number of adjacent teeth 

and random teeth failed by fatigue, as shown in Figure 34. Typical macro-fracture 

appearance of the failed helical gear tooth is shown in Figure 35 and Figure 36. The 

fracture surface presents typical features of fatigue failure. Similar fracture appearance was 

also observed on the other fracture surface of the gear teeth. A triangular piece of the gear 



Driven gear 

 

teeth had broken off like a large chip at one end of the teeth. The pieces are as wide as 

one-third of the face width. 
 

 

 

 

 

 

 

 

        Figure 34 General appearance of the failed helical gear. 

 

 

 

 

 

 

 

 

Figure 35 Nomenclature of the helical gear teeth. 

 

The fracture of the tooth exhibits a distinct crack initiation site (indicated white 

arrow) and progressive flat fatigue fracture region, and the final fracture region. The crack 

initiation region and beach marks could be seen clearly with the naked eye. The origin of 
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the crack was at the pitch line region close to one end of the gear teeth (indicated yellow 

arrow), suggesting that the loads were highest in this region.  

 
 
 
 
 
 
 

 

Figure 36 High magnification photograph of the fracture surface of the failed gear tooth. 

 

3. Hardness measurements  
The hardness distribution across the gear tooth thickness at the pitch line was 

measured using a micro Vickers hardness testing machines (Mitutoyo model HM-210A) with 

300 gm load. The results are shown in Figure 36. The maximum hardness at the case and 

minimum at the core were found to be 780 HV (63.3 HRC) and 310 HV (31 HRC), 

respectively. Figure 37 indicated that the gear had been case hardened by carburization 

which is normal practice for gear heat treatment. The details are obtained in Appendix B. 

 

 

 

 

 

 

 

 

 

    Figure 37 Hardness distribution across the failed gear tooth thickness at the pitch line. 
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4. Microstructure examination  
Specimens from the failed gear tooth were metallographically prepared and 

examined under an optical microscope (OLYMPUS LASER MICROSCOPES: OLS 4000). 

The case microstructure is tempered martensite as shown in Figure 38a. The core is a 

mixture of ferrite and pearlite as shown in Figure 38b. The microstructure indicated that the 

gear heat treatment condition was carburized, quenched, and tempered which is common 

practice in heat treatment of SCr 420 steel. No abnormality was found in the microstructure. 

 

 

 

 

 

 

 

 

 
 

 

Figure 38 Optical micrographs of the failed gear is showing (a) Case (tempered  

martensite). 4045x. (20 µm), (b) Core (mixture of pearlite + ferrite). 4045x. (20 µm) 

 

The crack of the surface layer and examined under a scanning electron microscope 

(HITACHI: S-3400N). The failed gear outer surface region as show in Figure 39 can be 

seen as a transgranular fracture, This is a result of changes in orientation to the cleavage 

planes from grain to grain and intergranular fracture crack propagation along grain 

boundaries. These results indicate that the mode of fracture within this outer periphery of 

the gear was brittle. An SEM micrograph taken of the rough central region as shown in 

Figure 40, revealed the presence of both brittle cleavage features and also dimples; thus, it 

is apparent that the failure mode in this central interior region was mixed; that is, it was a 

combination of both brittle and ductile fractures. 
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Figure 39 SEM micrograph showing the failed gear outer surface region, which is  

composed of mixed intergranular and transgranular regions. 1500x (30 µm) 

 

 

 

 

 

 

 

 

 

 

Figure 40 SEM micrograph showing the final overload fracture of the failed gear surface  

core region, which is composed of mixed cleavage and dimpled regions. 1500x (10 µm) 

 

The crack in the surface layer at area 12 is shown in Figure 41 (a), when expanded 

at a ratio of 200x (200 µm) in Figure 41 (b), the EDS spectra of a scan can be seen that 

most of the Fe, C, and O is an important component. The elemental higher Si content in 

the inclusion than in the matrix at the area around the white circle. Considering Figure 42, 

respectively. Other elements present in the inclusion spectrum are O, Al, Mg and Na. The 
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result suggested that the inclusion is a mixture of oxide and carbide. From the size, shape, 

and color of the inclusion, and the microanalysis result, it can be inferred that the inclusion 

is iron oxide surrounded by Fe3C carbide. 

 

 

 

 

 

 

 

  

Figure 41 High magnification photograph of failure gear is shown as (a) Crack of the core  

region at the area 12. (b) SEM and EDS micrograph of inclusions on the fracture 

surface from the area 12. 200x (200 µm).  

 
 

 

 

 

 

 

 

 

 

   

 

 

Figure 42 The EDS analysis diagram of inclusion indicated in the white circle area. 
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5. Bending equation  
Parametric of helical gears let the characteristic parameters of a product. The main 

parameter that would describe the helical gear such as module, pressure angle and tooth 

thickness could be used as the parameters to define the gear as shown in Table 9. 

 

Table 9 Dimensions of helical gear 

 

The AGMA equation for bending stresses given by, 

    b = 
Jt

BHso

t

Ybm

KKKKKW      (2-2)   

Where, 

The transverse metric module ( tm ) = 
cos

nm = 
30cos

25.2 = 2.60 mm 

Pitch-line velocity (V ) = 
31060

Ppt nNm
 = 

100060

3200266.2



  = 11.32 m/s 

Description Symbol Values Unit 

Power  H  120 kW 

Speed  pn  3200 rpm 

Number of teeth pinion gear  
pN  26 - 

Number of teeth drive gear  
GN  46 - 

Pinion gear diameter  
pd  64 mm 

Drive gear diameter  
Gd  109 mm 

Normal module  m  2.25 mm 

Pressure angle   30o degree 

Helix angle   20o degree 

Pitch diameter d  103.5 mm 

Pitch  P  58.5 mm 

Gear face width  b  23 mm 

Elastic coefficient  
EZ  191  N/mm2 



Tangential transmitted load ( tW )  = 
V

H = 
32.11

120  = 10.60 kN 

Overload factor ( oK )     = 1.25   Table 4 

The size factor ( sK )     = 1   Table 5  

The load distribution factor HK  is determined from Eq. (2-3), where five terms are needed. 

They are, where b = 23 mm. in when needed: 

   ( HK ) = 1 + )( emapmpfmc CCCCC    

Uncrowned: mcC = 1       Eq.2-4 

The transverse diametral pitch ( dP ) = 
cosD

Z = 
 30cos64

26 = 0.47 

Pitch diameter pinion gear ( pd ) = 
d

P

P

N  = 
47.0

26  = 55.32 mm 

pfC = 025.0
10


pd

F = 025.0
32.5510

23



= 0.016    Eq.2-5 

Bearings immediately adjacent pmC = 1     Eq.2-6 

Commercial enclosed gear maC = 0.14     Fig 2.13 

Mesh alignment correction factor eC  = 1    Eq.2-8 

Thus, 

HK  = 1 +     114.01016.01    = 1.16 

Dynamic factor ( K ) = 
8255.0

77.59

32.1120077.59







   = 1.62   Eq.2-9 

The rim-thickness factor ( BK ) = 1      Table 2.6 

Geometry factor for bending strength ( JY ) = 0.48    Fig 14, 15 

 

   b = 
48.060.223

116.1162.125.11060.10 3



  = 867.45 N/mm2 

 

5.1 Analysis bending stress using finite element method. 
The structural analysis of the helical gear tooth model is carried out using the finite 

element analysis in Ansys 14.5. The load applied at the tooth of the helical gear. The mesh 

is generated with tetrahedral elements. Figure 43, shows the generated mesh. Maximum 



elements 41327 and maximum nodes 72325 were selected for the mesh control. By 

applying the analysis over the tooth which is facing the load we get the stress distribution in 

numerical. 

 

 

 

 

 

 

Figure 43 Meshed of helical gear model. 

 

Finite element method results for bending, the helical gear assembly was imported 

in Ansys 14.5 and the boundary conditions were applied to the gear model. In helical gear 

only Ansys 14.5 analysis was performed because of the helical profile of its teeth. In Figure 

44, it shows the stress distribution plot along the tooth from minimum to maximum of 

tangential transmitted load is 10.60 kN.  

  

 

 

 

 

 

 

 

 

                  Figure 44 Von Mises stress (bending stresses of tW  10.60 kN). 



Effect of face width on maximum bending stress is studied by varying the face width 

(b = 23 mm) and helix angles ( = 30°). The maximum bending stresses obtained are 

shown in Table 10, there is a variation in the maximum bending stresses with the change 

from tangential transmitted load. 

 

Table 10 Comparison of values of the bending stresses. 

 

Torque 

(N.m) 

Tangential transmitted 

load  tW  (kN) 

Bending Stress 

b AGMA (MPa) 

Von Mises  

b ANSYS (MPa) 

340 10.60 867.45 894.63 

375 11.64 964.32 1048.41 

405 12.56 1068.32 1132.38 

430 13.38 1128.75 1202.24 

455 14.12 1205.44 1272.16 

475 14.80 1278.45 1328.62 

490 15.41 1338.93 1369.93 

515 15.97 1403.72 1439.87 

535 16.48 1456.87 1495.75 

545 16.96 1516.44 1523.76 

 

The maximum bending stresses obtained are shown in Figure 45, it is evident in 

these that the bending stress given by AGMA and the finite element are very similar. The 

bending stress value increased with the increase of torque which is in close agreement with 

values obtained in the AGMA formula. The low alloy steel SCr 420 has the tensile strength 

of 1300 MPa. 
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Figure 45 Graph between AGMA bending stress and Ansys results. 

 

6. Contact stress  
AGMA Contact Stress Equations 

The fundamental equation for pitting resistance (contact stress) is 

 

c  = EZ
Iw

RHso

t

bZd

ZKKKKW

1

    (2-4) 

Where,  

Elastic coefficient ( EZ )   = 191 2/ mmN     Table 7 

Tangential transmitted load ( tW )  = 
V

H = 
32.11

120  = 10.60 kN 

Overload factor ( oK )     = 1.25   Table 4 

The size factor ( sK )     = 1   Table 5 

The load distribution factor ( HK )    = 1.16   Eq. 2-3  

Dynamic factor ( K ) = 
8255.0

77.59

32.1120077.59







   = 1.62   Eq. 2-9  

Surface condition factor ( RZ )    = 1   Table 6  

 

Tensile strength 1300 N/mm2 



The pitch diameter of the pinion ( wld ) = = tpmN  = 60.226 = 67.60 mm. 

Geometry factor of pitting resistance ( IZ ) for helical gears requires a little work. First, the 

transverse pressure angle is given by  

 t = 












cos

tan
tan 1 n  = 













30cos

20tan
tan 1  = 80.22  

where the pinion base-circle radius  
pbr  and  

Gbr  the gear base-circle radius from Eq.2-16   

  
pbr = tpr cos =  80.22cos32 = 29.50 mm 

  
Gbr = tGr cos =  80.22cos5.54 = 50.24 mm 

The speed ratio Gm = 
P

G

N

N = 
26

46 = 1.77     Eq.2-12   

nP = nm = 25.2 = 7.07 

Addendum a  = 
nP

1 = 
07.7

1 = 0.14 

Z =   2
1

22

bPp rar   +   2
1

22

bGG rar   -   tGP rr sin    Eq.2-15 

Z =   22
50.2914.032   +   22

24.5014.05.54   -    80.22sin5.5432  

Z = 12.76 + 21.48 – 33.52 = 0.72 

 

The normal circular pitch NP  = nnP cos = 20cos
nP

  

= 20cos
07.7

 = 0.42    Eq.2-14  

 The load-sharing ratio Nm = 
Z

PN

95.0
= 

72.095.0

42.0


= 0.61   Eq.2-11 

Geometry factor IZ  = 
12

sincos

G

G

N

tt

m

m

m

  

= 
177.1

77.1

61.02

80.22sin80.22cos


= 0.19    Eq.2-13 

 

c = 
19.02355.67

116.1162.125.11060.10
191

3



  = 1753.53 N/mm2 

 

 



6.1 Analysis contact stress using finite element method. 
Contact stresses were studied in the same manner as bending stresses were 

calculated. In this research contact stresses are obtained at the contact region. The Figure 

46 shows the stress distribution plot along the tooth. The modeled helical gear is analyzed 

to study the effect of tangential transmitted load ( tW ). The minimum to maximum contact 

stresses obtained are shown in Table 11, there is a variation in the maximum contact 

stresses with the change from tangential transmitted load. 

 

 

 

 

 

 

 

 

     

 

 

Figure 46 Maximum principal stress (Contact stresses of tW  10.60 kN). 

 

The maximum contact stresses obtained are shown in Figure 47, it can be seen the 

contact stress given by AGMA and the finite element are very similar. Stress starts from 

contact stress on the surface of a gear tooth and bending stress is then extended to the 

central axis of the gear which is the contact stress as a result of final fracture when the 

torque is higher than the tensile strength of 1300 MPa. The conclusion is that if the torque 

exceeds the tensile strength to accept it as a reason for the split while the gear shifts. 
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Table 11 Comparison of values of the contact stresses. 

 

Torque 

(N.m) 

Tangential transmitted 

load  tW  (kN) 

Contact Stress  

c AGMA (MPa) 

Principal Stress  

c ANSYS (MPa)  

80 2.56 834.73 955.76 

150 4.71 1139.66 1198.12 

210 6.52 1349.55 1395.85 

260 8.07 1511.01 1578.23 

305 9.42 1642.82 1718.30 

340 10.60 1753.53 1796.80 

375 11.64 1848.85 1908.47 

405 12.56 1932.20 1977.54 

430 13.38 2000.27 2089.65 

455 14.12 2067.11 2178.91 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47 Graph between AGMA contact stress and Ansys results. 

 

Tensile strength 1300 N/mm2 



CHAPTER 5 

CONCLUSION AND SUGGESTION 

 

1. Conclusion  
This study was conducted on a failed helical gear used in a pick-up car. The 

composition (wt%) analysis, mechanical property and microstructure analysis of the failed 

gear was made from JIS-SCr 420 steel in it hardened and tempered condition can be 

summarized as follows. 

The crack of the outer surface region can be seen as a transgranular fracture and 

intergranular fracture which these results indicate the mode of the fracture within this outer 

periphery of the gear in which it was brittle and microstructure is tempered martensite. The 

central region revealed the presence of both brittle cleavage features and also dimples 

which it was a combination of both brittle and a ductile fracture, the microstructure is a 

mixture of ferrite and pearlite. 

The failure was due to fatigue, any increase in the loading level of this core region 

would have occurred relatively slowly. During the gradually increasing load level, fatigue 

crack propagation would have continued until a critical length was achieved the remaining 

intact gear’s cross section was no longer capable of sustaining the applied load. At this 

time, final failure would have occurred in the gear fracture. 

The total percentage of oxides and carbides in the microstructure to be the cause of 

the damage occurred in the gear tooth. In this case the mixing failure area of oxide 

inclusion with carbide surrounding before the liquid state of material will be solidified which 

is difficult to control in manufacturing. It is recommended that cleaner steels be used to 

make such high reliability gears which could be achieved via improved steel making 

practice.  

Stress starts from contact stress on the surface of a gear tooth and bending stress 

is then extended to the central axis of the gear which is the contact stress as a result of 

final fracture when the torque is higher than tensile strength of material 1300 N/mm2, which 



will benefit the gear design. (In such cases, it will allow the car to increase engine power 

and see the damage when it occurs. Because it affects to the transmission and differential.) 

 

2. Suggestion  
The following areas are worthy for further research in the light of this work. 

1. The study of failure gear tooth mechanisms of oil film on the gear contact zone. 

2. The study of failed mechanisms on gears are a continuously evolving field of 

research. As the gear geometries, manufacturing methods materials, new failures can 

emerge. 

3. Finite element methods of investigation and study can be conducted on the whole 

gearbox with all elements in the system including gear casing such as shaft and bearing. 

4. Finite element methods of investigation and study can be conducted on the 

analysis of bending and contact stresses for all types of gears such as a spur gear, bevel 

and worm gears. 
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APPENDIX A 

List of symbols 

 

 

 

 

 

 

 

 



LIST OF SYMBOLS 

 
Symbol  Description       Unit 

b  = Gear face width       mm 

C = Carbon        %wt 

eC  = Mesh alignment correction factor      - 

maC  = Mesh alignment factor            - 

mcC  = Load correction factor        - 

pfC  = Pinion proportion factor       - 

pmC  = Bearings immediately adjacent       - 

Cr = Chromium       %wt 
d  = Pitch diameter       mm

 
Gd  = Pitch diameter drive gear      mm

 pd  = Pitch diameter pinion gear     mm

 wld  = Pitch diameter of the pinion      mm

 H  = Power        kW 

'J  = Helical-gear geometry factors       - 

BK  = Thickness Factor        - 

fK  = Fatigue stress-concentration factor      - 

HK  = Load-Distribution Factor       - 

oK  = Overload Factor        - 

RK  = Rim-thickness factor        - 

sK  = Size Factor         - 

K  = Dynamic factor         - 
m  = Normal module        m 

Fm  = Face-contact ratio        - 

nm  = Normal module        m 

Nm  = Load-sharing ratio        - 



       LIST OF SYMBOLS (continued) 

 
Symbol  Description       Unit 

Mn = Manganese       %wt 

Pm  = Transverse contact ratio       - 

tm  = Transverse metric module     mm 

Ni = Nickel        %wt 

pn  = Speed        rpm 

GN  = Number of teeth drive gear       - 

pN  = Number of teeth pinion gear       - 

P = Phosphorus       %wt 

dP  = Transverse diametral pitch     mm 

NP  = Normal base pitch      mm 

Q  = Quality numbers        - 

Gr  = Pitch-circle radius, gear     mm 

Pr  = Pitch-circle radius, pinion     mm 

bPr  = Pinion base-circle radius     mm 

bGr  = Gear base-circle radius     mm 

S = Sulfur        %wt 

Si = Silicon        %wt 

V  = Pitch-line velocity      m/s 
tW  = Tangential transmitted load     N 

JY  = Bending-Strength Geometry Factor      - 

IZ  = Surface-Strength Geometry Factor       -

 EZ  = The Elastic Coefficient      N/mm2 

          x, y, z =  structure global or reference coordinate axes     - 
  = Pressure angle       degree 

n  = Normal pressure angle      degree 



LIST OF SYMBOLS (continued) 

 
Symbol  Description       Unit 

t  = Transverse pressure angle      degree 
  = Helix angle        degree 

b  = Bending stress       N/mm2 

c  = Contact stress       N/mm2 

    x, y, z = Shear stresses act in the faces (planes) of the element N/mm2 
  = Normal strain       N.m 
  = Normal strain         - 
  = Poisson’s ratio         - 
  = coefficient of thermal expansion      - 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

APPENDIX B 

Properties of selected engineering material 

 

 

 

 

 

 

 

 



 



 
 



 
 



 

 

 

 

 

 

 

APPENDIX C 

Kasem Bundit engineering journal 
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