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ABSTRACT

PRECISION FORGING OF ASYMMETRIC SPUR GEAR

TAS, Giilaga
Ph.D. in Mechanical Engineering
Supervisor: Prof. Dr. Omer EYERCIOGLU

September 2020
151 Pages

The use of asymmetric gear tooth profile can be considered as a creative and innovative
solution for many power transmission applications where gear wheels often rotate in
only one direction. However, the production of the asymmetric gear profile by the
conventional thread cutting method is dependent on the cutting tool design and the
machining process. Recent studies in this area have shown that asymmetric profiles
designed independently from the cutting tool are more efficient. In precision gear
forging, on the other hand, the final tooth profile is determined by the die geometry,
and therefore the limitations of the cutting tool can be eliminated totally. The precision
forging of asymmetric spur gear was studied in this thesis and the design criteria for
the asymmetric spur gear die were presented. For this purpose, upper bound energy
analyses (UBEA) and finite elements (FE) simulations of the gear forging process were
carried out to determine the forging load and die stresses. The gear tooth profile
modifications of the die required for the dimensional accuracy of the forged gear were
evaluated. The UBEA and FEA results were compared with the experimental studies.
The study shows that precision forging is a feasible method for the manufacturing of
asymmetric spur gears and the method eliminates the limitations of the tooth profile of
gear cutting or generation methods. However, the design of the forging die is critical
in the success of the process. The design criteria presented in the study can be used

successfully.

Key Words: Asymmetric Gear, Precision Forging, Finite Element, Upper Bound,

Die Design, Gear Tooth Profile, Gear Manufacture.



OZET

ASIMETRIK DUZ DiSLILERIN HASSAS DOVMECILIGI

TAS, Giilaga
Doktora Tezi, Makina Miihendisligi
Damsman: Prof. Dr. Omer EYERCIOGLU
Eyliil 2020
151 Sayfa

Asimetrik disli dis profilinin kullanimi, disli carklarin genellikle yalnizca bir yonde
dondiigii bircok gili¢ aktarimi uygulamasi igin yaratict ve yenilik¢i bir ¢oziim olarak
diisiiniilebilir. Bununla birlikte, asimetrik disli profilinin geleneksel dis kesme
yontemiyle iiretilmesi, kesici takim tasarimina ve isleme siirecine baglidir. Bu alandaki
son ¢aligmalar, kesici takimdan bagimsiz olarak tasarlanan asimetrik profillerin daha
verimli oldugunu gdstermistir. Hassas disli dovmede ise son dis profili kalip
geometrisi ile belirlenir ve boylelikle kesici takimin sinirlamalar1 tamamen ortadan
kaldirilabilir. Bu tezde asimetrik diiz dislinin hassas dévmesi incelenmis ve asimetrik
diiz digli kalib1 i¢in tasarim kriterleri sunulmustur. Bu amagla, ddvme ytikii ve kalip
gerilmelerini belirlemek i¢in disli dévme isleminin iist sinir enerji analizleri (USEA)
ve sonlu elemanlar (FE) simiilasyonlar1 gerceklestirilmistir. Dévme dislinin boyutsal
dogrulugu i¢in gereken kalibin disli dis profili modifikasyonlar1 degerlendirildi. USEA
ve FEA sonuglar1 deneysel calismalarla karsilastirildi. Calisma, hassas dévmenin
asimetrik diiz dislilerin {iretimi i¢in uygun bir yontem oldugunu ve yontemin disli
kesme veya tiretim yontemlerinin dis profilindeki sinirlamalart ortadan kaldirdigini
gostermektedir. Bununla birlikte, dovme kalibinin tasarimi, islemin basarisinda kritik

Ooneme sahiptir. Calismada sunulan tasarim kriterleri basariyla kullanilabilir.

Anahtar Kelimeler: Asimetrik Disli, Hassas Dévme, Sonlu Eleman, Ust Sinir, Kalip

Tasarimi, Disli Dis Profili, Disli Imalati
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CHAPTER 1

INTRODUCTION

1.1 Asymmetric Gears

Gears are the most common mechanical power transmission elements that are used to
changing speed, transferring torque and force, and change the direction of motion.
They have been used for over four thousand years. The gear technology has developed
and expanded during this century with the requirements of modern technology.
Nowadays, the industry is focused on the reduction in weight to reduce energy
consumption and carbon footprint. Therefore, during the design of the gears
minimizing gear weight while maintaining the necessary balance of tooth bending
strength, pitting resistance, and scuffing resistance is gaining high priority. The use of
asymmetric gears instead of standard gears is considered an innovative approach to
this area. Asymmetric gear is the gear that has different pressure angle for drive and
coast side. A comparison of tooth profile for asymmetric and symmetric gear can be

seen in Figure 1.1.

Symmetric
Gear

&

Asymmetric
Coast Side

S\

/'

Asymmetric
Drive Side

Figure 1.1 Comparison of tooth profile of asymmetric and symmetric gear
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The use of asymmetric gear tooth profile can be considered as a creative and innovative
solution for many power transmission applications such as cars, commercial vehicles,
ships, lifting gear, generators, turboprop and helicopter gearboxes and gear pumps. In
these applications, gear wheels often rotate in only one direction throughout their
entire service lives, so that the tooth load on one flank is considerably higher than on
the opposite one. Asymmetric tooth profiles make it possible to simultaneously
increase the contact ratio and operating pressure angle beyond those limits achievable

with conventional symmetric gears.

1.2 Asymmetric Gear Manufacturing and Precision Gear Forging

In gear manufacturing, a variety of processes can be used, however, they can be
classified into two basic methods: generating processes and forming processes. The
type, material, size, and quality of the gear affect the choice of a particular
manufacturing process and the processes may vary for roughing or finishing of the
gear. Some of the gear manufacturing processes are not feasible or have limitations in
asymmetric spur gear manufacturing. The asymmetric gears that are using in the
industrial applications are manufacturing by using the conventional thread cutting

methods as shown in Table 1.1 [1].

Table 1.1 Asymmetric spur and helical gear machining processes [1]

Type of Process Type of Tooling
Form machining Cutting Form disk cutter, broach, etc.
Grinding Grinding wheel
Generating Cutting Hob, shaper cutter, rack cutter, shaver
machining cutter
Grinding Grinding wheel
Contour CNC milling Cylinder or ball mill cutter
machining Wire cut EDM*  Wire
Laser cutting Laser beam

Water Jet cutting Water or water and abrasive media
mixture stream

* EDM: electric discharge machining.

The gear manufacturing by forming methods like die casting, injection molding,

extrusion, rolling, powder metallurgy processing and near-net forging, etc. have



gained popularity in the last decades. The forming methods providing a high benefit-
cost ratio for mass production of gear drives and progress of these technologies
allowed a significant increase in their accuracy [1]. However, the selection of the
forming methods is dependent on the gear materials and considerable efforts are

required in the tooling and process design to facilitate the processes.

However, the production of the asymmetric gear profile by the conventional thread
cutting method is dependent on the cutting tool design and the machining process. Due
to the profile geometry of the asymmetric gears, the production with the conventional
thread cutting method limits the design of the profile. Recent studies in this area have
shown that asymmetric profiles designed independently from the cutting tool are more

efficient [2].

In precision gear forging, on the other hand, the final tooth profile is determined by
the die geometry and therefore the limitations of the cutting tool can be eliminated
totally. The cutting process of the gear die is wire electrical discharge machining
(WEDM) and it presents a flexible design opportunity for gear tooth profile design. In
the production of asymmetric gears, the use of precision forging technology may
enable the production limitations stemming from the profile to be removed and the

gears with high strength to be produced efficiently.

Gear fabrication with precision forging has started with relatively easy bevel gears and
has been successfully applied in recent years to spur and helical gears. There are many
studies that show the superiority of gears manufactured with precision forging in terms
of strength and cost [3-5]. However, these studies have been carried out for
symmetrical gears. The precision forging method enables the manufacturing of
complex profiles and therefore the flexibility of the gear profile to be produced would
be advantageous in the use of precision forging in asymmetric gear manufacturing.
However, there is a need to improve forging die and process design so that precision
forging technology can be applied to asymmetric gears. The design and manufacture
of the die with the desired precision will directly affect the quality of the gear to be
produced. In addition, due to the high forging load resulting from precision forging,
die strength and service life are important parameters, so the design of material flow,

die components, and forging parameters (temperature, deformation speed, lubrication,



etc.) arise as problems to be overcome. For asymmetric teeth, there is not yet a study

in the literature on this subject.

1.3 The Purpose and the Research Program of the Study

The aim of this study is to investigate the precision gear forging method for the
manufacture of asymmetric spur gears. The main goals of the study can be briefly

summarized as follows:

* Investigation of the feasibility of asymmetrical spur gears with near-net shape
with precision forging,

* Development of a mathematical model that will create the tooth profile of the
asymmetric gear forging die, depending on the final gear profile.

e Development of an upper bound analysis model for prediction of the forging
load,

* Determining material flow, forging load and mold stresses by performing finite
element analysis,

* Performing verification studies with experimental forging processes,

* Determination of design criteria for asymmetric spur gear forging dies.

For the production of asymmetrical gears with precision forging, the forging die was
first be designed. For this purpose, using the finite element method, the material flow
was modeled, the forging load and the die stresses were determined. For the calculation
of the forging load, an upper bound analysis model was developed and the software
was prepared to reduce the time for calculation. Numerical analyzes were carried out
taking into consideration the material and the profile of the preform, the forging
temperature and the lubrication conditions and the die geometry (tooth profile), the
material and the components (inner die, outer ring, lower and upper punches, etc.) of
the die was designed accordingly. The tooth profile with the required modifications
and the toolpath was generated by the developed software. The designed die
components were manufactured using wire erosion and CNC lathe-machining.
Abrasive Flow Machining (AFM) was applied to increase the surface quality of the
dies. Forging experiments were carried out using lead. The experimental and the finite

element results were compared and the boundary conditions were verified accordingly.



Using the obtained experimental and numerical analysis results, die and process design
criteria of asymmetric precision gear forging method were presented. The flowchart

of the research program is given in Figure 1.2.
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Figure 1.2 The flowchart of the research program



1.4 Organization of the Thesis

This section is for how the chapters are organized in the thesis. The contents of the
chapters are given briefly.

Chapter 2 contains a literature survey. Especially the literature survey focused on the
studies performed in the last two decades. In the literature, studies were given under
heading asymmetric gear design and stress analysis, asymmetric gear manufacturing,

and precision gear forging.

In Chapter 3, the asymmetric tooth profile generation and tooth profile optimizations
were explained based on the direct gear design method. In addition, the selection of a

prototype of asymmetric gear for this study is explained.

The finite element simulation models for warm-, hot-, and lead-forging processes of

the asymmetric gear precision forging were discussed in Chapter 4.

Upper- Bound energy analysis (UBEA) of the asymmetric gear forging was explained
in Chapter 5. Also, the development of software used in the calculation of upper-bound

analysis was explained.

The die design procedure of the precision forging of the asymmetric gear was

described in Chapter 6.

In Chapter 7 experimental setup, materials, measurements and procedure were

explained.

The results of Upper-Bound energy analysis, FE simulations, and experimental studies

were compared with each other and discussed in Chapter 8.

In Chapter 9, conclusions that are deduced from the study were explained and future

works that can be done were recommended for the researchers that study in this area.



CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Asymmetric gears are able to transport more power and torque between the parallel
and nonparallel shafts than symmetric gears that have the same size as asymmetric
gears especially in the one-directional motion. Thus researchers have had an increasing

interest in the studies about the asymmetric gears.

In this chapter, the results of literature survey on asymmetric gears are presented under
the headings mainly as; asymmetric gear design and stress analysis, asymmetric gear

manufacturing, precision gear forging, and precision gear forging of asymmetric gear

2.2 Asymmetric Gear Design and Stress Analysis

Deepak and Kumar [6] designed an asymmetric gear pair using standard gear formula
and Lewis Buckingham Equation. Asymmetric gear pair was modeled in Creo
parametric 2.0 of PTC then the asymmetric gears were fabricated by using a 3D printer.
Also, two shafts had been manufactured in order to assemble gear pair, and then the
parts were assembled. In this way, an asymmetric gear drive was obtained in a fully

operational condition.

Kapelevich and Shekhtman [7] studied the optimization of tooth root which is
generated with protuberance hob because the tooth root load capacity is a major
contributor to gear load transmission performance. They showed that optimization of
the tooth root fillet with protuberance hob reduces the root tensile stresses by
about%10 with respect to tooth root fillet generated by the full tip radius profile

protuberance hob.



Mo et al. [8] established an asymmetric gear model considering the influence of
friction and shear stress on root bending stress. They created a 2D model of symmetric
gear (20°-20°) and a model of asymmetric gear (20°-35%). They claimed that root

bending stresses increase with the increase of pressure angle under friction effect.

Shuai et al. [9] studied a two-stage asymmetric helical gear star drive system in order
to analyze the influence of eccentricity error, load, and input speed on the load sharing
performance. To make this study a virtual prototype model based on ADAMS was
created and analysis of the dynamic meshing force of gears, the load sharing
coefficient of each star gear was calculated and the results compared with MATLAB
solution results. They showed that by changing the pressure angle of the drive side,
the load sharing coefficient of the system fluctuates and the working condition of the

asymmetric gear is more stable than the symmetric gear.

Thomas et al. [10] studied to determine time-varying mesh stiffness for normal contact
ratio asymmetric spur gear tooth by using FEM. Then the time-varying mesh stiffness
which is determined had been used to predict dynamic load under non-extended
contact conditions by using two different speeds values. After that, the power loss was
analytically computed under dynamic and quasi-static load conditions according to
two different friction conditions Elastohydrodynamic lubrication (EHL) and Dowson
and Higginson). They showed that both friction conditions predict a lower value for
higher speeds and EHL predicts lower values than the Dowson and Higginson. Also,
it was shown that power loss is relatively higher when the speed approaches the

resonance speed.

In the paper presented by Prabhu Sekar [11] a method was proposed to improve load-
carrying capacity in bending and contact, as well as to improve wear resistance, in
order to increase gear efficiency by asymmetric tooth. In the study, fillet and contact
stresses, wear resistance, frictional power losses, load sharing by tooth pair and
mechanical efficiencies were investigated, multi-pair contact model was simulated in
ANSYS and comparative assessment of symmetric and asymmetric gear was done. It
was shown that load sharing increases in the double pair region. A normal contact ratio
asymmetric spur gear can be designed according to load sharing in this case point C is

to be treated as a critical loading point for maximum fillet strength and point B is to



be treated as a critical point of loading for maximum contact strength (see in Figure
2.1). Also, they showed that in the case of symmetric gears, bending strength improves
with increasing pressure angle up to 25 degrees, the best bending stress improving is
obtained in the asymmetric gears when the pressure angle of the drive side and coast
side is 37.5 and 20 degrees respectively. Furthermore, because of the increasing
moment arm, the maximum fillet stress and contact pressure reduce significantly due

to an increase in the pinion teeth number.

double pair region

0'¢,= au - 04

single pair region

double pair region

A — Lowest point of tooth contact (LPTC)

B — Lowest point of single tooth contact (LPSTC)
P — Pitch point

C — Highest point of single tooth contact (HPSTC)
D — Highest point of tooth contact (HPTC)

Figure 2.1 Asymmetric tooth loading points and regions.[11]

Abhang and Dekhane [12] determined the design parameters of asymmetric gear after
that they created the asymmetric gear model by using CATIA, then the asymmetric
gear was produced by 3D printing method. Finally, finite element analysis and
experimental studies were performed. The results showed that FEM results and
experimental results are suitable for each other. They concluded that bending load
capacity increases and bending stress decreases by increasing pressure angle on the

drive side of the gear.



Benny et al. [13] tried to predict the bending stresses of asymmetric gears based on the
analytical approach. They suggested a new coordinate system and methods (Search
Method 1 and Search Method 2) for analytically predict of bending stresses in normal
contact ratio asymmetric spur gears. Furthermore, they performed FE simulations in
Hyperworks and compared the results of the newly suggested method and ISO-6336-
3 standard with each other. They found that FE results and newly suggested Search
method 1 are in good agreement with each other than the ISO-3663-3 standard results.
Also, they stated that Search Method 1 is more accurate than the Search Method 2. In
addition, it was demonstrated that by keeping coast side pressure angle fixed gear tooth
proportion, maximum tensile bending stress, and radius where it occurs decrease whit
asymmetry factor. Finally, they showed that increasing tooth number and asymmetry
factor effect bending moment due to the eccentricity of the radial component of gear

tooth load.

Vaghela and Prajapati [ 14] presented an approach to reduce bending stress at the tooth
root fillet therefore, to increase load-carrying capacity. To achieve this purpose Bezier
curve was used at the tooth root of asymmetric gear and FEM simulations were
performed in ANSYS. They showed that by using the Bezier curve in root profile

optimization, Von-Mises stresses which are occur at the tooth root reduce by 16.68 %.

Demet and Ersoyoglu [15] designed and manufactured asymmetric spur gears using
circular fillet method in the tooth root region and investigated fatigue life of the gears
due to fatigue damages caused by cyclic loading and effects of material hardness (48
HRC and 38 HRC). To investigate the fatigue performance of the gears, a new single-
tooth bending fatigue test apparatus was developed. Also, Low-cycle and High-cycle
loading tests were performed to determine the fatigue performance of the asymmetric
spur gears. The single tooth bending fatigue test results showed that because of the
material hardness increases the residual stresses on the material surface increase, gears
with 48 HRC have lower fatigue strength than that of the gears with 38 HRC. In
addition, it was found that in the 48 HRC gears, breaks occur on the coast side surface
of the gears due to high residual stresses on the surface and in the 38 HRC gears breaks

occur in the inner surface of the tooth.
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Yilmaz et al. [16] derived a mathematical equation of pinion cutter then by using
coordinate transformation the points of internal gear were obtained. The internal gear
was built in CATIA as a 3D model. Several case studies were performed in ANSYS
to see how pressure angle and tip radius effect bending stresses. It was proved that by
the results, the bending strength of the asymmetric internal gear is higher than the

symmetric gear.

Chen et al. [17] derived a mathematical model based on coordinate transformation and
mathematical relations to obtain an imaginary asymmetric rack cutter with a parabolic
profile. Then a relationship was set up between rack cutter and gear pair. After that, a
family of imaginary rack cutter surfaces was obtained. By using a homogeneous
coordinate transformation matrix, the coordinate system of the rack cutter was
transferred to a gear pair coordinate system. A pinion and a gear were generated. Then
tooth contact analysis was performed to determine the influences of kinematic errors
and the asymmetric tooth profile due to assumed assembly errors. The study shows
that kinematics errors are sensitive to misaligned angles but insensitive to center
distance error. Also, it was shown that by increasing rotation angles the contact area
gradually moves to the tooth flank, the contact area becomes smaller and teeth

disengaged.

Marimuthu and Muthuveerappan [18] presented a finite element study on maximum
fillet and contact stresses of asymmetric spur gear which was designed by using the
direct design method based on the load-sharing ratio. An Ansys parametric design code
was developed in order to find the load sharing ratio, maximum fillet, and contact
stresses. It had been concluded that a smaller contact ratio and a higher pressure angle
at the loading side of the asymmetric gear must be preferred to enhance load-carrying

capacity.

Masuyama and Miyazaki [19] investigated torque transmission capacity of asymmetric
gears with respect to different pressure angles. Deflection and bending stress of the
tooth were calculated by using the finite element method by taking into account the
load-sharing ratio. Additionally, Hertzian contact stress was calculated with respect to

contact pressure. They showed that bending stresses and Hertzian contact stresses
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decrease by increasing pressure angle so the larger the pressure angle the more the

torque transmission capacity.

Marimuthu and Muthuveerappan [20] carried out a parametric study for high contact
ratio spur asymmetric gears depending on load sharing method in order to arbitrate
non-dimensional fillet and contact stresses. Also in the study, symmetric and
asymmetric gears which are designed by using direct gear design were used and the
results of both gears were compared with the conventional high contact ratio spur
gears. In addition to these, the effect of gear parameters such as gear ratio, addendum
pressure angle, the backup ratio of non-dimensional stresses is analyzed in detail. They
showed that the non-dimensional fillet and contact stresses in the asymmetric gear
which is designed with a direct gear design method are less than the symmetric one.
Also, they showed that the non-dimensional fillet and contact stresses in the symmetric
gear which is designed with direct gear design method are less than the symmetric
gears which are designed conventionally. Additionally, it was shown that by increasing
gear ratio and teeth number a reduction in non-dimensional contact stresses was

obtained.

Dharashivkar et al. [21] studied to evaluate bending stresses at the root of the
asymmetric tooth by using the 3D photoelasticity method. To achieve this aim,
ISO/TC-60 was used to calculate bending stresses theoretically, 3D model of the gear
was drawn in CATIA V5 R15, finite element simulations were done in ANSYS and
3D photoelasticity method was used to evaluate stresses experimentally. Also, they
performed finite element simulations for symmetric and asymmetric gears to observe
bending stress changes due to asymmetry. They derived from their study that the 3D
photoelasticity method is the best method to evaluate bending stresses. FEM results
and theoretical results are almost the same. Based on bending stresses at the tooth root,
the strength of the asymmetric gear is higher than the strength of the symmetric gear.
A very small change at the critical thicknesses of the tooth has a great effect on its

bending strength.

In the paper which was presented by Cazan and Plesu [22] on one hand a mathematical

approach was suggested for fatigue strength of gear, on the other hand, this
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mathematical approach was applied to a particular system regarding a better fillet

geometry of symmetric and asymmetric gears.

Xiao-he et al. [23] studied on characteristics of asymmetric gears. Based on meshing
properties, they proposed an involute slope modification method considering the
effects of static transmission errors. They studied involute slope modification by
changing parameters. Furthermore, for modified and unmodified asymmetric spur
gears mesh stiffness and synthetic mesh stiffness were analyzed. They revealed that
appropriate modification can help to obtain better involute profile to decrease instant
changes of stiffness curves. Also, it was concluded that with proposed modification,
harmonics’ amplitudes can be impaired; enabling to diminish stiffness excitation and

this can be a guide for researchers who study noises and vibrations of gears.

Prabhu Sekar and Muthuveerappan [24] adapted a standard ISO B methodology to
estimate tooth form factor and the stress correction factor of the asymmetric gear. Also,
a comparative finite element studies were carried out for a set of different drive side
and cost side pressure angle to determine tooth form factor and critical root fillet
parameters. They concluded from the study that maximum fillet stresses which are
developed in the asymmetric gear are lower than the symmetric one. In addition to
this, they proved that the tooth fillet stresses are lower when the higher pressure angle
was used for the drive side. Also, it was shown that the tooth fillet stresses decrease

with increasing drive side pressure angle and vice versa for the coast side.

Kargin [25] reviewed the literature data about the involute transmission with
asymmetric tooth profiles. In light of the already knowledge, prospects for use of
asymmetric involute profiles were considered. It was assessed that by the author, the
use of asymmetric involute gears in a three-component gear mechanism will have

significant changes in the future.

Deng et al. [26] proposed a design method for the geometric shape and modification
of asymmetric spur gears. In the proposed method geometric shape was obtained by
way of rack cutter which has different pressure angles and fillet radius in the driving
and cost sides so the gear has different pressure angles and fillet radius in the drive and

coast side. Also in the modification design of the gear firstly the geometry of the rack
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cutter was modified then the modified gear was obtained. Then the gear was drawn by
using computer-aided design software. FE simulations were done in order to analyze
the meshing process, transmission errors, and load sharing ratio for the modified and
unmodified asymmetric gears. They concluded from the results of the study that the
proposed design method was feasible and gear with better transmission properties can

be obtained.

Banica and Ravai-Nagy [27] investigated the dynamic behavior of asymmetric gear by
replacing it into a place of symmetric gear. They studied how does effect the tooth
flank error dynamic behavior of the gear and how does the configuration of the gears
influence the dynamic behavior of asymmetric gear comparing with symmetric gear.
They showed that great deviations affect the real active length of flank and this is not
desirable. Also, it was concluded that dynamic and static bending stresses in the

symmetric gear are greater than the asymmetric gear at a range of 27,3-31,5%.

Olguner and Filiz [28] studied the design of spur gear with asymmetric teeth in the
external gear pump. They generated a model for asymmetric gears and instantaneous
flow rate equations were derived by the authors. In the study, a computer program was
developed by the researchers. Different seventeen gear pair which have different drive
side pressure angle and coast side pressure angle and profile shift coefficient was
tested. The effect of these parameters on the flow rate, flow rate fluctuations, tooth
contact, and bending stresses was investigated. They showed that it is possible to
decrease root bending and contact stresses by 20 % by increasing the drive side
pressure angle, also increasing the drive side pressure angle increases flow rate, and
decreases flowrate fluctuation without increasing gear size and center distance.
Besides this, it was shown that increasing the profile shift coefficient decreases tooth
root bending stresses, tooth contact stresses, and flow rate fluctuation while increases
the mean flow rate slightly. But increasing the profile shift coefficient is not efficient

than the increasing drive side pressure angle.

In the paper presented by Prabhu Sekar and Muthuveerappan [29] load sharing ratio
and corresponding load sharing ratio depended on maximum fillet stresses with respect
to non-dimensional stress number were estimated for conventionally designed

symmetric and direct designed symmetric helical gears. The study also covers direct
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designed asymmetric helical gears in terms of these parameters. It was proved that the
maximum root fillet stresses in the asymmetric helical gear are always less than that
of the symmetric helical gear. Non-dimensional stress number drastically decreases

when the gear ratio increases.

Marimuthu and Muthuveerappan [30] dealt with an accurate estimation of optimum
profile shifts for normal and high contact ratio asymmetric spur gears based on gear
and pinion tooth fillet strength for a load which is at the critical loading point
considering load sharing of pinion and gear. In the study, gears were designed by the
direct design method. Also, they developed area of existence for high contact ratio

asymmetric gears.

Kapelevich [31] presented an analytical approach for gear mesh characteristics such
as contact ratio, operating pressure angle, gear mesh efficiency as functions of the pitch
factors, specific sliding velocities. The study also contains the area of existence of

involute gear pairs for the given constant values of the pitch factors.

Marimuthu and Muthuveerappan [32] studied the effect of the direct design
asymmetric high contact ratio spur gear based on tooth load sharing. They used a
unique ANSYS parametric design language code for the study. For different drive
side, contact ratios load sharing based on bending stress and contact stress were
determined. They stated that the load sharing ratio based on contact stresses decreases

due to load at the critical loading point according to the study.

Zhao et al. [33] derived the equations of teeth surface of double pressure angles
asymmetric face-gear, according to the theory of gear geometry. Then by using
ANSYS, the finite element model was created for a single tooth pair which contact
each other. The results showed that when the number of elements in the finite element
model increases, the maximum tooth contact pressure angle is bitten by bit moves to
values calculated by Hertz theory and finally fully coincide. Also, it was deduced that
increasing pressure angle at the drive side results in a reduction in the maximum tooth
contact pressure and maximum tooth root tensile stresses, and reducing the coast side

pressure angle may cause an increment of the maximum tooth root tensile stress. But
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the effect of reduction of coast side pressure angle on the tooth root tensile stress is

less than the that of the increasing drive side pressure angle.

Marimuthu and Muthuveerappan [34] investigated the influence of pressure angle on
drive and coast sides in asymmetric normal contact ratio gear which is designed
conventionally, considering load sharing between the gear teeth pair. Multi-pair teeth
contact model was created for finite element simulation in ANSYS in order to find the
load sharing ratio and respective stresses. It was found that when the pressure angle of
the drive side is 35 degrees if the drive side is loaded and when the pressure angle of
the coast side is 25 degrees if the coast side is loaded, the maximum fillet stress is at

its lowest value.

Deng and Cai [35] created an involute slope modification model of asymmetric spur
gear, considering modification angle and modification coefficient ratio. They stated
that the modification angle affects the maximum value of contact stresses and the
modification coefficient ratio impresses the shape of the contact stress curve. Also, it
was deduced that both parameters have an effect on the contact performance, suitable

values of the parameters improve the transmission performance of the gear pair.

Karpat et al. [36] built a 2D tooth model for asymmetric gear by using finite element
analysis. They derived formulas to estimate tooth stiffness with respect to the pressure
angle of the drive side and teeth number. The results of the derived formulas were
compared with well-known formulas in the literature and they showed that the newly
derived tooth stiffness formula and developed FE models can be used in dynamic

simulations and the result of both are precision compared with other formulas.

Ning and Li [37] analyzed the relationship between rack cutter parameters and the
parameters of the gear profile, based on the rack cutter with an asymmetric tooth. 3D
model of asymmetric helical gear was built. It was shown that asymmetric helical gears
can be manufactured by traditional methods. Additionally, they deduced that the 3D

model reflects the correct relationship between parameters and meshing formulas.

Liming and Guimin [38] analyzed the dynamic performance of asymmetric gear

transmission systems by using MSC.ADAMS software. They compared results of
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asymmetric gear with symmetric gear and concluded that asymmetric gear
transmission system is superior to symmetric gear transmission system according to

vibration characteristics, during the transmission.

Sandooja and Jadhav [39] presented a mathematical model for asymmetric helical gear
pairs. Load carrying capacity and gear performance of the gear were investigated in
terms of mesh stiffness and noise during power transmission, by increasing gear drive
side pressure angle. They showed that asymmetric helical gear design, reduce noise
and sliding velocity, increase load carrying capacity, reduce weight, and under

dynamic conditions maintain the life of the gear for a longer time.

Agrawal and Himte [40] carried out FE analyses by using ANSYS for symmetric gear,
asymmetric gear, and asymmetric gear which has a relief circular hole at the vicinity
of the root fillet region. They showed that maximum bending stress, in the symmetric
gear is 432.698 N/mm?, in the asymmetric gear is 420.916 N/mm?” and in the
asymmetric gear with a circular hole at root fillet region is 419.441 N/mm?. They
concluded that a suitable stress relief feature at the root fillet region decreases bending

stress and the stress relief feature should be in the vicinity of the root fillet region.

Alipiev [41] suggested a new method which is called Realized Potential method for
geometric design of asymmetric and symmetric involute meshing where the potential
of the gear drive is equal to its contact ratio. By using gear drive potential as an input
value, the geometry of the gears, rack cutters, and involute meshing was determined.
He showed that Realized Potential Method is suitable for gears that have small teeth

numbers.

Kargin [42] studied the analytical detection of the transition curves at the base of
asymmetric gear teeth and this was done by using two-stage. In the first stage, it was
determined by roulette constructions which associated with initial gear circumferences
that roll over one another. A radial gap was constructed in the second stage and this

facilitates manufacturing and reduces stress concentration at the tooth root of the gear.

In the paper presented by Li et al. [43] a calculation method was formulated to

calculate contact stresses of helical gears with asymmetric teeth. In order to calculate
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instantaneous contact stresses at the contact line, computer software was developed.
Results of asymmetric helical gear and symmetric gear were compared. They deduced
from the results that contact stresses reduce significantly with the increasing pressure

angle at the drive side of the helical gear.

In the paper which was presented by Liu and Fan [44] an asymmetric double circular
gear was designed for large-scale high-pressure gear pumps. According to the results
of the study, asymmetric double circular gears are suitable for large-scale high-
pressure gear pumps which have advantages such as smooth flow, no pulse, and no
tooth tipping. In addition to this, newly designed large-scale high-pressure gear pumps

can meet the demands of high-pressure and large displacement.

Pedersen [45] studied to improve bending stress in spur gears using gears with
asymmetric teeth and shape optimization which is made through rack cutter. Based on
this idea, two types of rack cutters were proposed which can be seen in Figure 2.2.
From the study, it was concluded that a great amount of improvements in bending
stress can be achieved by using asymmetric gear and by changing rack cutter geometry
which is directly affect the shape of gear tooth a bending stress reduction in the order

of % 40 can be obtained.
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a) New standard asymmetric elliptic cuter AE1.
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b) New standard asymmetric elliptic cuter AE2.
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Figure 2.2 Type of proposed rack cutter. [45]
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Kargin [46] had foreseen that involute gear transmissions with asymmetric tooth
profiles can be divided into three levels according to the applicability, and methods of
synthesis and manufacture. The properties of these three levels were studied and it was
concluded that involute gear transmissions with asymmetric tooth profile can be
divided into three-level. Also, it was shown that due to different properties of these
three levels, they can be used for different purposes such as increasing longevity and

reliably of transmission and smoothness of operation.

Costopoulos and Spitas [47] introduced an idea of one-sided involute asymmetric spur
gear tooth, to rise load carrying capacity, increase the strength of non-involute curve
and to associate meshing properties of driving involute of the gear. To investigate this
idea, FE simulations were performed. The FE results showed that a reduction of pinion
fillet bending stresses up to 28 % was obtained comparing with standard design gears
and this can be interpreted as an increment of load-carrying capacity. Also, it was
concluded from the study that, without changing the size or number of the teeth in the
gearbox a reduction of bending stresses and improving pitting resistance can be

obtained by using proposed asymmetric design in automobiles.

Kumar et al. [48] by using injection molding, produced an asymmetric gear made from
unreinforced polypropylene material and has pressure angles of 34° and 20° at a drive
and coast-side respectively and has 3 mm module. Also, a test rig was developed in
order to analyze surface durability and kinematics characteristics of the asymmetric
gear. It was shown that when the drive side pressure angle of the gear is higher than
the coast side, the transmission efficiency of the gear pair is superior and also exhibits

lower surface temperature.

Muni and Muthuveerappan [49] attempted to achieve the optimum design for
asymmetric internal gear considering desired values of input parameters such as
working center distance, top land thickness coefficient, asymmetric factor, the gear
ratio, and contact ratio. They determined the optimum value of the addendum

modification for a given asymmetry factor, using the mentioned parameters.

Spitas et al. [50] introduced an idea of a one-sided involute asymmetric spur gear tooth

to rise load carrying capacity and increase the strength of the non-involute curve and
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to associate meshing properties of driving involute of the gear. Both profiles of the
tooth were generated by a hob. FE simulations were performed and the results showed
that a reduction of pinion fillet bending stresses up to 28 % was obtained comparing
with standard design gears and this can be interpreted as an increment of load-carrying
capacity. Also, it was concluded from the study that, without changing the size or
number of the teeth in the gearbox a reduction of bending stresses and improving
pitting resistance can be obtained by using proposed asymmetric design in

automobiles.

Senthil Kumar et al. [51] developed non-standard rack cutters in order to generate
pinion and gear with asymmetric involute surfaces and trochoidal filet. Several non-
standard rack cutters were designed to analyze different combinations of the
parameters that are pressure angle, speed ratio, profile shift, top land thickness ratio,
and asymmetric factors. FE simulations were performed for symmetric gears, the
results were compared with the results of ISO and AGMA codes to prove the results
of the FE simulations. They showed that peaking which occurs in the symmetric gears
at a high-pressure angle can be overcome by using asymmetric gear. Also, it was

shown that asymmetric involute surfaces improve the fillet load capacity of the gears.

In another paper presented by Karpat et al. [52] the feasibility of using asymmetric
gear in microelectromechanical systems was studied. They analyzed root stresses,
applied the Weibull failure theory, and investigated the capacity of different
asymmetric gear configurations. They demonstrated that maximum bending stresses
increase with increasing tooth high parameters. In addition, it was shown that
asymmetric gear tooth with 36 degrees of pressure angle on the drive side provides the

best solutions.

Yang [53] studied on the asymmetric internal gears. Driving and driven gears with
asymmetric spur and helical teeth were generated. He developed a mathematical model
of meshing properties of the driving and driven gears. He investigated kinematic errors
according to a mathematical model developed for meshing. The results of the study
showed that the kinematical errors of the asymmetric helical internal gear are less than
that of the asymmetric spur internal gear, kinematic errors are sensitive to misaligned

angles but not to center distance assembly errors. In additionally it was shown that
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asymmetric helical internal gears are superior to asymmetric spur gear in terms of

stresses and contact engagement.

Francesco and Marini [54] created a calculation method for the dimensioning of the
asymmetric gear and to determine equivalent form factor and equivalent notch factor
for asymmetric gear, which allows to designer to estimate root bending stress. They
showed that gear designers may use ISO procedure in order to certify bending stresses

in the case of asymmetric gear conveniently.

Muni et al. [55] suggested two procedures in order to optimize a given asymmetric
gear designed with the direct design method. A set of asymmetric tooth profiles of
pinion and gear were generated, considering a set of pressure angles of the pinion and
gear for the required contact ratio. They made suggestions to improve bending strength
capacity, by the way, changing parameters such as top land thickness coefficient,

asymmetry factor, and teeth number.

Karpat et al. [56] studied asymmetric gears used in the micro-electro-mechanical
system. A computer program was developed; the probability of failure of asymmetric
gear was investigated considering pressure angle, tooth height, and contact ratio by
using the Weibull failure theory. It was shown that asymmetric gear which has 36
degrees’ pressure angle for the drive side is most useful for the design of the micro-

electro-mechanical system.

Yang [57] developed a mathematical model for asymmetric helical gear. Based on the
mathematical model, an assembly of pinion and gear with asymmetric teeth was
developed. Undercutting conditions for asymmetric helical gear were investigated
according to the proposed mathematical model and a 3D stress analysis was carried
out in a simulation. It was shown that asymmetric helical gear is superior to

asymmetric spur gear in terms of stresses.

Litvin et al. [58] designed a face gear with asymmetric tooth profile which is used in
helicopter transmission and developed computer software in order to analyze the
conventional and new types of geometry of asymmetric face gear. By using the finite

element method, meshing and tooth contact analysis were carried out. In the study
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drive side pressure angle was selected higher than that of the coast side. It was shown
that by using the asymmetric profile in face gear, more than 10 % reduction of bending

and contact stresses were obtained.

Kapelevich [59] developed a basic geometric theory of asymmetric gears. Also, he
determined formulas and equations, for asymmetric gears and generating rack-cutter
parameters. In the study, it was shown that the geometry of asymmetric gears allows
for an increased load capacity of the gear while reducing the dimension and weight of

the gear and when the contact ratio and drive side pressure angle is increased.

2.3 Asymmetric Gear Manufacturing

Ravai and Lobontiu [60] studied on asymmetric gear cutting processes. They classified
asymmetric gear manufacturing through cutting into two main groups; conventional

technologies and unconventional technologies (Figure 2.3).

Manufacturing gears with asymmetric teeth through cutting
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Figure 2.3 Classification of the manufacturing technologies used in the

processing of the asymmetric gears. [60]
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In another study by Ravai and Lobontiu [61] manufacturing a plastics (HD500) gear
with asymmetric teeth (see Figure 2.4) by using the CNC machine was presented.
Accuracy of the gear machined on CNC was compared with that of the gears produced
by gear tooth side milling cutter or gear tooth end mill. They predicted that steel gears
can be produced by a CNC machine.

Figure 2.4 Gears with asymmetric teeth made on CNC controlled machine tool. [61]

2.4 Precision Gear Forging

Although there are many studies about the design and stress analysis of the asymmetric
gear, and there are a few studies about asymmetric gear manufacturing, there is no
study about the precision forging of asymmetric gears. However, in the literature, there
is only a paper which is called “Study on Warm Forging Process of 45 Steel
Asymmetric Gear” available but this is about the radial extrusion of asymmetric gear

[62].

Dang et al. [63] performed three-dimensional rigid-plastic finite element simulations
of the cold forging of helical gear using recurrent boundary conditions and compared
FE results with experimental ones. They showed that the experimental load is smaller
than that of the simulations, especially at the last stage and results of experiment and
FEM simulations are in good agreement with each other in terms of profile surface.
Thus they concluded that the proposed method of analysis can be effectively used in

the cold forging of the helical gear.
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Samotyk [64] performed FE simulations and experimental work for the cold orbital
forging process of AlMgSi alloy bevel gear (see Figure 2.5). He concluded that
planetary motion is recommended for the orbital forging of bevel gear and the degree

of deformation and energy consumption increase if the spiral scheme is used.
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Figure 2.5 Schemes of upper die rocking motion for Marciniak’s press. [64]

Feng et al. [65] calculated maximum forging load by using the finite element method
(DEFORM-3D) and created an ANN (neural networks) model with the BP (backward
propagation) learning algorithm. Using FEM data, they trained ANN model with the
BP. It was shown that predicted force by ANN model with BP agrees with simulation

results and predicted results satisfy the industrial requirement.

Feng et al. [66] investigated the effect of the billet geometry on the cold precision
forging of the helical spur gear. By using DEFORM 3D, the forming load and
uniformity of deformation were investigated. In the FE simulations, lead was selected
as the workpiece material and simulations were performed for six different geometries
by keeping other conditions the same for all simulations. The outer diameter of the
billets is equal to the root diameter of the gear and other parameters of the billets can
be seen in Figure 2.6. The results showed that forging load decreases with the increase
of relief-hole -do-, the best uniformity is obtained when the relief-hole equal to 10 mm,

effective strain distributions are very inhomogeneous in the axial and radial directions.
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Figure 2.6 Dimension of the billets. [66]

Cai et al. [67] performed finite element simulations by using DEFORM-3D in order to
analyze metal flow law and stress distribution of billet for a different type of vibration
parameters during spur bevel gear forging. They concluded that deformation resistance
of the gear in the vibration rotary bevel gear is lower than that of the conventional
rotary forging and strain distribution is more uniform so the better forming quality is
obtained. In additionally they concluded that when the higher amplitudes are used,

smaller stresses, better forming quality and faster forming were obtained.

Deng et al. [68] created a finite element model of the cold rotary forging of a
20CrMnTi alloy spur bevel gear for the DEFORM-3D. Experimental studies were
performed to validate the proposed FEM model. They concluded the workpiece can
be divided into two regions; active deformation area and passive deformation area.

The metal flow occurs primarily in the active deformation area.
Khalilpourazary et al. [69] performed simulations of the hot precision forging of

straight bevel gear by using finite volume, computer-aided design and computer-aided

engineering, and forging force and final shape of the gear were determined and
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compared the simulations results with the available experimental data in DIN
standards. They concluded that the presented method can be used effectively to
improve die strength, reduce material waste and to determine under-fill die cavities

before the forging process begins.

Wei and Lin [70] presented a paper. In the paper, they proposed an optimization
method based on the finite element method and the Taguchi method. They considered
optimal objectives as maximum forging force and die filling quality and they
investigated these objectives whit respect to process parameters such as deformation
temperature, punch velocity and friction conditions affect. They showed that the
deformation temperature and friction coefficient are the most affecting process
parameters on the maximum forging force and die filling quality. Also, it was shown

that experimental results run-in with that of the proposed optimization method.

In the paper presented by Zhao et al. [71] frictional coefficient, initial die hardness and
rules of the wear were analyzed based on numerical simulations of the Steel
Synchronizer Gear Ring Forging Process. They concluded that higher initial die
hardness and good lubrication conditions provide the better die wearing resistance, and
higher die temperature and longer forming time result in serious die wear. In addition,

they showed that most of the die wear occurs between the two teeth.

Li [72] performed finite element simulations and experiments in order to analyze cold
extrusion of inner ring gear by changing process parameters. It was shown that

experimental results prove the finite element simulations.

Yang and Zhao [73] performed FE simulations by using DEFORM-3D in order to
analyze the effects of floating die on the material flow and the tooth corner filling.
Three different cases were simulated as seen in Figure 2.7. They showed that floating
die has no significant effect on the load-stroke diagram, if the die is stationary, metal
fills top region more rapidly, if the die moves with the speed of punch, metal fills
bottom region rapidly and if the die moves with the speed equal to half speed of the

punch, the metal flows similar to the upsetting process.
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Figure 2.7 Three different case of floating die simulations. [73]

Chang and Kuo [74] experimentally investigated the effects of temperature and grain
size on the closed die micro gear forging process. They developed a forging system
equipped with heating devices and applied heat treatment in order to keep the grain
size of the copper material between 4 and 46 um. They prepared copper billets with
coarse and fine grains for forging at different temperatures. It was shown that grain
refinement and moderate increase of forming temperature improve material flow and
this results in better filling of die cavities and uniform distribution of grains and

hardness in the gear which is forged.

Hu et al. [75] put forward a novel specific gear forging technology based on a
hypothesis of radial rigid-parallel-motive (RPM) flow mode. It is proved that the
radial-rigid-motive (RPM) flow mode by performing numerical simulation and
physical experiments. They showed that by using the novel specific gear forging
technology, forging load decreases significantly, about 35 % compared with the
conventional processes. Conventional flow mode and RPM flow mode can be seen in

Figure 2.8.
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(a) Conventional flow mode (b) RPM flow mode

Figure 2.8 Metal flow rule of gear forging. [75]

Wang et al. [76] performed finite element simulations by using DEFORM-3D and an
experimental study was done to prove simulations results for the forging process of
starter motor ring gear. They obtained variation of metal flow, stress and strain. It was

shown that experimental results and FEM results agree with each other.

Zhang et al. [77] conducted three-dimensional finite element simulations of the
precision forging of bevel gear and investigated material flow, forging load levels and
product geometry. Based on FEM simulations a die was designed. They showed that

this procedure can shorten the die design and manufacturing period.

Ji et al. [78] designed two types die set for the bevel gear forging process. The first
type die set has a back cone relief cavity and the second type die set has a small end
relief cavity. Schematic of die set and relief cavities can be seen in Figure 2.9 and
Figure 2.10. Die sets were used in finite element simulations and experimental studies.
Then the results of FEM simulations compared with the results of experiments. They
showed that the results of experiments and simulations are consistent in terms of
forging load and clamping force. The die set with a small end relief cavity is superior

to die set with a back cone relief cavity.
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Figure 2.9 Schematic of the closed-die forging. [78]
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Figure 2.10 Schematic of relief cavities. [78]

Debin et al. [79] presented a novel hybrid process combining isothermal enclosed
forging process with two kinds of piercing methods- double-ended piercing and central
piercing method- to manufacture the micro-double gear. By using finite element
simulations, filling quality and metal flow were investigated. Based on finite element
simulations, experimental studies of the hybrid processes were performed and micro-
double gear was produced with good surface quality by using the central piercing
method. They showed that the hybrid process with the central piercing method is
superior to the double-ended piercing method in terms of filling quality. Also, it was
shown that the hybrid forging process has advantages of manufacturing efficiency,
assembly precision and reproducibility compared with precision machining and

directly forming.
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Eyercioglu et al. [80] performed finite element simulations and experimental studies
and proposed a set of the new formula by modifying cylindrical approach, for the
shrink-fit design of precision forging spur gear dies. By comparing the result of FEM
simulation, experimental studies and analytical solution, they concluded that newly
proposed formulas can be safely used in the shrink-fit design of precision forging spur
gear dies. Additionally, they stated that the highest value of P' - internal pressure
divided by yield strength of the die material- must be 0,7. For values that are beyond

this value, multiple ring assembly die should be considered as a solution.

Liu and Cui [81] by selecting magnesium alloy AZ31B as workpiece material, carried
out finite element simulations and experiments for hot forging of spur bevel gear.
Furthermore, to investigate the influence of preform shape, finite element simulations
were performed by using commercial software MARC. The results of finite element
simulations were compared with the results of the experimental studies in terms of the

load-stroke diagram and it was shown that the results are consistent with each other.

Kim et al. [82] presented a paper that contains FE simulations, experimental studies
and heat treatment of the forged helical gear. By using DEFORM-3D/HT, forming
load, normal pressure, effective strain distributions on the workpiece, and stress
distributions on forging dies were investigated. Results showed that computer-aided
engineering can be used as an effective method to improve process design and allows

to researcher to predict dimensional changes of the final product.

Chen and Jung [83] presented a robust design method based on the finite element
method in order to optimize process parameters such as die wear, manufacturing
tolerance, dimensional variation caused by temperature and the different friction
conditions, etc. They performed a case study of hot gear forging processes based on a

robust design method. The results proved the robust design method.

Irani and Taheri [84] investigated the effect of the temperature on the microstructure
and hardness of the precision forged spur gear which is made from low carbon steel.
They selected temperature range from 750 °C to 1050 °C to perform experimental

studies. The results showed that 950 °C forging temperature is the optimum
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temperature for the homogeneous distribution of microstructure and hardness in forged

spur gear.

Song and Im [85] carried out cold forging of a bevel gear using three-dimensional
finite element simulations by selecting process parameters as press type, punch
location, and billet diameter. In the study, the material flow and the load levels required
for complete die filling were investigated. Based on the FE simulation results a die set
was designed and bevel gear made of AISI1020 was cold-forged. By comparing FEM
results and experimental results it was assessed that to increase die clamping force an

additional clamping device was needed.

In the paper presented by Yang et al. [86] finite element analysis was performed to
investigate the effects of yielding stress, strength coefficient and strain hardening
exponent, on forging load and maximum effective stresses. Also, they performed
adductive network synthesis to predict maximum effective stresses and forging load.
They concluded that the results of FEM simulation and adductive are in good

agreement with each other.

Sheu and Yu [87] designed die of cold orbital forging to produce a hollow ring gear.
Different preform geometries were used to analyze deformation characteristics of the
orbital forging. Also, they conducted finite element simulations to foresee the forging
load. They concluded that forging load of cold orbital forging is one out of nine of the
conventional forging process, the preform which is designed with smaller volume is
better for both material flow and material saving, and the smaller the outer diameter of

the preform the higher maximum effective strain and damage value occur.

Skunca et al. [88] analyze cold forging process of the bevel gear having straight
tapered flanks. They performed experimental and FE simulations in MSC Marc Mentat
2005r2. They compare the FE results and experimental results with each other in terms
of strain distribution and load-displacement diagrams. They obtained completely
overlapping load-stroke diagram results of FEM with results of experiments, by

changing the friction coefficient in simulations.
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Zhang and Xie [89] analyzed three different forging processes and deformation
behaviors of Zr41.25Ti113.75N110Cul2.5Be22.5 BMG fine spur gear by using FEM
simulations and by doing experimental studies. In the first forging process a punch
with mandrel was used to form billet and while punch with mandrel moves down to
create the final shape of billet, the mandrel creating a hole at the center of the final
product. In the second process, a punch without mandrel was used and punch moves
down and squeezes the billet against the mandrel, a hole is being created by the
mandrel at the center of the final product. In the third process, a punch with mandrel
was used and firstly, punch moves down then mandrel moves down and creates a hole
at the center of the final product. The results show that there are significant differences
between the results of three processes in terms of load- time curves and material flow
behaviors and the Third process is superior to other processes and FEM results were

verified by comparing with experimental results.

Yang and Hsu [90] investigated maximum forging load and final face width by
changing process parameters such as modules, number of teeth, based on finite element
simulations. Simultaneously they applied abductive network analysis. They showed
that the results of FEM simulations and abductive network analysis consistent with

each other in terms of forging load and face width.

In another study of Yang and Hsu [91], a set of finite element simulations carried out
by using DEFORM-3D to analyze the spur gear forging process. In the simulations,
ring-type billets were used and process parameters such as friction factor, module, etc.
were investigated. The results of the simulations were compared with the previous
experimental results available in the literature. They showed that the maximum forging
load increases when module, teeth number, and friction factor increase, and maximum

forging load decreases when the inner diameter of billet increases.

Kang et al. [92] presented a numerical approach to the cold forging of a component of
automobile starter motor assembly (sleeve cam) which is featured gear tooth outside
and cam profile inside, using FEM combined with equivalent area mapping method.
Since the sleeve cam is a non-axisymmetric part, it is considered as a simple circle
with an appropriate radius, which has an equal area. FEM results and experimental

results were compared and it was concluded that the presented numerical approach can
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be used to predict successfully the plastic deformation of the non-axisymmetric forged

part.

Kutuk et al. [93] performed finite element simulations and analytical solutions based
on thick-wall cylinders for shrink-fit die design of precision forging spur gear. FEM
simulations and analytical calculations were done for both die with teeth and die
without teeth (cylindrical die). They showed that while the results of the FEM
simulations and analytical computation are well agreeing with each other for die
without teeth in terms of maximum stresses, the results of FEM simulations are much
higher than the results of analytical computation for gear die with teeth in terms of
maximum stresses. Also, it was shown that by re-optimizing interference value,

maximum stresses reduce considerably.

Hsu [94] presented a mathematical model using an upper bound method for the
precision forging of spur gear forms and splines in order to analyze the plastic
deformation behavior of billet in the die cavity. They compared their results with the
results of other researcher’s analytical and experimental studies. They concluded that
the presented mathematical model offers a useful knowledge of die designing of

precision forging process of spur gear form and spline.

Chitkara and Kim [95] performed a forging process for crown gears with trapezoidal
and rectangular teeth. Tellurium lead was chosen as a billet material. Also, they studied
the upper bound analysis of the gears. They showed that relative forging pressure for
forging of the rectangular teeth is a bit greater than the relative forging pressure for

forging of the trapezoidal teeth.

Lee et al. [96] simulated a bevel gear forging process by using three dimensional FEM.
In the simulations, dies were selected as rigid and the workpiece was selected as plastic
material. They applied the FE simulations for two types of bevel gear forging in order
to obtain a defect-free forging process. Firstly, they designed a die set then modified
this die set by adding a lower pin, and it was shown that a modified die set with an

added lower pin allows better filling of the die cavity.
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Kim and Chitkara [97] presented kinematically admissible velocity fields for forging
of crowned gear and finite element simulations were carried out to determine the
effects of preform on the dimensional accuracy of the forged gear. They showed that
the preform shape based on upper bound analysis improves the dimensional accuracy

of the gear.

2.5 Precision Gear Forging of Asymmetric Gear

Although there are many studies about the precision forging of the symmetrical tooth
gears only one study is available on the precision forging of asymmetric gears.
However, the paper titled “Study on Warm Forging Process of 45 Steel Asymmetric
Gear” [62], it is an extrusion process. In the paper, Qi et al. [62] studied the warm
extrusion process of asymmetric gear to reduce the forming load and improve the
filling in the toothed corner portion. In the experimental study, they selected 45 steel
without quenching as workpiece material, heated up mold and workpiece to 250 °C
and 800 °C, respectively. The die surfaces were lubricated by graphite and a forming
speed of 30 mm/s was used. By performing microstructure analysis of the gear they
revealed that small grains evenly distributed in the region near the addendum of the

gear and coarse grains unevenly distributed in the central region of the gear.
As can be understood from the literature review, no study has been conducted on

precision forging of asymmetric spur gear. Therefore, this study has been carried out

to fill the gap in this area.
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CHAPTER 3

ASYMMETRIC GEAR TOOTH PROFILE GENERATION

3.1 Introduction

Gears are used to transfer uniform motion. On this purpose, different types of
conjugate curves which are act on each other to result in smooth motion transfer at a
constant ratio can be used [98]. Although there are many conjugate curves, only two
of these are in common use; the cycloidal and involute profiles [99]. The curve that is
used extensively in the spur and helical gear is the involute curve [98]. This is because
of the involute curve allows transferring angular motion smoothly. In additionally
involute curves are insensitive to the center distance between the gear pair when the
gear pair works. So, in this chapter, the geometry of the involute curve and gear tooth
will be explained. Also, the tooth profile of the asymmetric gear will be drawn by using

a home-made software program.

3.2 Involute Profile Generation

Involute is a trajectory where the end of a tightly wrapped yarn traces when opened
from a circle. In the case of spur gears, this circle is called the base circle of the gear

and it is given Figure 3.1.
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Base circle -_

Figure 3.1 Involute and base circle [100]

If the radius of the base circle is known the involute curve is completely defined.

Involute -Mathematically- can be defined as the vectorial angle 6 in radians:

invg =0 =tang — ¢ (3.1)

where ¢ is the pressure angle of the interested point in radians
As can be seen in Figure 3.2, invd (0) is the angle between any point considered and

the starting point of the involute profile.

INVOLUTE CURVE

BASE CIRCLE

Figure 3.2 Involute curve [101]
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R is the directed distance between the considered point and the center of the base circle
or is the radius from the center of the base circle to the considered point. Rg is the
radius of the base circle and Rc is the length of the unwrapped yarn when the base
circle is rolled through E angle, also it is the radius of the curvature at the considered

point. The relationships between these terms are given below.

Rc =Rg.E =\/R? — R} (3.2)
Rg =R .Cos ¢ (3.3)

Before obtaining the X and Y Cartesian coordinate points of the involute profile, some
information should be given such as module, pitch circle, etc. for the asymmetric spur

gear. Nomenclature of the spur gear can be seen in Figure 3.3.

Top land
4
\\

Addendum

| :
Addendum Circular /

i itch o i
L e T et
! Ry i ' &
II ."' | Tooth | N : -_f_{?f Cireje : \
' [ = hicknessT T H‘H/
Dedendum : A Width of Hﬁ"-aﬁ;

*_ — - _—/4 _—
Clearance  Fillet
radius

SPace

7“‘ — :/:'b:‘;a,:

Dedendum Clearance
circle circle

Figure 3.3 Spur gear tooth nomenclature [100]

Pitch circle is a theoretical circle that all calculations based on. As it is known an
asymmetric gear has a different base circle for drive and coast-side because of the
different pressure angle of the drive and coast-side but it has the same pitch diameter

for the drive and coast side. The pressure angle is the profile angle of the involute at
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the point that coincides with the pitch circle. Representing the radii of the base circles
of the drive and coast-sides by Rep and Rgc, pitch circle radius by Rp, pressure angles
of the drive side, and coast sides by ¢p and ¢c, relationships between these are given

as below.

Rgp = Rp.cos¢pp = %m.N. cosdp (3.4)

Rpc = Rp.cos¢. = %m .N.cosp, (3.5)

where N teeth number of the gear and m is the module which is the sign of tooth size

in ST unit system.

Rp = Rpc /cospc = Rpp [ cos¢p (3.6)

From the equation (3.6), the tooth asymmetry factor K can be defined as

K = Rec _ cosde 3.7)

RBp cos¢pp

To determine X and Y Cartesian coordinates of the coast side involute profile,
mathematical formulas and procedure is given in below for an arbitrary selected point

a, and for this point geometric representation can be seen in Figure 3.4.

cos¢p, = i—P. cosd. (3.8)

_1(R
¢, = cos™?! (R—Z cosd)c) (3.9)
Angle between Y axis and a point is;

a, = % + invg — inv, (3.10)
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Figure 3.4 Geometric relationships of the coast side involute profile [102]
Then the Sa which is the arc length between point a and Y axis is
S,=R,.a, (3.11)
or
S, = R,. (% + invge — inve, ) (3.12)
Finally, Cartesian coordinates of point a on the X and Y axis are
X, = Ry.Sina, (3.13)
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Y, = R,.Cosa, (3.14)

To determine X and Y Cartesian coordinates of the drive side involute profile, the
same procedure which is explained for coast side involute profile is applied.
mathematical formulas and procedures are given below for an arbitrarily selected point

b, and for this point, geometric representation can be seen in Figure 3.5.

cos¢py, = 2—;. cosdp (3.15)

¢, = cos™1 (i—:. cosqu) (3.16)
Angle between Y axis and b point is;
ap = o=+ invgp, — invey, (3.17)
Then the Sy which is the arc length between point b and Y axis is
Sp =Ry . (3.18)
or
Sy = Ry. (2 + inve), — inve, ) (3.19)
Finally, Cartesian coordinates of point a on the X and Y axis are
Xp = Rp.Sinay, (3.20)

Yb = Rb.COS(Ib (321)
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Figure 3.5 Geometric relationships of the drive side involute profile [102]

3.3 Asymmetric Gear Tooth Profile Generation

Gear design can be done by two different design types; indirect gear design (rack
generation-based gear design) and direct gear design. In the indirect gear design rack
cutters, parameters are defined and these parameters became the input parameters for
gear. As to, in the direct gear design, the gears can be designed and optimized without
using rack cutter parameters. Because symmetric gears have standard gear rack cutters,
gear design of the symmetric gear is based on indirect gear design. In the case of
asymmetric gear, there are no standard rack cutters, thus the direct gear design
becomes naturally suitable for asymmetric gear design [2]. An asymmetric tooth

consists of two involute flanks as can be seen in Figure 3.6.
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Figure 3.6 Involute flanks of external asymmetric gear [2]

Diameter of the any X point on the involute flanks can be found as;

Then the tooth asymmetry factor is

d Cosa
K — bc __ xc

dpa - CosAyxq

(3.22)

(3.23)

If the axq 1s greater than the oxq then the dve will be greater than the dpa. This means

that tooth symmetry factor is greater than zero (K > 0).

Because the coast side base circle is greater than the that of the drive side, tooth base

circle thicknesses should be determined at the coast side base circle.
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Sy = % [inv(Vd) + inv(V,) — inv (arccos (%))] (3.24)

At the diameter dx, tooth thickness can be found as

Se = % [inv(Vy) + inv(V,) — inv (@) — inv(a,)] (3.5)
Or
Sy = 7 [inv(Vy) + inv(V,) — inv(ayg) — inv(ay)]  (3.26)

Also an asymmetric tooth profile should contain root fillet, tooth tip radius and tooth

tip land as can be seen in Figure 3.7
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\\ |||‘ | || IIIl ) //

Figure 3.7 Asymmetric gear tooth [2]

To determine toot tip diameter, the equation 3.22 is applied for a point on the tooth tip

diameter
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d, = —2ba - e (3.27)

If the tooth tip radius is considered as zero, tooth tip land thickness can be found as;

S =22 [inv(Vy) + inv(V,) — inv(@qq) — inv(agc)] (3.28)
or
Si = soet— [inv(Ve) + inv (V) — inv(@gq) — inv(ag)]  (329)

If the tooth tip radius is not zero and tooth tip radiuses are determined as Raq and Rac
for drive and coast side respectively, the profile angle of the start point of the tooth tip

radius for drive side

@.q = arctan |tan | arccos (i) hy (3.30)
da—2Raq dpd
For coast side
dbc 2Rgc
a,. = arctan |tan | arccos (—) + — 3.31
ec [ < da_ZRac > dbc l ( )

Then the real tooth tip land (Sar) can be found as;

inv(Vy) + inv(V,) — tana,g — inva,,

2R
+ arctan (tanaed —
dpa

_ ﬁ) ] (3.32)

dpc

Spr =22
AT T 2 ) + arctan (tanaec

After the tooth parameters are determined, asymmetric gear tooth rack determined.
Asymmetric gear tooth rack can be seen in Figure 3.8. If the tooth tip radius assumed

as zero, the tooth tip land can be found in the metric system as;

mm

Sa= 5 — H,(tana, + tana,) (3.33)
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Actually, tooth tip radius has a value Raq and Rac for drive side and coast side

respectively, then the real tooth tip land becomes as;

mm

Sar = — — Haeqtanag — Hgectana, — RygCosay — Ry.Cosa,  (3.34)
Addendum of the rack tooth;
H, = Hgoq + Ryq(1 — Sinay) (3.35)
or
H, = Hg.r + Ry (1 — Sina,) (3.36)
Sa
Rc‘]d 7¢'j3.| SE!.I'
\ N R,
ALY,
|
Ha Haed a4 Haec
\ HE‘{l HE‘C
o _ _ - - H

[—

mm/2 or w/(2DP)

nmm or 1w/DP

Figure 3.8 Asymmetric gear rack [2]
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3.4 Root Fillet Optimization

The aim of the root fillet optimization is to minimize bending stresses and distribute
along a large portion of the tooth root as well as possible, to obtain minimum stress
concentration on the tooth root and to avoid interference between teeth of the mating
gear pairs. Root fillet should be designed after tooth flank parameters are totally
defined. In the optimization process firstly, the initial root fillet of the asymmetric gear
is constructed. Asymmetric gear root fillet construction can be seen in Figure 3.9. In
the figure; 2c and 2d are preliminary tooth flanks after hobbing, 1c and 1d represent
final tooth flanks after grinding, 4 is the mating gear trajectory which is drawn in zero
backlashes, 3c and 3d are temporary root flanks between preliminary tooth flanks and
root fillet, dfq and df. are form diameter of drive and coast-side respectively, dipa and
dlpc are the diameters of the lowest point of contact and 5 is the initial root fillet which
is a circular arc below the trajectory of the toot tip of the mating gear. Initial root fillet
arc is tangential to 3¢ and 3d and also it assumed to be tangential to final tooth flanks

(Ic and 1d).

Figure 3.9 Initial root fillet of asymmetric gear [7].
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After the initial root fillet is constructed, mathematical functions are defined in order
to approximately determine the final root fillet profile. Then finite element analysis is
performed to minimize stresses. In the finite element simulations, the first elements
are located on the form diameter of the tooth flank of the drive and coast-side and these
nodes are thought that they do not move during the analysis. Other elements are located
along with initial root fillet and the center of the initial root fillet is assumed to connect
with these finite element nodes. Then, these nodes are moved perpendicular to the

initial root fillet, until minimum stresses values obtained (see in Figure 3.10).

Tensile
Stress

Figure 3.10 Root fillet optimization process a) fem simulations b) tensile

stresses ¢) compressive stresses [7]

3.5. A Prototype Asymmetric Spur Gear Selection and Tooth Profile Generation

In order to conduct analytical and experimental studies, it is necessary to determine a

prototype asymmetric spur gear. Design of asymmetric gear is out of the scope of this
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study. So, it is necessary to select an already designed and industrially applied one. In
most of the industrial applications, the forgeable gear sizes are limited due to the
required forming loads. The feasible pitch diameters are less than 200 mm for spur and
helical gear forms. Thus the modules are generally restricted between 2 and 5 mm in
the precision spur gear forging process. The gears that have modules less than 2 are
difficult to machine on the die and those that have higher modules than 5 require much
higher forging load during the forging. Also, it was shown that stresses have not
considerable amounts of changes with the module changing between 2 and 4 for the
spur gears have the same pitch diameter [80]. Taking all the above-mentioned
restrictions into account, the sun gear of the first stage of TV7-117S turbo-prop motor
was chosen as the prototype gear (see Figure 3.11). The TV7-117S turbo-prop motor
gearbox is one of the famous asymmetric spur gear applications and its gears have
been produced by traditional gear cutting methods [9]. The 3D model of the selected

gear is given in Figure 3.12 and the gear parameters are given in Table 3.1[103].

Figure 3.11 The first stage of TV7-117S turbo-prop motor gearbox a) carrier and

ring gear assembly b) sun gear assembly [104]
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Figure 3.12 The 3D model of the selected gear model

Table 3.1 Parameters of asymmetric spur gear [103].

Definitions Value
Teeth Number 28
Module 3
Drive Side Pressure Angle (°) 33
Coast Side Pressure Angle (°) 25
Pitch Diameter (mm) 84.00
Drive Side Base Diameter (°) 70.448
Coast Side Base Diameter (°) 76.13
Addendum Diameter (mm) 90.02/90.16
Root Diameter (mm) 76.55/77.05
Tooth Thickness on Pitch Circle (mm) 4.773/4.814
Face width (mm) 35
Hub diameter (mm) 40

After determining the gear parameters, software program was developed by using C++

program language. Gear parameters were used as the input parameters and involute
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tooth profile points were obtained as the outputs. The input parameters of the software

can be seen in Figure 3.13.

B ChUsers\LPC\Desktop\DOKTORAYTOOTH PROFILE\DGDG. exe
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r the o

r the
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Figure 3.13 Input parameters of the developed software Program

Once getting the points of the tooth involute profile, these points were arranged by
using Microsoft excel. Then using these points in SolidWorks the gear tooth profile
(see in Figure 3.14) and the solid model of the gear was drawn (see in Figure3.15).
Also, a solid model of the gear was obtained by using a 3D printer and this model can

be seen in Figure 3.16.
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Figure 3.14 Tooth profile of sun gear drawn in SolidWorks
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Figure 3.16 The 3D printed model of the prototype gear
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF ASYMMETRIC SPUR GEAR FORGING

4.1 Introduction

Finite Element Method is a numerical technique and recently used more commonly in
order to solve engineering problems such as structural analysis, dynamic and static
analysis, and forming. By using simulations, researchers obtain advantages such as
what is possible or not, process and tool design, understanding the process deeply and

saving time and cost.

In this chapter, finite element modeling of precision forging of asymmetric spur gear
1s presented. Firstly, the geometries of the workpiece and tool set were created by using
SolidWorks software package then these geometries were transferred to finite element
software. For the finite element simulations, SIMUFACT software package was used.
Usually in most of the finite element simulations elastoplastic workpiece and rigid dies
had been used although in the real situations dies are not rigid. However, Simufact

offers to use both elastoplastic-rigid and elastoplastic-elastoplastic analyses.

4.2 Determination of Billet Geometry

One of the objectives of the precision forging process is to prevent or reduce waste
material formation. Therefore, the dimensions of the billet, in other words, the volume
of the workpiece are very important in the precision forging process. If the volume of
the billet is less than the final gear volume, the die will not be completely filled so the
product is not being as desirable. On the other hand, if the volume of the billet is higher
than the final gear volume, the die is going to be subjected to overloading. The volume

of the asymmetric gear which is to be produced was determined by using SolidWorks
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by assuming that the billet material is incompressible. After that, the billet was created
by using SolidWorks as can be seen in Figure 4.1. The billet is a hollow cylinder whose
inside diameter fitted the mandrel (i.e., shaft diameter), and with an outside diameter
slightly less than the root diameter of the gear teeth, was suggested in a previous
investigation [105]. The clearance between the outside diameter of the billet and the
root diameter of the gear was carefully selected in order to compensate for the thermal
expansion of the billet when heated and to enable it to be placed into the die cavity
easily. The height of the billet is dependent on the face width of the forged gear and it

can be calculated by using the volume constancy

? 40

Figure 4.1 Geometry of the billet (dimensions are given in mm)

4.3 Finite Element Models

Finite element models were created by using SIMUFACT FORMING 16.0.
Considering die type, forging temperature and workpiece material, six different types

of models were prepared (see Table 4.1).
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Table 4.1 FE models of asymmetric spur gear forging

Model Forging Billet Billet Die
temp Material

I Hot  Forging AISI 4340 Elasto-plastic Rigid
(1200°C) (DIN 34CrNiMo6)

II Hot  Forging AISI4340 Elasto-plastic Elasto
(1200°C) (DIN 34CrNiMo6) plastic

I Warm Forging AISI4340 Elasto-plastic Rigid
(800°C) (DIN 34CrNiMo6)

IV~ Warm Forging AISI4340 Elasto-plastic  Elasto-
(800°C) (DIN 34CrNiMob6) plastic

A% Ambient Lead Elasto-plastic Rigid
Temperature (asm_Lead_104)
Forging (20°C)

VI  Ambient Lead Elasto-plastic  Elasto-
Temperature (asm_Lead_104) plastic
Forging (20°C)

4.3.1 Hot and Warm Forging of AISI 4340 (DIN 34CrNiMo6)

In the finite element modeling first step is the selection of the process application type.
When a new project is started, the process application module window opens and the
options which can be selected appear. The process application module can be seen in

Figure 4.2.
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Figure 4.2 Process application module window of simufact

4.3.1.1 Pre-heating of the Workpiece

For the hot and warm forging, from the application module window, cold forming was
selected as the process type in order to heat the workpiece up to the desired forging
temperature. Then the process tree of the heating which can be seen in Figure 4.3 is

created by the software program.

Project
(& Additional files
v {7 HeatingFe3D
v i)’ Workpiece
18] Mesh
(# Workpiece
<> DB.34CrNiMo6_h
o 20C
7% Hexmesh
= % Furnace temperature (1200 °C)
¥ Heating

L. v Results

Figure 4.3 Process tree of the Heating
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After the formation of the process tree, workpiece geometry was imported to the
heating process by using the CAD import option. Workpiece material was selected as
AISI 4340 (DIN 34CrNiMo6) steel form the Simufact Material Library. The
mechanical properties of the AISI 4340 can be seen in Figure 4.4.

Mechanical properties
Parameter Type Constant values Tables
Young's modulus: Constant v [212000.0 ] MPa v | | Show table
Poisson's ratio: Constant v | [0.283 | B Create table
Density: Constant v |7776.0 | kgm»  v| | Create table
Thermal expansion coeff.: Table v | Constant value not used. Show table
Only for information and optional flow curve scaling:
Yield strength: Constant v [SG.ZBSS MPa v | | Create table
Tensile strength: None v | Constant value not used. Create table
Used for post-processing only:
Ultimate strain: None v | |Constant value not used. Create table

Figure 4.4 Mechanical properties of AISI 4340
Flow curves of the AISI 4340 can be seen in Figure 4.5 and 4.6 with respect to

temperature and elastic strain, respectively. These curves were taken from the

Simufact library.
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Figure 4.5 Flow stress-strain diagram of work piece material (AISI 4340) with respect

to temperature
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Figure 4.6 Flow curves of AISI14340

Once the geometry and material of the workpiece were determined, the next step is the
meshing of the workpiece (discretization). SIMUFACT provides many types of
elements, but for the three-dimensional models SIMUFACT suggests hexahedral mesh
type. Thus, the workpiece meshing process was done by Hexmesh. By using this mesh
generator, the workpiece was divided into elements and 219318 elements were created.
Because only the temperature of the workpiece is going to be change and elements will
not be deforming, refinement boxes were not used. The initial temperature of the
workpiece was selected as 20 °C for both processes hot and warm forging. Then the
furnace temperature was selected as 1200 °C and 800 °C for hot and warm forging
respectively. Finally, the heating conditions were determined and simulations were
performed for the heating process. As can be predicted, after the Heating process
dimensions of the workpiece changed because of the thermal expansion of the
workpiece material. The final dimensions of the workpiece can be seen in Figures 4.7

and 4.8 for the warm and hot forging process, respectively.
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Figure 4.8 Dimension of the billet after heating up to 1200 °C
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4.3.1.2 Forging Process Parameters for Hot and Warm Forgings

Modeling of the forging process started by selecting hot forging application from the
process application window. Then the process definition window opened. In this
window, the process type was selected as general forming, and the simulation type was
chosen as three-dimensional finite elements. Also, by using this window number of

dies and ambient temperature were determined as can be seen in Figure 4.9.

Hot forging © © ©

Change application module

Process type Comment

Forging {general) ~| | 'iJ Add a comment,

Simulation type

® 30

D 2D - axisymmetric
(") 2D - planar

Solver type

(®) FE (Finite Elements)

() FV (Finite Volume)  Higher order

Ambient temperature

|20 C v

Dies

Quantity: IZI

Add timestamp

Brief description (hold Ctrl key to lock)

Cancel

Figure 4.9 Process definition window
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Then, the process tree was created. By using the process tree, geometries of the dies
and workpiece were imported into the finite element model. Also, by using process
tree, workpiece material, die and workpiece temperatures, environment temperatures,
and forging settings were done. In addition, for elastoplastic dies, die material was
determined by using the process tree. The next step is to define the press types. The
crank press was selected from the SIMUFACT library and it was transferred into
process tree and punch is attached to crank press. Velocity versus time graph of the

selected crank press can be seen in Figure 4.10.

Crank press

“eloeity [mmis]

0 05 1 15 2 25 3
Time [s]

Figure 4.10 Velocity graph of the crank press

In order to provide more accurate and realistic results from the forging simulations,
the boundary conditions and the consistency of the defined parameters are very
important. As the material flow changes according to the mechanical properties of the
material under load and the direction of the fibers, the analysis results also change.
Thus, the material and the process parameters have to be selected carefully in the
simulation and must be the same or closer to the real forging operation. The finite
element parameters used in the analyses are given in Table 4.2. Also, in all models,
the analyses were carried out for 99.5 % filling of the die so that the results can be

compared with each other accurately.
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Table 4.2 Finite Element forging simulation parameters for hot and warm forging

Work piece Material AISI 4340

Die Material H13

Work piece Temperature T, (°C) 1200-800

Die Temperature Tq (°C) 100

Punch Speed (m/s) 50 mm/sec
Work piece Material Model Elasto-Plastic
Punch Material Model Rigid

Friction Coefficient 0.1

Work piece Mesh Type Hexahedral
Work piece Mesh Size 219318 elements
Solver Machine 2 x Xeon 4114 CPU with 30 Solver

Core — 32GB Ram

The number of elements used in the simulations have effects on the results, in order to
achieve closer to real results in the simulations, it is necessary to use a large number
of elements for the workpiece and the elastoplastic die type. A large number of
elements increase the solution time of the finite element simulations. To optimize these
conditions refinement boxes are used. Refinement boxes are appointed to the area
where plastic deformation takes place. During the plastic deformation, elements get
distorted and this can cause some errors. To prevent these errors and to obtain

optimized results Simufact performs re-meshing automatically.

The die set for forging AISI 4340 consists of Punch, Ring, Gear toothed die, anvil, and
mandrel as can be seen in Figure 4.11. The procedure that is used to determine the
dimension of the die set is explained in Chapter 6. All parts of the die set are made
from H13 tool steel. Punch and anvil are gear-shaped and the geometries are purposely
designed to fit the die profile. Uni-directional forging operation is simulated, which
means during forging, lower punch is fixed on the press bed while the upper punch is

descending with the stroke of the press.
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Figure 4.11 The die set and work piece for hot and warm forging of AISI 4340

Finite element simulations also were carried out according to die type. Considering all
parameters which are mentioned in Table 4.1 are constant, firstly, die type was
determined as the rigid. Then die type was determined as the elastoplastic. If the die
type were determined as the rigid, there is no need to assign material to die, but if the
die material were determined as the elastoplastic, then the material should be assigned
to die. For the elastoplastic die type, AISI H13 tool steel was assigned as the die
material. In addition to this when the die type is elastoplastic, the die should be divided
into elements (Meshing). Simufact provides special mesh type which is called

Tetrahedron (Element types 134) for elastoplastic die type [106].

4.3.2 Lead Asymmetric Spur Gear Forging at Ambient Temperature

For modeling of asymmetric spur gear at ambient temperature, lead (asm_Lead_104)
was chosen as the workpiece material. The cold forging of AISI 4340 (DIN
34CrNiMo6) is not considered because of a very high forging load requirement, i.e., it
is not industrially practical in terms of press capacity and tool (die) strength. The
mechanical properties and flow curves of the asm_lLead_104 can be seen in Figures

4.12 and 4.13, respectively.
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Mechanical properties

Parameter Type ——— Constant values Tables ——
Young's modulus: LConstant v| [14000.0 vl Create table
Poisson's ratio: 1Constant VJ 10.3 v | Create table
Density: (Constant | [11360.0 v| | create table
Thermal expansion coeff.: | Constant v | [2.93¢-5 v| | Create table
Only for information and optional flow curve scaling:
Yield strength: None v ] Constant value not used. Create table
Tensile strength: LN_one VI Constant value not used. Create table
Used for post-processing only:
Ultimate strain: None v | |Constant value not used. Create table
Figure 4.12 Mechanical properties of asm_Lead_104
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Figure 4.13 Flow curves of asm_Lead_104
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Firstly, from the process application module, cold forming was selected as the process
type, and then the process definition window opened. From this window, general
forming for forging type and finite element for solver type was selected. Ambient
temperature and number of die sets were determined as 20 °C and 4 respectively. Then

the process tree was created as can be seen in Figure 4.14.

v [} LEAD-7
w S DB.CP-1000t-110mm-1000mm-30rpm

viﬁ punch

L {54 workpiece
----- '@ Mesh

----- (P workpiece

----- == C-Shear

~ -fi, mandrel
----- (# mandrel
----- C-5hear

----- % Ambient temperature (20 °C)
..... Forming

Figure 4.14 Process tree of the cold precision forging

Geometries of the die set and workpiece were imported into the finite element model
by using process tree and forging temperature, workpiece temperature, and
temperature of the die set parts were determined. In addition, friction conditions
between die and workpiece were defined, and also forging settings were done. The

view of the finite element model can be seen in Figure 4.15.
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Model legend
punch
anwil
agadie
mandrel
warkpiece

LEADT - Model view

Figure 4.15 Finite model of the cold forging process

As can be seen in Figure 4.15, punch and anvil are designed as cylindrical forms.
Because in the SIMUFACT software program, if the die set is rigid, die set pieces can
interfere with each other, because of that, the punch and the anvil were designed as
cylindrical forms to prevent flowing out the material [2]. If the die were taken as an
elastoplastic type, by using contact tables the relationship between the die parts is

determined.

Provided all other conditions remain the same, two different finite element models
have been created taking into account the type of die. In the first model die type was
selected as rigid. If the die type is rigid, die material can be determined or vice versa.
In the second model die type was selected. Thus die material must be determined and
die must be divided into finite elements. In this case, die material was determined as

AIST H13 and by using tetrahedron (Element types 134) die divided into elements.

In the finite element models, if the element size decreases- in other words- element
number increases, the solution time of simulations will increase but more accurate
results will be obtained. In order to optimize simulation time and results, refinement

boxes were used for the plastic deformation zone of the workpiece and for the region

66



which is subjected load on the die surface. Thus the size of the elements in the
refinement boxes will be smaller and element size in the region which is out of the
refinement boxes will be greater. This causes to decrease element numbers and
solution time and to get more realistic results. Differences between elements size

which is outside and inside of the refinement box can be seen in Figure 4.16.

Figure 4.16 Differences between elements size which are outside and

inside of the refinement box

A forging simulation can be successful when it reflects real forging. Therefore,
simulation parameters must be defined carefully. The forging parameters of the
ambient temperature precision forging of asymmetric gear were determined carefully

and they are summarized in Table 4.3.
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Table 4.3 Finite Element forging simulation parameters for ambient

temperature forging

Work piece Material Lead

Die Material H13

Work piece Temperature Ty, (°C) 20

Die Temperature Tq (°C) 20

Punch Speed (m/s) 35 mm/sec

Die Material Model Rigid — Elasto-plastic

Work piece Material Model
Punch Material Model
Friction Coefficient

Work piece Mesh Type
Work piece Mesh Size

Solver Machine

Elasto-Plastic
Rigid

0.1

Hexahedral
219318 elements

2 x Xeon 4114 CPU with 30 Solver

Core — 32GB Ram
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CHAPTER 5

UPPER-BOUND ENERGY ANALYSIS OF ASYMMETRIC SPUR GEAR
FORGING

5.1 Introduction

In the plastic deformation of metals, there are many non-linearities in the process and
the material parameters. Therefore, forming loads cannot be calculated exactly by
analytical formulations in metal forming processes. If the solution is kinematically and
statically admissible, the solution can be considered as approximated to the exact
solution. This means that the solutions must be geometrically self-consistent and must
satisfy stress equilibrium in the deforming body. So, limit theorems that allow
calculating forming load that is higher, equal, or lower than the required load are
frequently used. These limit theorems are lower bound and upper bound energy
analyses. Lower bound analysis based on ignoring geometrically self-consistency and
satisfying stress equilibrium. The lower bound analysis gives the correct load or less
than the required load. Upper bound energy analysis (UBEA) based on geometry-
consistency and yield criteria [107]. The upper bound energy analysis gives the correct

load or higher load than the required load.

In this chapter, upper bound energy analysis (UBEA) is applied to asymmetric gear.
The UBEA was based on the analysis of symmetrical spur gear forging presented by
Choi et al [108-109]. The analysis was evaluated for asymmetric gear forging by using

twelve admissible metal flow fields.

5.2 Upper Bound Energy Analysis (UBEA) of Asymmetric Spur Gear Forging

Upper-bound analysis express that estimated force to deform plastically a material by
making equal the rate of internal energy consumptions to the forces that are exerted

externally will be equal or be greater than the required force [110]. In the Upper-Bound
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method, flow fields that represent the shape change are determined; the rate of energy
dissipation by the fields was calculated and made equal to the rate of external work
made by external force [110].

In the upper bound energy analysis, some assumptions were made. These are;

e Material is isotropic
e Material is homogeneous
e During deformation, no strain hardening take place

e Two dimensional case were considered

In the case of asymmetric gear, the tooth of the gear was divided into twelve different

flow fields as can be seen in Figure 5.1.

I'm I'm

Figure 5.1 Flow Fields in the Asymmetric Gear Forging
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For the drive side of the tooth, positive direction for angle —p- was selected as
counterclockwise and for the coast side of the tooth, positive direction for angle —a-
was chosen as clockwise and formulas were derived according to these directions. In
the upper-bound analysis, polar coordinates were used and it was assumed that no
material flow between die and punches so the volume of the material is constant. In
additionally the drive side and coast side of the gear were considered as that they were
independent of each other. Based on these assumptions, the flow field and their

boundary conditions and formulas are given below.

5.2.1 Deformation Region of Coast Side of the Asymmetric Gear
5.2.1.1 First Deformation Region (rm <r <rr and 0 <0 <01c¢)

This region is bounded by the mandrel and die. Thus the radial velocity is zero and

metal has only circumferential velocity.

U4 =0 (5.1)
Uy == (5.2)
€y =0 (5.3)
€o9 = & (54)

5.2.1.2 Second Deformation Region (rm <r <rr and 01c <0< a)

This region is bounded by mandrel, symmetry plane, the third region, and fourth
region. Thus the circumferential velocity of the second region is zero at the symmetry
plane and is equal to the circumferential velocity of the first region at the boundary of

the first and second regions.

b= () () 5
o= () (25 ) 5
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5.2.1.3 Third Deformation Region (rr <r <rb and Osc <0 < a)

This region is bounded by the second deformation region, fourth deformation region

and root fillet of the die. The formula of this region are;

Clll
Upg = -+ -2 (5.7)
Clll
Ups = (§+ T) Cote (5.8)

Cotp = (1, + rf)4 —(r?=1}) - (* -1 [(er + rr)z - rz] (5.9)

Cur = 2 (B) + MR (2 (5.10)

E a—HlC 2h a—@lc

5.2.1.4 Fourth Deformation Region (rr <r <rb and Osc <0 < a)

For this region, the boundary conditions are; the circumferential velocity is zero at the
symmetry plane of the coast side and is equal to the circumferential velocity of the

third region at their boundary.

ur G Ci Cy m

Urs = 2h + 2hr(a—60) = (a—H8s¢) r r (.11
a—60 [(ur Cuu
Uos = 25 (% n T) Coto (5.12)

/ 2_2
C, = %\/(rz - 1?) [(er + rr)z — rz] + 2rpSin~! % (5.12)
frrry

1 (2rf+r)2—r2
Cip =3 (tan™'A + tan™1B) + Sin! | Y——
2 ,rf(rr+rf)

- \/(rz =2 |(2r + )" = 7] (5.13)

4(rr+rf)2
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2
__ T urm
T 2h(a-6sc) 2h (5.14)

Ao — (2rf+ry) /(er+ rr)z—r2+ 4ar ¢ (rp+7y) 5.15)

rT(TZ—T,g)

CIV

B (2rp+r) |(2rp+ rr)z—rz— arf(rr+ry)

rr(rz_rﬁ)

B =

(5.16)

5.2.1.5 Fifth Deformation Region (rb <r <R and ®sc <0 <®sc + invdRc)

In this region, because the workpiece makes contact with the involute tooth profile,

the velocity normal to die surface is zero. The formulae of this region are;

ur Cy

Us = 5, + 3 (5.17)

Ugs = (5= +£) (6 — O + Pre) (5.18)
$re = tan™* (r:ﬁ?) (5.19)

C, =é—f+af—gscj—i+ ng’_;;’si’uwc,vr (5.20)
¢ = [Clr=r, (5.21)

Cir = [Cily=r, (5.22)

5.2.1.6 Sixth Deformation Region (rb <r <R and Osc + invpRc <0 < a)

The boundary conditions of this deformation region are that circumferential velocity

is zero at the symmetry plane of the coast side of the tooth and is equal to the
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circumferential velocity of the fifth deformation zone at the boundary of the sixth

region with the fifth region.

== u_ Ly 2 (T ran1 _mn R
Ure = 25t Cr (6h rz) + Cr [3h (2 tan™ Reon =3, RCO”) + 0y ( —tan™ Reon +
Rcon Cyp
r_Z)] t (5.23)
— a6 (v v
Ups = a—(Bsc+invere) (3h + Tz) (lnvd)RC + ¢Rc) (5.24)

\/rz—_rg (5.25)

R =
con T

Cp=—0PRe (5.26)

a—(Osc+inveprc)

,Rz—rg ,Rz—rlf
1
- (5.27)

invgpe = —tan~ -
Ch = oS (5.28)
R a—(O5c+inveppe) :
= 1 ﬂ CiCyy _ u_rf _Cy
Cyr = (“—Bsc 2h> + o + Cy — Cr <6h r§> (5.29)

5.2.2 Deformation Region of Drive Side of the Asymmetric Gear
5.2.2.1 Seventh Deformation Region (rm <r <rr and 0 <0 <01d)

This region is bounded by mandrel, symmetry plane and die. Thus the radial velocity

is zero and metal has only circumferential velocity.

U, =0 (5.30)
Ugy =2 5.31)
¢, =0 (5.32)

74



£g = 2 (5.33)

5.2.2.2 Eighth Deformation Region (rm <r <rr and 01d <0< )

This region is bounded by mandrel, symmetry plane, ninth region, and tenth region.
Thus the circumferential velocity of the eighth region is zero at the symmetry plane
and is equal to the circumferential velocity of the first region at the boundary of seventh

and eighth region.

b= r-2) (4 53
Uss = (7) (24=) (B ©) (5.35)

5.2.2.3 Ninth Deformation Region (rr <r <rb and 01d < 0 < 0sd)

In this region, the workpiece makes contact with the root fillet of the die. For this

region formulae are;

c
Uyg = ;‘—h - (5.36)
Cc
Ugo = (5= + <) Cotg (5.37)

Cotp = (1 + rf)4 —(r2=1?)- (-1 [(er + rr)z — rz] (5.38)

— urr(_ 01a \  uri(_B
Cx = 5, (B—Bld) o (B—Bld) (5.39)
5.2.2.4 Tenth Deformation Region (rr <r <rb and Osd < 0 <)

The boundary conditions of this region are that circumferential velocity is zero at the
symmetry plane of the drive side and is equal to the circumferential velocity of the

ninth region at their boundary.
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_ur Cvu Cix  Cvin | Cx
Urio = 2h © 2nr(B-60) (B-0sq) T r (5.40)

B 6 ur Crx
Ugio = m(z £x) Cotgp (5.41)

2re+ry 2 _r2
Con = 2 \/ (2 = 12) [(2ry +1,)" = 72| + 21 Sin™ Crrm) 7N s 40
2 /rf(rr+rf)

/(er+r)2—r2

2 /rf(rr+rf)

g \/(rz — )| (21 +1)" - 12| (5.43)

4(rp+1y)

2
TL'Tf ur%l

2h(B—65q)  2h (5:44)

CX:

(2r p+17) [ (21 p+ 17) =12+ dr (1t r
A= 2 1 r(rrty) (5.45)

rr(rz—rr)

B = (er+rr) ’ 2rp+ rr) —r2— 4rf(rr+rf) (5.46)

o (2=17)

5.2.2.5 Eleventh Deformation Region (rb <r <R and Osd < 0 < @sd + invpRd)

In this region, the workpiece makes contact with the involute profile of the drive side
of the tooth. Thus velocity than normal to die surface is zero. Formulas for this region

are;

C
Uppy = o+ =5 (5.47)
C
Ugrs = (5= +2) (6 — Osq + bra) (5.48)
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(r2-13)

R (5.49)

_u_r,f Tp M CixTbCyir
Cxr =5 F o2 T poa, T Cxr (5.50)
Cyn = [Cvirlr=r, (5.51)
Comr = [Cvinr=r, (5.52)

5.2.2.6 Twelfth Deformation Region (rb <r <R and Osd + invpRd <0 < p)

For this deformation region, the boundary conditions are that circumferential velocity
i1s zero at the symmetry plane of the drive side of the tooth and is equal to the
circumferential velocity of the eleventh deformation zone at the boundary of the

twelfth region with the eleventh region.

s_—ur ur _ Cxi 4 Ny farases | _™
Uri2 = on T Cr (6h r2) + Cr [3h (2 tan™" Reon 2r RCO”) T
CXI (_ % tan_chon + R;T)] + % (5.53)
_ B-0 ur | Cxi\ (.
Uss = 3 aosrinrins) (3h t oz ) (invpra + Pra) (5.54)

= Jﬂ——rg (5.55)

Cp=——fra (5.56)

= B (Bsctinvepa)

’Rz—rg ,Rz—rg
1
- (5.57)

Tp

invgp; = —tan”

1
T B—(8sa+invéra)

Cr (5.58)
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= ;ﬂ CixCvin _ u_rlf _ Cxi
Cxi = (ﬁ—esd h ) + e + Cx — Cg (6h rg> (5.59)

5.2.3 Upper Bound Solution

By using deformation regions which are shown in Figure 5 and material flow
velocities, internal power of deformation, shear power dissipated at the surface of
velocity discontinuity and frictional power dissipation can be found.
Internal power of deformation

Epi = fvc edv (5.60)
Where i represent the deformation regions.
shear power dissipated at the surface of velocity discontinuity

Eg = fs%mw ds (5.61)
Where S is the velocity discontinuity surface
Frictional power dissipation

Ep = fAf% |AV| dA (5.62)
Where At surface area that friction occurs.

Total energy rate calculated by summing frictional power dissipation (Eg), shear power
dissipated at the surface of velocity discontinuity (ES) and internal power of

deformation (Ep).

Er = Ep + Eg+ E¢ (5.63)
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Punch load can be calculated as

E
Pay = 50 (5.64)

In this equation, A, u and Eg represent, punch/workpiece contact area, punch velocity

and total energy rate respectively.

5.3 UBEA Calculations with Python Programing Language and Software
Development

In order to calculate the forging load of asymmetric spur gears, computer software was
prepared by using Python programming language in order to numerically solve the
equations that are obtained as a result of the analysis made using the upper limit energy
theory. NumPy, SymPy, and SciPy modules was used whit the Python programming
language. A user interface has been developed in Python's PyQtS Gui Designer module
for easy use. In this way, the parameters required for analysis can be easily defined in
the program. The image of the user interface of the developed software is given in
Figure 5.2. The user interface consists of 9 different sections. These sections are

indicated in Figure 5.2 and the descriptions of the sections are given below.

1 MAShrnkFItUBA™ - Version 19.7 x|

Plot Rp - Hr (%)

Plot Load-Stroke

Export Data

Clear Results

Go Back

Figure 5.2 Developed software user interface
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5.3.1 Section of Gear Material Selection

In this section, the material of the asymmetrical spur gear is selected. A material library
was created in order to easily define the parameters of the material to be selected. The
predefined materials will be able to select from the material library window opened by
clicking on the "Select Workpiece Material" button (see Figure 5.3).

# " Open Workpiece Material File ? X

- M
Al
E ~

Figure 5.3 Material library window

In addition, an interface has been designed to create a new material library. This
interface belongs to a different software developed to determine some parameters
required in asymmetric spur gear forging. This developed software can exchange data
whenever necessary. Thus, a single material library interface can also be used in upper
bound analysis software. In this way, by defining a large number of materials, it was

also possible to work with these materials (see Figure 5.4).
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# ' MA.Die.ShrinkFit.Designer™ - Verison 19.7 ? X

Cylindrical Die \/_Asymmetric Spur Gear Die \/ Material Library \/_Help \/ About_
General Properties Thermal Properties Mechanical Properties

P ter Jnit Pa

Name: Thermal Conductivity: W/(mX)  Young's modulus:

DIN: Specific heat capacity 3/(kg.X) Poission's ratio:

AISE: Lead 104 Dissipation factor: = Density:
Group: [teao ] Melting point: o Thermal Exapnsion coeff: [2.93e-05

Created by: [Mehmet Aladag Solidus Temperature: = Yield strength

Save Ubrary Edit Material

MA.ShrinkFit.Material™

Figure 5.4 Material library creation and editing screen.

5.3.2 Section of Workpiece Geometry

In this section, the billet sizes of the gear to be forged are determined. In the precision
forging of spur gears, the billet is designed as a cylindrical ring and is defined by the
outer radius (1), inner radius (1), and height (h). For a gear with no center hole (full),
the inner radius (r;) value must be defined as zero "0". The purpose of this in practical
application is to facilitate centering of the workpiece in the mold and to ensure

symmetrical material flow through the mold section.

5.3.3 Section of Forging Parameters

In this section, punch speed (mm / sec) (Forging Velocity) and friction factor (m) are
defined from forging parameters. Forging speed is used to determine the material flow
rates in deformation zones, the hardening of the material is not taken into account in

these calculations. The friction factor changes according to the lubrication conditions.

5.3.4 Section of Gear Parameters

It is the section that the gear parameters to be forged are defined. Teeth number and
Module of the gear, pressure angles of the drive and coast side are included in this
section. If the gear to be forged is symmetrical spur gear, the pressure angles will have

the same value.
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5.3.5 Radius Value Where Begin Upper Bound Analysis

Calculations in the program can be made starting from any given radius value. In the
forging process, this radius is of course the outer radius of the billet and is generally

equal to or smaller than the inner radius (bottom of the tooth) of the gear die.

5.3.6 Start Button

In this section of the user interface a button has been placed. By clicking this button,

user stars the upper bound analysis.

5.3.7 Visualization of the Results

In this section, operations such as obtaining graphics from the obtained results or
transferring the data to a table can be performed. With the top button (Plot Rp-Hr%)
in the section, the ratio of the workpiece to height versus relative pressure can be
plotted on a graph. With the second button (Plot Load-Stroke), the position of the
punch can be plotted in response to the forged load (see Figure 5.5). Data obtained
with the third button (Export Data) is converted into a table. In this way, different
operations can be performed on the data with Excel or similar software. The fourth
button (Clear Results) is the button to delete the previous results from memory for a
new calculation. The fifth button (Go back) returns to the previous menu and the

program is closed.

700000
—— Load (N)
&00000
500000 /
400000 /

>
00000 ,./

200000 _—

100000

#l€d +Ha= @

Figure 5.5 Sample of the load-stroke diagram
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5.3.8 Results Data

In this section, the data obtained as a result of the calculation is directly shown. These
data are as follows; the required forging load, the maximum movement of the punch

and the highest stress value that occurs during forging.

5.3.9 Instant Data of the Analysis in Process

Data obtained instantly during the analysis process is displayed as output in this region.
The data shown here are; tangential and radial flow rates of the material, tangential,
radial and axial elongation rates of the material, relative pressure, forging load,
instantaneous billet height and punch position data. Instant outputs can be followed

here.
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CHAPTER 6

THE DIE DESIGN AND THE GEAR TOOTH PROFILE MODIFICATIONS

6.1 Introduction

Precision forging gives the near net shape or net shape of the product. After precision
forging, there is no need for further finishing operation or little finishing operation can
be required. Also, die must resist loading conditions, and furthermore, in order to be a
cost-effective process, die should have longer die life in the forging process. Thus in
the precision gear forging, die design is significantly important. The accuracy of final
forged gears is totally dependent on the accuracy of the die itself. Generally, the grade
of the die must be 3 IT grades better than the forged gear [105]. In this chapter, the
asymmetric spur gear forging die design and the modifications of the tooth profile are

explained.

6.2 The Die Design

In a very short time period, die components are subjected to high load when the
precision forging process takes place. Thus die components should resist high static
and impact pressures, additionally die components should resist mechanical and
thermal fatigue. The stresses encountered on the die components consist of tension,
compression, and shear and it is a complex situation. These stresses occur as a result
of the internal pressure exerted on the inner surface of the die. To determine internal
pressure, the forging load must be known in advance. Thus it can be said that the first
step of the die design is to determine forging load. The forging load can be generally
found by using finite element or bound (upper or lower) analyses. In this study, both

finite element analysis (see Chapter 4) and the upper bound analysis for asymmetric
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spur gear forging (see Chapter 5) were used for the determination of the forging load

and the corresponding contact stresses required for the die design.

6.2.1 Interference Fitting Design for the Forging Die

Usually, in the precision gear forging to increase die strength against the internal
pressure that exerted on it, the die is supported by an outer ring with some amount of
interference. In the case of very high internal stresses where the single outer ring is
inadequate, two rings or wound die may be used. The geometric representation of

interference fit single ring gear forging die assembly is given in Figure 6.1.

,/ D|
///./

Figure 6.1 Geometric representation of interference fit single ring

gear forging die assembly [80]

By applying the interference fit, the outside of the inner die is subjected to hoop
stresses while the internal surface of the ring is subjected to internal pressure. The
pressures and the radial- and tangential-stresses due to interference fit can be seen in

Figure 6.2.
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(a)
+0"

-0V

(b)

Figure 6.2 a) The pressures and b) the radial- and tangential-

stresses due to interference fit.

Most of the interference fit applications are based on a thick-wall cylinder approach.
However, it was shown that the design of the dies with gear teeth is beyond the thick-
wall cylindrical approach [93]. Therefore, a new set of formulae were derived and
suggested for the symmetric gear forging die design [80]. These formulae are given

below.

p == (6.1)
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where P; internal pressure and Sy yield stress

K, = ~xdio. (6.2)
Sy(ring)

Q: = J;(l +)—p! (6.3)

Q, = Ql\/F1 (6.4)

Q = 0,0, (6.5)

Vgl (6.6)

where m module of the gear and N teeth number of the gear.

p=t 6.7)
1.8a
L (6.8)
((%)(1+2.62(Ki1)>—2.24p’)\/1(—1
z="2 (1.17Ki1 —0.7Q%) ©9)

where E is elastic modulus of the die material.

From the formulae (6.1-6.9) it can be seen that the dimensions of the die set are not (or
less) dependent on the pressure angle of the gear. This means that dimensions of the
die set are can be determined by using the effective parameters; yield strength of the
die material, the module, and the teeth number of the gear. Therefore, these formulas
can be used for asymmetric spur gear dies. In this study, the die dimensions (outer
diameter of the die and outer- and inner-diameters of the ring) and the amount of

interference can be found using the presented method [80].
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6.2.2 Profile Modification of the Asymmetric GearTooth

During precision forging, some changes take place on the tooth profile of the die.
These changes result from the contraction of the die when the die interference fitted to
the outer ring, the expanding of the die under load, the contraction of the die when the
load is removed, the expansion due to increase in temperature, the manufacturing type
of the die, the expansion of the workpiece when it is removed from the die and the
cooling of the workpiece to room temperature. Hence the tooth profile should be
modified according to all these factors. The geometric representation of the effects of
these factors is demonstrated in Figure 6.3. These factors and their effects on the tooth

profile are explained briefly in the following sections.

Figure 6.3 Geometric representation of the tooth profile modifications factors.

6.2.2.1 Calculation of Contraction due to the Interference Fit (Us)

When the die is interference fitted into the ring, the inner diameter of the die gets
smaller in radial direction because of the compressive forces exerted by the ring on the
outer surface of the die. To calculate the amount of the radial contraction at any radius
on the tooth profile (Ur), the radial and tangential stresses should be found in advance

according to the thick-wall cylinder approach. The radial stress;

__ Pja’-pyb?>  P;-P, a?b?
Or = p2_az 12 "br_az

(6.10)
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And the tangential stress;

__ P;a?-P,b?>  P;—P, a?b?

b2—q2 r2 "p2—qg2

Go 6.11)

where Pi and Po are the internal and external pressures, respectively. By using the

stress- strain relationship;
Uy = 5 (09 = Vaoy) (6.12)

where Eq is elastic modulus and vq is Poisson’s ratio of the die material.

By subsutiting equations 6.10 and 6.11 into equation 6.12;

U, = (1—vd PiaZ—Pobz)r n (1—vd azbz(Pi—Po))l (6.13)

Egq b2%2-qa? Eq4 b2-a? r

If Pi= 0, Po = P, and r =a, radial contraction at the bore radius of the die (Us) can be

found as;

__ —2ab?
S Eq(b?-a?) P

(6.14)

Thus the inner radius of the die is less than the original inner radius of the die at an

amount of Us.

6.2.2.2 Calculation of the Elastic Deformation (Ue)

There are three distinct elastic deformations which affect the final product dimensions.
These are; elastic deformation of the die under loading condition, elastic deformation
of the die when the forging load is removed and elastic deformation of the workpiece

when it is ejected from the die.

The die expands when the forging load is applied and subsequently contracts when the

forging load is released. When the workpiece is removed from the die, it will expand
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again. Thus they affect the workpiece dimension in different ways. By summing these
values, the total effect of the elastic deformation can be found. The calculation of these

conditions is discussed in the following sections.

6.2.2.3 The Elastic Deformation of the Die Under Maximum Forging Load

To calculate this elastic deformation, the die set was assumed to be a simple cylindrical
shape and external pressure on the die set is zero. When the maximum forging load is
applied the workpiece takes the shape of the die cavity by means of plastic deformation
and so that the workpiece exerts an internal pressure on the internal surface of the die.
Therefore, in addition to interference pressure, interfacial stress (nPi) is formed

between the die and the ring (see in Figure 6.4).

Figure 6.4 Interference pressure between the die and the ring under forging load [3]

For the continuity, the tangential strains of the ring and die must be equal to each other

at the interface between them and they calculated as;
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where subscripts 1 represents the die and 2 represents the ring. Thus;
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(6.19)
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By using equation 6.13 and replacing P, with (P,+nP;) and equating instant radius to

a, elastic deformation amount at the inner radius of the die can be found as;

a(a2(1—vd1)+b2(1+vd1—Zn))Pi—Zabsz
Ua - 2_q2
Eqq(b%-a?)

(6.23)

6.2.2.4 The Elastic Deformation of the Die When Forging Load is Removed

When the forging load is removed, the die set compresses the workpiece. Using

Tresca's yield criterion, the relationship between the radial stress (0:) and the punch

pressure (G,) is;
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or = 6,+2Sy (6.24)

Because the forging load is removed, the punch pressure will be zero. Therefore,

equation 6.24 will be

=28, (6.25)

at the radius a, this radial stress will be equal to P; and by replacing this value into

equation 6.23, total elastic deformation of the die can be found as;

ala?(1-vg4)+b?*(1+v4,-2n))2S,—2ab?P.
U, = ( = a2)2s, P (6.25)

Egq1(b%2-a?)

6.2.2.5 The Elastic Deformation of the Workpiece After Removed from the Die

When the forging load is released, the radial stresses are still acting on the workpiece.
On ejection, its radius will expand elastically and the amount of recovery can be
calculated by assuming a cylindrical state of stress. The radial and tangential stresses

(or and o) will be equal to each other. By using the stress-strain relationship;

gg = op =~ (6.26)

where Ey and vy are the elastic modulus and the Poisson’s ratio of workpiece material,

respectively.

By replacing r with a and 6e with 2Sy, elastic expansion of the workpiece can be

calculated as;

1-vy,

s=—225,a (6.27)

w

The total elastic deformation due to the die expansion, die contraction and workpiece
expansion can be found as,

Ue=Ua+s (6.28)
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6.2.2.6 Calculation of the Thermal Die Expansion (Ut)

To perform hot and warm precision forging, the die is heated to a predefined
temperature to prevent cracking of the die components and to reduce the cooling rate
of the workpiece. Also, heat is transferred from the workpiece during forging which
further heats the die. The combination of these two sources of heat causes the die to

expand. Thus, the expansion of the inner radius of the die due to preheating is;

Uyp = Aaa (Tpreheat-Tenvironment) (6.29)
where Aq is the termal expansion coefficient of the die material.
During the plastically deformation of the workpiece, heat will be generated. Therefore
die dimension will be affected. The amount of this change can be calculated as
explained in the below.
If Ti-Tp is the temperature increase on the die surfac and asuming the temperature

increasing on the outer surface of the die is zero (To-Tp = 0) temperature at the any

selected radius value can be found as

— 6T (Ti_To)
T = oo + o) b (6.30)
Where T; inner temperature of the die, T is the preheat temperature, —% is the

temperature gradient with respect to radius and T, is the outer surface temperature of

the die.

The radial and tangential stresses depending on the temperature are;

_ AGE48T (a2b2 1 b3—a3)
Ort = 3(b—a) \a+b 712 2r + b2-qa? (6.31)
and
_ AgE48T (—a2b2 1 b3—a3)
Oge = 3(b-a) \ a+b 712 r b2-a? (6.32)
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By replacing these equation in to equation 6.12 radial displacement of the die at any

radius can be found as

_ Ag8T  [-(1+vg)ab? 1 _ 2, (1-vg)(b3-a?)
ts ™ 3(b-a) [ a+b r +(Q2vg — Dr* + b2-q2 ] (6.33)
Total die expansion due to temperature is;
Ut = UtS + Utp (634)

6.2.2.7 Calculation of the Thermal Workpiece Contraction (Uc)

When the workpiece is removed from the die and cools to room temperature, its

dimensions contract. The amount of the contraction simply can be found as;

U= }\rwa (Tforgingt‘Tenvironment) (635)

6.2.2.8 WEDM Spark Gap (G)

In this study die will be machined by using a wire electrical discharge machining
(WEDM) process. After determining the contractions and expansions of the die, the
spark gap of the WEDM must be taken into account. Tool path of the WEDM must be

smaller than the determined radius of the die at the amount of the spark gap.

6.2.2.9 Die Profile Changing Due to Finishing of the Die by AFM process (Uarm)

The WEDMed surfaces are relatively rough and contain a certain amount of white
layer. The white layer has micro-cracks, so it must be removed from the die surface.
In order to get a smooth surface and to remove the white layer, a finishing process is
required. In recent years, there has been an increased interest in the finishing of forging
dies by Abrasive Flow Machining (AFM). AFM is a relatively novel and non-usual
surface finishing process that is performed by the movement of abrasive media through

the surface. Due to the material removal during the process, the dimension of the die
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will change. Assuming that the material removal is uniform, the effect of the AFM on

the die dimension can be calculated as below.

The material removed by an abrasive particle is

W, = pAgLn (6.36)

where p is the density of the die material, A, is area of groove and L, is length of the

abrasive media.

In one cycle, many of the abrasive particle remove material from the surface of the die

and the number of the particle that pass in one cycle can be found as;

N = CNyLyLy, (6.37)

in which C is the concentration of the media, N, particle number per area and L,, is

length of the workpiece

Amount of the material that removed in one cycle can be found as

W, = N,W, (6.38)

Total material which is removed after n cycle can be found as

W = nW, (6.39)

Then the change of the die dimension (the amount of finishing allowance) caused by

AFM can be calculated as

where h,, is the hight of the die.
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CHAPTER 7

EXPERIMENTAL STUDIES

7.1 Introduction

The finite element modeling and upper bound analysis of the precision forging of
asymmetric spur gears were presented in the previous chapters. Also, a design
procedure for the die was suggested including gear tooth modifications. For validation
of the suggested die design criteria and the presented numerical analyses, experimental
studies were carried out. The experimental procedure, working materials and

manufacturing of die components are explained in this chapter.

7.2 Preform Material and Manufacturing

The preform was designed as a cylindrical ring with an outer diameter of 75 mm and
an inner diameter of 40 mm, in accordance with the selected prototype asymmetric
gear parameters. Here, the inner diameter is equal to the mandrel diameter and the
outer diameter is equal to the root diameter. The height of the billet was determined to
equal the volume of the forged gear and was calculated as 46.88 mm from the 3D

model to obtain a gear with a 35 mm face width.

To observe the material flow during gear forging, the preform was produced as two
halves having square grids on the section faces as shown in Figure 7.1. The preform
halves were manufactured by using casting and a metal mold (see Figure 7.2) was
designed and manufactured. The halves of the preforms were joined by a water-soluble
adhesive for ease of positioning into the forging die cavity. The adhesion was kept

weak enough to separate from each other after forging.
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Figure 7.1 Two halves preform with grids
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Figure 7.2 The preform casting mold.

The preforms were cast from lead. For this purpose, lead billets were obtained from
the market and material properties were determined by performing material tests. The
results are compared with the values in the Simufact Forming Finite Element
Software's existing material library. The stress-strain diagram of the lead material and
the flow stress diagram of the material "asm_Lead_104" in the Simufact material
library are given in Figure 7.3 It was decided to supply the sample which is compatible

with the "asm_lLead_104" features in the Simufact material library and to use it in
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experimental studies. The properties of the lead material are given in Table 7.1 and

Flow curve diagram is given in Figure7.3

Table 7.1 Properties of Lead

Lead (asm_lLead_104)

Elastic Modulus 1.4e+10 Pa
Poisson’s ratio 0.3
Density 11360.0 kg/m?
Thermal Conductivity 24.0 W/(m-K)
Specific Heat Capacity 129.0 J/(kg-K)
Thermal Expansion Coefficient 2.96e-5 1/K
Melting Temperature 327.5°C
18
16
w 14
o
= 12
@ 10
S o8 :
& — Simufact asm_Lead_104
3 6 — — Experimental
w 4
2
0

0 0,2 0,4 0,6 0,8 1
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Figure 7.3 Flow curves of Lead
7.3 Forging Die Manufacturing
The dimensions of the die components were determined based on the design criteria

given in the previous chapter. The die material was selected as Uddeholm Orvar

Supreme (AISI H13) and it was provided from the market. Mechanical properties and
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chemical composition of the die stock material can be seen in Table 7.2 and Table 7.3

respectively.

Table 7.2: Properties of Die Material (Uddeholm Orvar Supreme -AISI H13-)

Property Value

Tensile strength, ultimate (@ 20°C, varies with heat 1200 — 1590 MPa
treatment)

Tensile Strength, yield (@ 20°C, varies with heat 1000 — 1380 MPa
treatment)

Reduction of area (@20°C) 50.00%

Modulus of elasticity (@20°C 215 GPa
Poisson's ratio 0.27-0.30
Thermal expansion 10.4 x 10°/°C
Thermal conductivity 28.6 W/mK

Table 7.3 Chemical Composition of the Die Material

Cr Mo Si \% C Ni Cu Mn P S

52 1.4 1.0 0.9 0.39 03 025 02-05 0.03 0.03

Before manufacturing, die was subjected to heat treatment in order to obtain 52-55
HRC. Then die stock was machined by using VT 80 C-Axis CNC Lathe in Gaziantep
University CAD/CAM Innovation Center in order to prepare for the Wire Electro
Discharge Machining process (WEDM). To machine die set, tool path was generated
for each part of the die set (die, punch, and anvil) by using computer-aided
manufacturing (CAM) package software program (TopsolidCam), and G codes were

obtained for each part. WEDM process was performed by using the process parameters

given in Table 7.4.
Table 7.4 Process Parameters of WEDM
Gap set Cutting Peak Pulse on Pulse off Wire Wire
Voltage Speed Current Time Time Tension Feed
\Y Mm/min A us us 4 4
10 3.5 90 108 40 12 4
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The outer ring and the mandrel were machined by using VT 80 C-Axis CNC Lathe to
the required dimensions and hardened to 52-55 HRC. The die and the outer ring was
interference fitted by heating the ring to 200 °C and cooling the die by using liquid

nitrogen. The components of the die set are shown in Figure 7.4.

Figure 7.4 The components of the forging die set

After machining and interference fitting, the gear toothed die was finished by using an
abrasive flow machining process (AFM). The two-way AFM machine which was
designed and constructed at Gaziantep University (see Figure 7.5) was used. The

machining parameters of the AFM process are given in Table 7.5.

Table 7.5 Process Parameters of AFM

Abrasive Abrasive Media Viscosity Density Concentration Working
Type Pressure
Pas gr/cm? % MPa
SiC Polyborosloxane 60 3.2 70 6
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Figure 7.5 The two-way AFM machine.

7.4 Measurements

After AFM finishing, dimensions and tooth profiles of the die were measured. The
measurement of the asymmetric spur gear die is a difficult task because of its
geometry. Because the asymmetric gear die will be used in precision forging,
dimensional accuracy of the die is very important and die should be manufactured
precisely. Thus, to measure the dimension of the asymmetric gear die tooth, an optical
profilometer and a 3D coordinate measurement machine CMM were used. The Leitz
Wetzlar optical profilometer was used to magnify the tooth profile as shown in
Figure7.6. The tooth profile was magnified by 20 times and gauge blocks were used
to scale. Then the image of the scaled tooth was transferred to AutoCAD in order to

see differences between technical drawing and the manufactured profile.
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Figure 7.6 Magnified tooth profile by using Leitz Wetzlar optical profilometer

The measurements were also performed by using the Kemco 3D Coordinate
Measuring Machine (CMM) available in the metrology laboratory (see Figure 7.7).
The measurements were done by using a 1 mm radii Renishaw touch probe for

comparison.
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Figure 7.7 The Kemco 3D Coordinate Measuring Machine (CMM)

The surface roughness was measured by using a Mitutoyo SJ 401 surface measuring
machine (see Figure 7.8). The cut off length was 0.8 mm and three measurements were

taken repeatedly for each condition and the averages of them were taken.

Figure 7.8 Mitutoyo SJ 401 Surface roughness tester
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7.5 Experimental Procedure and the Forging Press

Experimental studies were conducted in the laboratory of the Mechanical Engineering
Department of Gaziantep University. For experimental studies, a hydraulic press that
has 200 tons’ capacity was used. The press can be seen in Figure 7.9 and the technical

features are given in Table 7.6.

@O REDMINOTES8
OO Al QUAD CAMERA

Figure 7.9 View of the press
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Table 7.6 Technical Features of the Press

TECHNICAL FEATURES
Capacity (ton) 200
Working Size 1300x450
Stroke (mm) 400
Motor Power (KW) 7.5
Pump (liters) 22
Down Speed (mm/s) 6.4
Return Speed (mm/s) 11.04
Overall Dimensions 1200x2020x2800

(LxWxH,mm)

Weight (kg) 2350

The press has a 170 mm diameter cylinder and punch was attached to the press
cylinder. By controlling the hydraulic oil pressure, the forging load was predicted step
by step. Incremental forging tests were carried out to observe the metal flow and

comparing them with the FE simulation results.

Experimental studies were performed at room temperature. To perform the precision
forging process, die and anvil were placed on the press table and fixed. The surfaces
of the asymmetric gear die, the mandrel and the upper and lower punches were
carefully coated with molybdenum disulfide (MoS>) lubricant by using a small brush.

Then the preform was placed into the die cavity carefully.
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CHAPTER 8

RESULTS AND DISCUSSION

8.1 Introduction

In this chapter, the results of the upper-bound energy analysis (UBEA), the FEM, and
the experimental studies are presented. The forging loads for hot-and warm-forging of
AISI 4340 determined by UBEA and FE analyses were compared and the calculated
results of the final forging die dimensions and the amount of interference were given.
The rigid-die and elastoplastic-die FE models were compared. The temperature
distribution and the stresses formed on the preform during forging were also discussed
for both hot- and warm-forging. The experimental gear forging was carried out for the
lead and the material flow patterns during forging for the experimental and FEA were
shown. The measurement results of tooth profile deviations from the designed forging

die and the theoretical gear are discussed.

8.2 The Results of Hot- and Warm-Forging of AISI 4340 Gear
8.2.1 Forging Load

The FEM simulations (Chapter 4) and the UBEA (chapter 5) of the hot- and warm-
precision forging of asymmetric gear were performed for AISI 4340 steel. The load-
stroke diagrams of the FEM simulations and UBEA are given in Figure 8.1. In the
FEM simulations, the forging load increases with the punch stroke slowly until the
preform touching the tooth tip of the die. Then it increases asymptotically at the final
filling of the die. The trends are similar for both the hot- and the warm-forgings. The
UBEA results show the load increases very slowly at the very beginning of the forging
where the preform expands radially. Then the load is increasing sharply, which is due
to the initial touching the preform to the die walls (there is a difference between the
outer diameter of the preform size and the root diameter of the die). The load increases

with the stroke slowly until the final stage where the increase of the load is very sharp
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(asymptotic). Again, the trends are similar for both the hot- and the warm-forgings.
However, the upper bound analysis results give higher forging load values than the
experimental results as expected due to the nature of the upper bound method. The
maximum forging loads were found as 345 tonf and 280 for UBEA and FE study,
respectively, for hot-forging. For the warm-forging, the maximum forging loads were
695 ton force and 670 ton force for UBEA and FE study, respectively, the presented
UBEA is recommended for the asymmetric spur gear die design and determination of
press capacity in order to stay in the safe zone. The difference of maximum forging
loads of the UBEA and FE is less than 4% and 15% for warm- and hot-forgings,
respectively. Here, the maximum load is required for the die design and press capacity.
The higher differences in the mid-stroke come from the barreling effect which is
neglected in the UBEA. If the barreling effect is included, i.e. 3D analysis is applied,
this deviation will be smaller. The load stroke diagram can be obtained by using the
developed software based on the UBEA in a very short time (3 seconds in this

analysis).

Load (tonf.)

14 16

Stroke (mm)
@ UBET WARM FORGING --«-- FEM WARM FORGING ® FEM HOT FORGING ==¢== UBEA HOT FORGING

Figure 8.1 Forging loads comparison of fem simulations and upper-bound

analysis, for hot and warm forging
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8.2.2 Internal Pressure Exerted on the Inner Surface of the Die (Contact

Pressure)

In order to determine contact stresses (internal pressure Pi), finite element simulation
for hot-forging were used. When the contact surface area between the preform and die
reaches 99.5% of the total area, the simulation was stopped and the corresponding
contact pressure was determined. The contact pressure distribution of forged gear is
shown in Figure 8.2. As it can be seen in Figure 8.2 that maximum contact pressure
occurs at the root diameter of the gear and tip of the gear teeth. Contact pressure

(internal pressure) is approximately 590 MPa.

Contact pressure [MPa]

840.00

756.00

672.00

588.00 aw
504.00 S <
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84.00
0.00

L
=
T

max: 834.90
min:  0.00

Figure 8.2 Distribution of contact stresses on forged asymmetric spur gear.
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8.2.3 The Dimensions of the Asymmetric Gear Forging Die

The dimensions of the gear die were calculated by the method suggested by Eyercioglu
[80]. The results of the method were verified in a study that is a part of this project for
asymmetric spur gear forging dies [111]. The dimensions of the asymmetric gear

forging die and the amount of interference are given in Table 8.1.

Table 8.1 Dimensions of the forging die

Inner Outer Diameter  Inner Diameter  Outer Diameter ~ Amount of

Pressure of the inner die of the ring of the ring Interference
MPa (mm) (mm) (mm) (mm)
590 64.13+0.05 142.21+0.05 142.47+0.05 0.268

8.2.4 Temperature Distribution

The results of temperature distributions on the forged asymmetric spur gear at the final
die filling stage (99.5%) are shown in Figure 8.3. for hot- and warm-forging
simulations. The die components were at 100 °C and the preforms were at 1200 °C and
800 °C for hot- and warm-forging, respectively, at the beginning of the forging
operation. During forging time heat was transferred from preform to the die
components and environment. Although some amount of heat is generated during
deformation, the temperature drops by the time pass. As it is expected, the rate of
temperature drop is higher for hot forging due to the higher temperature gradient (see
Figure 8.4). Cooling of the preform is faster after the punches touch to it. Although the
total forging time is less than a second for both cases, a considerable amount of cooling
takes place. The preform temperature drops from 1200 °C to 850 °C during hot forging
and from 800 °C to 550 °C for warm forging case.
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Figure 8.3 Temperature distributions with respect to punch stroke

for warm- and hot-forging.
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Figure 8.4. Cooling of preform with respect to punch stroke for warm- and hot-

forging.

8.2.5 Effective Stress Distribution

The effective (von Mises) stress distributions with respect to punch strokes are given
in Figure 8.5. The flow stress increases as the workpiece cools. Therefore, higher
effective stresses are encountered in warm forging simulations. The effective stress
increases with the stroke for both warm- and hot-forging simulations as shown in Fig.
8.6. The stresses are increasing asymptotically at the final filling stages because of the
difficulty of metal flow at the tooth region. The involute profile of the gear causes
more friction effect and inhomogeneous metal flow. The gear tooth shape is forming
at the upper part of the workpiece before the bottom part because of bi-linear forging

(i.e. only upper punch is moving).
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Figure 8.5 Effective stress distributions with respect to punch stroke

for warm- and hot-forging.
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Figure 8.6 Effective stress with respect to punch stroke for warm- and hot-forging.

8.2.6 Tooth Profile Modifications

The gear tooth profile modifications of the forging die calculated by the developed
software based on the analyses given in Chapter 6 and the results those obtained from

the hot-forging FE simulations are shown in Table 8.2. As it can be seen from the table,
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Table 8.2 The gear tooth profile modifications of the forging die

Parameter Equation Calculated Determined
No (mm) by FE (mm)

Contraction due to the 6.14 -0.153 -0.150
Interference Fit (Us)
Elastic Deformation 6.28 -0.084 -0.075
(Ue)

Under Maximum 6.23 0.020 0.025
Forging Load

When Forging Load 6.25 -0.120 -0.110
is Removed

After ejection from 6.27 0.016 0.010
die
Thermal Die Expansion 6.34 0.070 0.072
(Uy

Due to preheat 6.29 0.010 0.010

Due to preform 6.33 0.060 0.062
contact
Thermal Workpiece 6.35 0.059 0.061
Contraction (Uc)
AFM finishing 6.40 0.080 0.078*
allowance

*measured by CMM

8.3 Results of Experimental, FEA and UBEA for Lead Gear Forging
8.3.1 Forging Load

The load-stroke diagrams obtained from the upper bound analysis (UBEA), the FE and
experimental study are shown in Figure 8.7. In the figure, the dashed line shows the
experimental results, the continuous line with the point represents the result of rigid
die FE analysis and the continuous line shows the results obtained from the upper
bound energy analysis. The fact that both curves show similar changes proves the
suitability of the upper bound energy analysis presented in this study and the proposed
strain regions. As can be seen in Figure 8.7, the upper bound analysis results give
higher forging load values than the experimental results, due to the characteristic of

the upper bound method. The maximum forging loads were found as 68.8 tonf and
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experimental 63 tonf for UBEA and experimental study, respectively. In order to stay
in the safe zone, the presented UBEA can be recommended for the asymmetric spur
gear die design and determination of press capacity. In this analysis, the maximum
forging load was determined with a difference of less than 10%. The higher differences
in the mid-stroke come from 2D analysis, i.e. barreling effect is neglected. If the
barreling effect is included in the analysis (3D analysis), this deviation will be further
reduced. With the software developed, solutions can be obtained in a very short time

(3 seconds in this analysis).

The Rigid die FE results are in good agreement with the Upper bound energy analysis
results. However, FE gives an amount of lower loads through the punch descends, the

maximum loads are about the same.
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Figure 8.7 Load-Stroke Diagrams of lead forging (UBEA, Experimental
and Rigid Die FEM)
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8.3.2 Material Flow

The photograph of the experimentally forged asymmetric spur gear is given in Figure
8.8. The section line is the interface of the two halves and some amount of fin
formation on the upper surface of the gear is visible. It is a difficult task to completely
eliminate the fin formation complete filling is aimed. At the beginning of the forging
process gear-shaped punch is fitted to gear-shaped die precisely. When the die
subjected to load, die will expand and clearance will occur between die and punch.
Thus some material flows in this clearance and fin comes off. The metal flow pattern
forging was obtained from the incremental forging tests. After separating the two
halves of the forgings, the material flow was revealed step by step and the results are

shown in Figure 8.9 and the corresponding load stroke diagram is given in Figure 8.10.

Figure 8.8 Asymmetric spur gear resulting from forging
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Figure 8.9 Schematic representation of material flow in asymmetric spur gear forging
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Figure 8.10 The load-stroke diagrams of UBEA and experimental study.

The comparison of the experimental and FE metal flow is given in Figures 8.11 and
8.12, for side and top views of the preform, respectively. Due to uni-directional forging
(the upper punch moving and the lower punch stationary), bulging takes place on the
upper half of the preform height. So as the upper corners of the die are filling earlier

than the bottom corners. The results show that the FE model is successful to predict
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the metal flow and the forging load; however, slight differences in the images are due

to the inevitable deviations of the experimental and simulation conditions

Stroke \ ;
(mm) Experimental Results FEM Results

Figure 8.11 Cross sectional view of material flow in finite element

and in experimental study.
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Figure 8.12 Top view of material flow in finite elements and in experimental study.

8.3.3 Comparison of Rigid- and Elastic-Die FE Models

In the classical method in FE forging analysis, the die is assumed as a rigid material

while the workpiece is elastoplastic. This makes the modeling of interference between
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the die and workpiece and computation easier in the analysis. The die stresses are
determined by further simulation where the die is assumed as elastic and the inner
contact pressure is transferred from the workpiece. Although this approach is easier
and requires less computing time, in reality, both the die and the workpiece are
elastoplastic. However, the strength of the die is much higher than the workpiece
material, the die may be considered as elastic. Therefore, the analysis can be simulated
as elastoplastic (die)-elastoplastic (workpiece). In this study, both rigid-elastoplastic
and elastoplastic-elastoplastic FE models were simulated and the results were
compared. Figure 8.13 shows the dimensional differences of the forged gears between
the two models. As can be seen in the figure, the maximum deviation is at the tip radius
of the gear tooth and the value is approximately 0.286 mm. In the root radius of gear,

the deviation is approximately 0.069 mm.

3: 0.05015 mm
[ 3 L g

»

1: 0.06926 mm
F

Figure 8.13 Dimensional Differences between Forged Gear in the FEM simulations
The final punch strokes and the corresponding forging loads have differences between

the two models. As can be seen in Figure 8.14 and Figure 8.15, the length of punch
stroke of the elastoplastic-die model (13.68 mm) is higher than the rigid-die (13.26
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mm) one. This is due to the expansion of the die under load for the elastoplastic
material property. On the contrary, the corresponding forging load (68.99 tonf) is
greater for the rigid-die than the elastoplastic-die model (62.95 tonf.). The reason is

the elastic expansion of the die allows the flow of the material with lower forces.
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Figure 8.14 The load stroke diagrams for the experimental and the rigid-die

and elastoplastic-die FE models.
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8.3.4 Tooth profile and Surface Roughness Measurements of the Manufactured

Die

The design procedure and the tooth profile modifications of the asymmetric spur gear
die were explained in chapter 6. After generation of the modified profile, the die profile
was cut by WEDM and then finished by AFM. The WEDM as-cut and AFM finished
surfaces of the die are shown in Figure 8.16. The surface roughness values are given
in Table 8.3. The as-cut surface is uniform and rough; however, the surface after AFM
finishing is polished and directionally different in quality. A finer surface was obtained
along the Facewidth of the gear (Ra = 0.06 um) than the transverse direction, i.e.

through involute (Ra = 0.5 um) due to the flow direction of the AFM media. The

overall surface roughness is improved by AFM.
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Figure 8.16 Surface Differences (a) As-cut by WEDM (b) Finished by AFM

Table 8.3 Surface roughness measurements of the die.

Surface As-cut (after WEDM) Finished by AFM
Parameter Along Through Along Through
Facewidth involute Facewidth involute
Ra (pm) 3.07 3.03 0.06 0.5
Rz(um) 18.60 17.48 0.5 1.6

The tooth profile of the forging die was measured by using Leitz Wetzlar optical
profilometer and Kemco 3D Coordinate Measuring Machine (CMM). A scaled photo
of the tooth of the die obtained from the optical profilometer is given in Figure 8.17.
The image taken from the profilometer was transferred to the AutoCAD environment.

The deviations of the x- and y-coordinates of the image from the theoretical
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(calculated) ones are processed in the AutoCAD software package and the deviations
from the designed tooth profile were shown in Figure 8.18. The measurements were
carried out by using a Kemco 3D Coordinate Measuring Machine (CMM) using a 1
mm radii touch probe of Renishaw for comparison and the scattering of the results are
also shown in Figure 8.18. The measured errors of the asymmetric spur gear die are

given in Table 8.4.

Figure 8.17 Differences of tooth profile of the forging die between scaled
and AutoCAD drawing.
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Figure 8.18 Differences between measured and designed tooth profile of the forging

die

Table 8.4 Measured errors of the asymmetric spur gear die.

Theoretical size Measured by CMM CMM Deviation from

Parameter
(mm) (mm) theoretical (mm)
Da 45.16 45.17 0.01
Do 42.16 42.18 0.02
Df 38.40 38.42 0.02
p 9.42 9.43 0.01
he 6.78 6.79 0.01

8.3.5 Dimensional Accuracy of Forged Asymmetric Gear

The main goal of this study is to produce an asymmetric spur gear by using the

precision forging process. Thus the dimensional accuracy of the forged gear is highly

important. The purpose of the pre-determined tooth profile modifications of the

asymmetric spur gear forging die is to produce the final gear dimensions of the
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prototype gear. The tooth profile of the forged gear was measured by using Kemco 3D
Coordinate Measuring Machine (CMM) and the results were compared with those

obtained from the elastoplastic die forging FE simulations (see Figures 8.19 and 8.20).
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Figure 8.19 Comparison of the theoretical and forged gear tooth profiles
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Figure 8.20 Differences between the theoretical and forged gear tooth profiles

The results show that the maximum deviation from the tooth profile is changing
between 0.01 and 0.03 mm throughout the tooth length. All of the deviations are
positive (i.e. forged gear is bigger than the theoretical), this is purposely given for the
final finishing allowance. The deviation of the pitch diameter is 0.015 mm. While the
theoretical thickness of the tooth at the pitch diameter is 4.66 mm the tooth thickness

at the pitch diameter is approximately 4.69 mm. (Table 8.5).

Table 8.5 Measured errors of the forged asymmetric spur gear

Theoretical Measured by CMM DeV1aF10n
Parameter . from theoretical
size (mm) CMM (mm)
(mm)
Da 45 45.06 0.06
Do 42 42.015 0.015
Df 38.25 38.275 0.015
p 9.45 9.42 0.02
hy 6.75 6.785 0.035
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8.4 Gear Tooth Quality

The main purpose of the production is to use the product in daily life to facilitate the
customer's life. For this reason, the product must meet some standard requirements. In
order to evaluate the product, some standards had been determined. Therefore, the
product is evaluated according to these standards and if it meets the standards, it can

be said that the product is suitable for daily life.

In this section, the asymmetric forged gear was evaluated according to some standards

requirements. The criteria of evaluations are;

. Tooth total profile deviation (Fr)

. Tooth profile form deviation (fr)

. Tooth profile angle deviation (fHq)
. Individual pitch deviation (fp)

. Normal base pitch deviation (fpe)
. Pitch error (f,)

. Total pitch deviations (Fp)

The evaluation will be done in two groups. One is the tooth profile deviations and pitch
deviations. Measurement was done from the profile control radius (C) to the tip form
radius (Fa). The length La is the profile evaluation length and ga is the active profile
length. Thus Nf is the start point of the active profile.

8.4.1 Gear Tooth Profile Deviations

In this section, tooth total profile, tooth form and tooth profile angle deviations were
evaluated. The results can be seen in Table 8.6 and from the Figure 8.21 to Figure 8.26.
Table 8.6 Tooth profile deviation values

Deviations Coast Drive
Side (um) Side (um)

Tooth Total Profile Deviation 20 19
(Fr)

Tooth Profile Form Deviation 14 12
(fr)

Tooth Profile Angle Deviation 20 19
(fHa)
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Figure 8.24 Tooth profile form deviation of drive side
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8.4.2 Pitch Deviations

In this section, theoretical, and measured values were given. Deviations between the

theoretical and measured values that can be seen in Table 8.7 were evaluated.

Table 8.7 Pitch deviations of the asymmetric forged gear

Deviation Measured Theoretical Deviation
Type Values (mm) Values (mm) amount (um)
Individual pitch 9.4405 9.4245 16

deviation (fp)

Normal base 8.5842 8.5652 19
pitch deviation

(fpe)

Pitch error (fu) 42,015 42 15
Total pitch 37.76 37.698 62

deviations (Fp)

The results of the measurement show that forged asymmetric gear has a gear tooth
quality of grade 8 according to DIN 3962 standards (See Figure 8.27). This is a
medium quality range and it can be used for general gearboxes (lifting and agricultural
machinery) without further finishing. For automobile and turboprop gearbox

applications, further finishing processes (i.e. grinding) must be required.

STANDARD CLASS
AGMA390.03(usa) | 15| 14| 13|12 |11 |10 sl 8|17 | 6| 5| 4
DIN 3962 {GERMANIAY | 1 2| 3| a]|s| s 7lEBIlls|10]21]122
1SO 1328 [ITALIA) 1 2 3 ] 5 6 7 8 9 10 11 12
BS 4 {(REGNO UNITO) atla]l el cllo
ASEIS{FRANCIA) A B C D E
JISB 1702 (GIAPPONE) 0] 1 2 | a)l a|ls]| 8| 7| 8
KSB 1405 [COREA} o | o 2l 3|l 4 {ls| 6] 7| 8

Figure 8.27 Gear quality numbers for AGMA, JIS, ISO and DIN 3962.
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CHAPTER 9

CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE STUDIES

9.1 Introduction

The precision forging of asymmetric spur gear was studied in this thesis. The design
criteria for the asymmetric spur gear die design are presented. For this purpose, upper
bound analyses (UBEA) and finite elements (FE) simulations of the gear forging
process were carried out to determine the forging load and die stresses. The gear tooth
profile modifications of the die required for the dimensional accuracy of the forged
gear were evaluated. The UBEA and FEA results were compared with the

experimental studies.
The following may be concluded from the results of the study.

. The pre-determination of forging load is required for both the die design and
the press capacity selection. For the prediction of the forging load for asymmetric spur
gear, the presented UBEA and the FE models can be used. The results of the UBEA
and FEA are in good agreement with the experimental ones. The software developed
for the forging load calculation based on the presented UBEA is a practical tool, the
forging load and contact pressures can be calculated in a very short time comparing to

the FEM.

. In asymmetric spur gear forging, the variation of the forging load according to
the punch position (stroke) can be examined in three different regions. The first zone
is the initial zone where the deformation occurs until the billet touches the die surfaces
and where the forging load corresponding to the 1 mm movement of the punch is low.
The second zone is the zone where the forging load increases relatively linearly with
respect to the punch movement, where the tooth profile is filled with radial material

flow. In the third zone, the forging load increases rapidly and turns into an asymptotic
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curve in the last section. In this part, while the part of the gear die that touches the
upper punch is completely filled, there are still gaps in the area that sits on the lower
punch, and thus the friction load increases and hydrostatic pressure zones occur in the
material.

. Although, the maximum forging load calculated by upper bound energy
analysis is in agreement with the experimental results (error<10%) the difference with
respect to the punch position is higher. In the presented UBEA, the bulging of the
preform during forging is neglected to keep the analysis in 2D. The bulging of the
preform was observed in the FE and experimental metal flow analyses. The difference
between the load stroke diagrams of UBEA and experimental study can be reduced by
considering the bulging effect, i.e. 3D UBEA. However, for the maximum forging load
predicted by 2D UBEA is slightly higher (< %10) than the experimental one, it is

suitable for staying in the safe zone in determining the die design and press capacity.

. The maximum forging load for hot forging is about half of the warm forging,
although the forging temperatures are 1200°C and 800°C, respectively. Therefore, the
forging load and temperature are not linearly changing whereas the trends of the load-

stroke curves are similar.

. The results of the rigid-die-elastoplastic-preform and elastoplastic-die-
elastoplastic-preform FE models showed that the maximum stroke lengths and forging
loads are different for the two models. The forging load that was obtained from rigid-
die-elastoplastic-preform FE simulation is higher than the elastoplastic-die model one.
The reason is the elastic expansion of the die allows the flow of the material with lower
forces. However, the length of the punch stroke of the elastoplastic-die model is higher
than the rigid-die one. This is due to the expansion of the die under load for the
elastoplastic material property. The experimental results are very close to the
elastoplastic-die-elastoplastic-preform FE model. Therefore, elastoplastic-die-

elastoplastic-preform FE model is more realistic.

. A single-cylinder die is not enough to withstand the very high stresses due to
very high forging loads required in precision gear forging. The strength of the inner
die is generally increased by fitting it to one or more outer rings with some amount of

interference. In this way, the compressive preload is created on the outer surface of the
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inner die and this can significantly reduce the tangential tensile stress applied by the
forging load to the inner die. A die interference fit by an outer ring can be for the
asymmetric spur gear forging and the amount of interference and the dimensions of

the die components can be calculated by using the developed software.

o The dimensions of asymmetric spur gear die geometry are affected by the
forging loads and temperature and manufacturing deviations. An amount of finishing
allowance is also required to produce the final surface quality. Therefore, the effects
of these parameters have to be preliminary determined and the die geometry must be
corrected accordingly. The presented method for gear tooth modifications and the
developed die geometry analysis software can be used for the generation of the

corrected tooth path.

. The working temperature is very effective in asymmetric spur gear forging in
terms of encountered effective stress, contact pressure, and forging load. The heat is
transferred from the preform to the die and environment during forging operation.
Although some amount of heat is generated during deformation, the temperature drops
by the time pass. The rate of temperature drop is higher for hot forging due to a higher
temperature gradient. Cooling of the preform is faster after the punches touch to it.
Although the total forging time is less than a second both for hot and warm forging

cases, a considerable amount of cooling takes place.

o The study shows that precision forging is a feasible method for the
manufacturing of asymmetric spur gears and the method eliminates the limitations of
the tooth profile of gear cutting or generation methods. However, the design of the
forging die is critical in the success of the process. The design criteria presented in the

study can be used successfully.

9.2 Recommendations for Future Work

For the future work about the precision forging process of asymmetric gear, the

followings can be recommended.
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. Performance analysis of the forged asymmetric gear can be done and can be
compared with the performance analysis of the asymmetric one that manufactured by

cutting processes.

o Die life of the precision forging of the asymmetric gear can be investigated.

Additionally, the economy of the process can be analyzed.
o Precision forging of the asymmetric gear can be performed for different
asymmetric gears that have a different module, pressure angles in order to investigate

how the module and pressure angle affect the forging load and dimensional accuracy.

. Hot- and warm-precision forging of the asymmetric gear can be done and

analyzed for steel as the workpiece material.
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