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Abstract

Conical gears are used for transmitting power and/or motion between the intersecting
shafts (i.e. straight and spiral bevel gears) or the non-parallel non-intersecting shafts (i.e.
hypoid gears). Among these straight and spiral bevel gears are extensively used in the
automobiles, aerospace, marine, machine tools, construction machinery, wind turbine,
equipment used in the process, cement, steel, oil and gas industries, etc. Increasing
demands of gears have motivated researcher to investigate and improve their performance
characteristics using different conventional and advanced gear finishing processes.
Performance characteristics of a gear include its load carrying capacity, service life,
operating performance, surface characteristics, wear characteristics, transmission
characteristics and noise generation characteristics. Most of the performance
characteristics of gear namely service life, operating performance and characteristics
related to wear, transmission and noise generation are significantly affected by surface
characteristics of a gear. It has two major components namely (i) surface quality which
includes surface finish, micro-geometry (i.e. form and location errors) and wear
characteristics; and (ii) surface integrity that encompasses microstructure, micro-hardness
and residual stresses.

Improving surface characteristics of the bevel gears is very challenging and difficult
due to complex geometry of their teeth. Gear grinding and lapping are the most commonly
used conventional processes for finishing the bevel gears. But, these processes have some
inherent limitations. Gear grinding is expensive in terms of initial investments and regular
maintenance of the grinding wheels. It is laborious and highly skilled operator is required
to perform the finishing operation. Also, form or generation grinding by a single formed
wheel (or two single formed wheels) is time consuming. Moreover, Karpuschewski et al.
(2008) highlight that it can also lead to undesirable effects such as (i) transverse grind
lines on the finished surface which cause noise and vibration of the gears, (ii) grinding
burns which damage the surface integrity of the ground gears and can sometime lead to
even gear failure through tooth breakage. While, gear lapping is very slow finishing and
used to finish a conjugate pair of gears. It can rectify only minute deviations from the
desired gear tooth profile. Moreover, longer lapping cycle may affect the tooth flank
profile and thus extensive care during the operation is required.

It is evident that non-overlapping and limited capabilities and inherent limitations of the
conventional processes of gear finishing do not allow a single process to simultaneously

improve all the surface characteristics of any gear material and without inducing any



adverse effect. Most of the time, a combination of conventional finishing processes is

required to achieve the required surface quality which become very time consuming and

laborious and affects the requirement of high productivity. These limitations can be
overcome by developing a non-contact, material hardness independent, more productive,
more economical and a sustainable gear finishing process.

Pulsed electrochemical honing (PECH) is a hybrid super finishing process which
combines capabilities and advantages of pulsed electrochemical finishing (PECF) with
mechanical honing and simultaneously overcoming their individual limitations. Main
capabilities of PECF process include: process performance independent of mechanical
properties which imparts it capability to machine/finish material of any hardness,
production of stress-free and crack-free surface, higher MRR and no tool wear. While,
main capabilities of honing are: ability to correct the geometric errors and controlled
generation of functional surfaces. Main limitation of PECF process is passivation of
anodic workpiece surface by the metal oxides formed due to evolution of oxygen gas at
anode during its electrolytic dissolution. This anode passivation prohibits further
electrolytic dissolution of the workpiece. While, major limitations of honing process
includes limited life of honing tool, low productivity, incapability of finishing a hardened
workpiece and possibility of mechanical damage (i.e. micro-cracks, hardness alternation
and plastic deformation) to the workpiece material. PECH has been evolving as one of the
most promising superfinishing techniques to finish the complex shaped engineering
components. This makes PECH as an ideal choice to explore as an alternative, superior
and economical process for gear finishing.

The present research work is focused on improving the performance characteristics of
the straight bevel gear made of 20MnCr5 alloy steel by PECH with on objective to
develop PECH as a better, productive and economic alternative process for fine-finishing
of bevel gears. It was done by:

e Developing an innovative experimental setup based on the concept of twin
complementary cathode gears for simultaneous improvements surface quality and
surface integrity of all the teeth of a straight bevel gear.

e Studying the effects of eight PECH parameters namely pulse-on time, pulse-off time,
applied voltage, composition, concentration and flow rate of the electrolyte, rotary
speed of the workpiece gear and finishing time on the surface quality, surface integrity
and MRR of the PECH finished gears.
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e Studying the role of honing role hardness on surface quality and surface integrity of the
PECH finished gears.

e A comparative study on specific energy consumption for achieving same level of
finishing through ECH and PECH.

e Comparative study of PECH with ECH to prove the usefulness of pulse power supply
in ECH process and PECH with PECF to prove importance of hybridization in
improving the process performance of PECH.

Numerous experiments in different stages have been performed to achieve the above
mentioned research goals and to identify the optimum values of the input parameters for
simultaneous improvement in (i) surface quality in terms of surface roughness (i.e.
average surface roughness, maximum surface roughness, depth of surface roughness),
micro-geometry (i.e. single pitch error, adjacent pitch error, cumulative pitch error and
runout), flank surface topology, and wear characteristics (i.e. coefficient of friction and
friction force); and (ii) surface integrity in terms of microstructure, micro-hardness and
residual stresses. Following conclusion have been made from the present research work:
¢ Results have shown significant improvements in the measured responses on using the

identified optimum combination of different PECH parameters namely: pulse-on time
as 2 ms, pulse-off time as 4.5 ms, electrolyte composition as 75 wt. % NaCl + 25 wt. %
NaNQs, electrolyte concentration as 7.5 wt. %, electrolyte flow rate as 20 lpm, rotary
speed of the workpiece gear as 40 RPM and finishing time as 6 minutes to attain
simultaneous improvements in surface finish and micro-geometry parameters.

¢ Role of Honing Gear Hardness: The present study finds new and important parameters
of PECH i.e. hardness of honing gear.

e Sustainability of PECH: The present study reveals that PECH is sustainable and
energy-efficient process as compared to the ECH process.

e Material Removal Mechanism and Modeling: The present study also describes the
mechanism of generation of passivation layer and role of honing gear in removing it,
which helps in better understanding of hybridization of ECF and mechanical honing.

e Mathematical models have been developed for prediction of MRR and depth of surface
roughness of bevel gear finished by PECH.

e Results of validation experiments showed very close agreement between the model-
predicted values of volumetric MRR and depth of surface roughness and their

corresponding experimental values.
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Synopsis

Gear is a modified form of a wheel. It is one of the basic machine elements used for
transmission of power and/or motion between two parallel shafts (cylindrical gears i.e.
spur and helical), intersecting shafts (conical gears i.e. straight and spiral bevel) and non-
parallel and non-intersecting shafts (i.e. hypoid gears and worm and worm-wheel). Gear
drives are preferred for various power and/or motion transmission purposes due to their
compactness and higher reliability. More than 10 billion gears are manufactured and
consumed annually in various applications in almost all the industries. Some worth-
mentioning sectors that consume majority of gears are automobiles (i.e. cars, trucks,
tractor, motor-cycles, scooter, etc.), means of transportation (i.e. buses, train, subways,
mine cars, etc.), aerospace (i.e. high speed aircraft engine), marine (i.e. high power high
speed marine engine, navy fighting ships), control systems (i.e. gun, helicopter, tanks,
radar application), earth moving machinery, different types of machine tools, oil and gas
industry (i.e. oil platforms, pumping station, drilling sites, refineries and power stations),
industrial applications (i.e. power transmission; construction equipment, agriculture
machinery, equipment and machines used in mining, cement manufacturing, steel
manufacturing, food processing, sugar manufacturing and other industries), home
appliances (i.e. washing machine, food mixtures, fans, etc.), mechanisms, toys, gadgets,
etc. Continuous requirements of gears and advancements in their applications compel
manufacturing gears of higher quality, accuracy and reliability.

Performance characteristics of a gear include its load carrying capacity, service life,
operating performance, surface characteristics, wear characteristics, transmission
characteristics and noise generation characteristics. Most of the performance
characteristics of gear namely service life, operating performance and characteristics
related to wear, transmission and noise generation are significantly affected by surface
characteristics of a gear. It has two major components namely (i) surface quality which
includes surface finish, micro-geometry (i.e. form and location errors) and wear
characteristics; and (ii) surface integrity that encompasses microstructure, micro-hardness
and residual stresses. Errors in surface characteristics lead to premature failure of gears
and its prevention requires understanding the interrelationship between following factors:
(i) shape or geometry of gear tooth; (ii) forces (static and dynamic) on gear tooth; (iii)
motion of gear tooth; (iv) gear material; (v) physical and chemical characteristics of the

lubricant; (vi) operating environment; and (vii) surface quality and surface integrity of



gear tooth. First six items are related to design and application environment of the gears,
whereas surface quality and surface integrity of gears depends on finishing of the gears.

An unfinished gear generally has poor surface characteristics and fails to meet the
requirement of the end users. This leads to noise generation, errors in transmission
characteristics, excessive wear and backlash between the meshing gears. Consequently,
gear teeth should be finished properly to ensure efficient motion transmission, noiseless
operation, longer service life, better operating performance and enhanced load carrying
capacity. Karpuschewski et al. (2008) have highlighted two major goals that a gear
finishing process should fulfil namely: (i) surface quality improvement and reduction in
form errors to maximize load carrying capacity; and (ii) surface integrity improvement and
flank modifications to minimize the running noise. This can be ensured by a suitable
combination of gear finishing and gear flank surface properties enhancing process (es).
Gear shaving, gear honing, gear burnishing, gear grinding and gear lapping are the
conventional finishing processes for gears. Finishing of conical gears is very difficult and
challenging as compared to that of cylindrical gears due to their complex tooth geometry
and only gear grinding and gear lapping can be used for finishing them. But, these
processes also yield some undesired effects as mentioned by Karpuschewski et al. (2008).
Gear grinding produces two major undesirable effects namely: transverse grind lines on
the flank surface which causes noise generation and vibration of the gears and grinding
burns which damage the surface integrity of the ground gears which can even sometime
lead to gear failure through tooth breakage. Moreover, it is expensive, complicated, less
productive and requires skilled labor. Gear lapping finishes gears in a conjugate pair and
can rectify only minute deviations in the micro-geometry. Being a slow process, it requires
longer lapping cycles which adversely affects gear micro-geometry.

It can be concluded that non-overlapping and limited capabilities and inherent
limitations of the conventional processes of gear finishing do not allow a single process to
improve all the surface characteristics of any gear simultaneously without inducing any
adverse effect. Most of the time, a combination of conventional finishing processes is
required to achieve the required surface quality of a gear which become very time
consuming, laborious and reduces productivity. These limitations can be overcome by
developing a non-contact and sustainable gear finishing process which is independent of
mechanical properties of gear material.

Pulsed Electrochemical Honing (PECH) is a hybrid super finishing process which

combines capabilities and advantages of pulsed electrochemical finishing (PECF) with



mechanical honing and simultaneously overcoming their individual limitations. Main
capabilities of PECF process include: finishing capabilities being independent of
mechanical properties of gear material particularly hardness, production of stress-free and
crack-free surface, higher material removal rate (MRR) and no tool wear. While, main
capabilities of honing are: ability to correct the geometric errors and controlled generation
of functional surfaces. Main limitation of PECF process is passivation of anodic
workpiece surface by the metal oxides formed due to evolution of oxygen gas at anode
during its electrolytic dissolution. Passivation of anode prohibits further electrolytic
dissolution of the workpiece. While, major limitations of honing process are: incapability
of finishing a hard or hardened workpiece material, low productivity, possibility of
mechanical damage (i.e. micro-cracks, hardness alternation and plastic deformation) to the
workpiece material and limited life of honing tool. This makes PECH as an ideal choice to
explore as an alternative, superior and economical process for gear finishing. Fig. 1 shows

the surface characteristics of a gear that can be improved by finishing it by PECH process.

Various Aspects of Gears that can be Improved by PECH Process
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Fig. 1. Surface characteristics of a gear that can be improved by its finishing by PECH.

1
2. Waviness
3. Material Ratio

[FSTN o)

o~

Runout J

Brief Review of Past work on ECH: Development of ECH for finishing of gear was initiated
very first time by Capello and Bertoglio (1979). They designed and developed an experimental
apparatus of ECH to finish hardened helical gears using specially designed cathode in the form of
a helical gear. Though their results did not yield satisfactory improvement in micro-geometry of
the ECH-finished helical gears but they successfully demonstrated potential of ECH to be
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developed as an alternative gear finishing process. Chen et al. (1981) developed an experimental

apparatus for finishing the spur gears by ECH using the concept of sandwiching conducting layer

between two non-conducting layers in the cathode gear to ensure finishing by ECH. They reported
improvement in the surface finish, teeth profile accuracy and reduction in noise level. He et al.

(2000) used electrolysis time-control method to correct the gear tooth profile errors very efficiently

in the process that they referred as slow-scanning field controlled ECH (SSFC-ECH) of gears.

Naik et al. (2008) used ECH to finish spur gears and reported percentage improvement in surface

roughness parameters i.e. average surface roughness and maximum surface roughness as 80 % and

67 % respectively. Misra et al. (2010) used ECH for finishing the helical gears made of EN8 and

reported 94 % and 86 % improvements in average surface roughness and maximum surface

roughness respectively. Shaikh (2014a) was probably the first researcher to explore ECH for
finishing of conical gears (i.e. straight bevel gear) envisaging a novel concept of complementary
cathode gears to meet challenges of straight bevel gear finishing by ECH. He reported 62.7 % and

32.7 % improvements in average surface roughness and maximum surface roughness respectively.

He also developed mathematical models for material removal rate (MRR) and surface roughness in

ECH process and validated them.

Identified Research Gaps: Following research gaps were identified based on the review of

the past work done on gear finishing by ECH and PECH process:

v" No work has been reported on finishing of the conical gears (i.e. straight bevel gears)
by PECH process focussing on their performance characteristics in terms of surface
quality [(in terms of surface roughness, material ratio curve, waviness, micro-
geometry, gear tooth flank topology and wear characteristics (i.e. wear rate, coefficient
of sliding friction, frictional force,)], surface integrity (i.e. micro-hardness,
microstructure and residual stresses) and functional characteristics.

v" No work has been reported on simultaneous improvement of all the factors affecting
surface characteristics of bevel gears to improve their operating performance, service
life and reduce noise generation.

v" No work has been reported on studying and identifying the role of honing gear
hardness in finishing of gears by PECH.

v No work has been reported on theoretical prediction of MRR and surface roughness of
bevel gears finished by PECH.

v" No work has been reported on specific energy consumption in ECH or PECH for

finishing of gears.
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Most of the past work has been on finishing the cylindrical gears by ECH process and
that too using constant power supply. Only two attempts have been made for the

conical gears

Research Objectives: This is evident from the review of past work and research gaps that

very limited work has been done on PECH process for improving the surface

characteristics of the gears. Therefore, main goal of the present research work was to do

high quality finishing of conical gears using PECH process focusing on simultaneous

improvement in surface quality, surface integrity, wear characteristics (in terms of wear

rate, frictional force, friction coefficient), and transmission characteristics. To accomplish

this following research objectives identified:

To modify and improve the finishing chamber available for conical gear finishing by
ECH by rectifying its drawbacks and making it adaptable to PECH process.

To automate the engagement and disengagement of the workpiece bevel gear with
cathode and honing gears for better control and ease of operation.

Design and planning of experimental investigations to meet the main goal.

To study role of pulse power supply and other PECH parameters for finishing of
straight bevel gears by studying its effects on the considered responses of the PECH
finished gears.

To study the effects of electrolyte parameters (i.e. composition, concentration and flow
rate), applied voltage and rotary speed on the considered responses of the workpiece
gear.

To study role of honing gear hardness in improving surface characteristics of gears
during PECH process.

To develop theoretical models for volumetric MRR and surface roughness depth of
straight bevel gears in PECH process and their experimental validation.

To compare the process performance of PECH with PECF and with ECH for bevel
gear finishing with an objectives to justify need hybridization of PECF with
mechanical honing and to prove the usefulness of pulse power supply in ECH process.

A comparative study on specific energy consumption for achieving same level of
finishing through ECH and PECH.

Research Methodology: Fig. 2 presents the research methodology adopted in the present

work to meet the identified research objectives.
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Research Methodology

v

[1] Review of Past Work: to identify Research Gaps

v
[1A] Identifying Research Objectives

[2] Development of Experimental Apparatus for finishing Bevel Gears by PECH
v
[3] Design and Planning of Experimental Investigations

v

[3A] Preliminary Experiments: To ensure the Functioning of the developed Experimental
Apparatus

2

[3B1] Pilot Experiments Stage I (17 Experiments): to identify the optimize value of pulse-
on time, pulse-off time and finishing time

v

[3B2] Pilot Experiments Stage II (8 Experiments): to identify the optimum values of
electrolyte flow rate and rotary speed of workpiece gear

v
[3C] Process Performance Comparison of ECH and PECH for Bevel Gear Finishing

[3D] Experiments to study Role of Honing Gear Hardness in PECH

v

[3E] Main Experiments (15 Experiments): to identify the optimum values of electrolyte
composition, electrolyte concentration and applied voltage

v

[3F] Development of Mathematical Models of Surface Roughness and MRR in PECH

v

[3G] Validation Experiments (12 Experiments): to validate the developed models

v

[3H] Confirmation Experiments to validate the identified optimum PECH process parameters

Fig. 2 Research methodology of the present research work

Brief Description of the Experimental Apparatus: Finishing of bevel gears by PECH is
very difficult and challenging as compared to that of cylindrical gears due to their complex
geometry which restricts the reciprocation of workpiece gear and inhibits the finishing of
entire face width. This problem was solved by using the concept of twin complementary

cathode gears as envisaged by Shaikh (2014a). Same concept has been used in the present

Xiv



work for simultaneous finishing of full face width of all the teeth of the workpiece bevel
gear. In this concept, one of the cathode gears has a conducting layer of copper
sandwiched between two non-conducting layers of metalon while, other complimentary
cathode gear has a non-conducting layer of metalon sandwiched between two conducting
layers of copper. The conducting layers in both the complementary cathode gears are
undercut by 1 mm than the insulating layers so as to avoid short-circuiting when these
gears mesh with the workpiece gear while finishing it. This also ensures that IEG required
for PECF is maintained between the workpiece and cathode gears.

Fig 3a depicts the designed and developed finishing chamber arrangement based on
this concept. While, Fig. 3b depicts the photographs of the complementary cathode gears,
workpiece bevel gear and honing gear. The developed experimental apparatus comprises

of four major sub-sections as mentioned below:

5 I \\ ,.: , >

EIectroIYte supply
pipes

(a)

1

Workpiece Gear Honing Gear

(b)

Fig. 3 (a) Photograph of finishing chamber arrangement for bevel gear finishing by PECH
and; (b) Photographs of workpiece bevel gear, honing gear and complementary cathode
gears.

(a) Power Supply System: The DC pulse power supply unit used for the experimentation

Twin Complementary Cathode
Gear

is capable of delivering an output voltage in the range of 0—100 V, current in the range of
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10-110 A and it is equipped with the option for setting pulse-on time and pulse-off time. It
comprises of three parts: programmable high-power DC supply, pulse generator and pulse
controller with the power switch unit. The pulse controller has the facility to modify the
voltage, current, pulse-on time (Ton), pulse-off time (To) and consequently the duty cycle
(€) i.e. ratio of pulse-on time to sum of pulse-on and pulse-off times.
(b) Electrolyte supply and recirculating unit: The electrolyte supply and recirculating
unit comprises of a pump to supply the desired quantity of the electrolyte to the finishing
chamber at preset values of temperature and pressure. The system also includes pressure
gauge, flow meter, flow control valves and filters. A heating element was fitted in the
storage tank to maintain the electrolyte temperature at a prefixed value and it is controlled
using a temperature controller and sensor. An aqueous solution of NaNO3 and NaCl was
used as electrolyte for anodic dissolution of workpiece gear material.
(c) Finishing chamber assembly: Fig. 3a shows photograph of the finishing chamber
which consists of workpiece gear, two complementary cathode gears, honing gear and
supporting and mounting elements for these gears. The workpiece bevel gear is mounted
on the spindle of the vertical bench drilling machine, while the two complementary
cathode gears and honing gear is mounted on a stainless steel block of same dimension
and supported with the help of stainless steel shafts to avoid corrosion in the finishing
zone. The workpiece gear simultaneously meshes with the specially designed cathode
gears and honing gear which avoids short-circuiting and also maintains an IEG. The
structure of the finishing chamber was made of perspex sheets due to its resistance to
corrosion and to provide better visibility during the finishing operations. Finishing
chamber is rested over the table of 400 mm X 400 mm dimension of the drill machine to
avoid the vibration during the finishing action.
(d) Tool and Motion system: The tool and motion unit consists of a stepper motor, its
driver and a controller programmed by software from Copley Controls Corporation. It
provides reciprocating motion to the spindle of the bench drilling machine on which the
workpiece gear is mounted. It makes the workpiece gear to engage with the honing and
cathode gears before its finishing by PECH and disengages it after completion of the
finishing operation. A high level of accuracy in feed and better control over process can be
achieved using this automation in the feed operation. The rotary motion to the workpiece
gear is provided by the DC motor attached to the spindle of the vertical drilling machine.
The workpiece gears and honing gear were made of case hardened 20MnCr5 alloy steel

which is most commonly used bevel gear material for commercial applications. All the
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bevel gears were manufactured on Gleason principle based bevel gear manufacturing
machine. The workpiece gear has 16 teeth while the cathode gears and honing gear have
10 teeth each, all the gears were made of same module i.e. 4.83 to ensure the proper
meshing. The workpiece bevel gears are hardened up to the hardness value of 630 HV,
whereas the honing gear is having slight higher hardness valuesi.e. up to 670 HV.
Experimentation: To meet the identified research objectives, experimental investigation
was planned in different stages using the most appropriate design of experiments
approach. Table 1 presents details of the fixed and variable parameters, considered
responses and design of experiments approach used in different types of experiments.

In the first stage of pilot experiments seventeen experiments were planned and
conducted by varying the pulse-on time (Ton), pulse-off time (Tof) and finishing time (t)
each at five levels using central composite design (CCD) approach of response surface
methodology (RSM) to identify their optimum values for further experiments. Eight
experiments were conducted using “D-Optimal technique” of RSM in stage-ll of pilot
experiments by varying electrolyte flow rate ‘F’ at three levels and rotary speed ‘R’ of the
workpiece gear at four levels to identify their optimum values for further investigations.
To study the role of honing gear hardness in PECH two similar straight bevel gears were
finished by PECH process to compare their surface quality and surface integrity by
finishing them (i) using a honing gear of similar hardness as that of workpiece gear (i.e.
630 HV); and (ii) using a honing gear case hardened by plasma nitriding process and
having hardness value of 900 HV. Fifteen experiments were performed using “Box-
Behnken approach” of RSM to study the effects of three most important PECH parameters
namely applied voltage, electrolyte composition and electrolyte concentration on various
aspects of surface quality, surface integrity and finishing productivity of the straight bevel
gears by varying them at three levels each. Twelve experiments were performed using one
factor at one time approach to validate the developed mathematical models of MRR and
depth of surface roughness varying pulse-on time, pulse-off time and applied voltage at 4
levels. Two experiments were performed to validate the optimum combination of input
parameters obtained from the results of pilot experiments (stage-1 and stage-Il) and main
experiments. A comparative study on process performance of PECH with PECF was also
performed to justify need of hybridization of PECF with mechanical honing and
comparing performance of PECH with ECH was done to prove the usefulness of pulsed-
power in ECH process using results of (Shaikh, 2013 and Misra, 2014).

XVii



Table 1: Details of experimental investigations for different stages.

Type .Of Process parameters Considered responses
experiments
Pilot Variable parameters Fixed parameters 1. Surface roughness
experiments 1. Finishing time (t): 5 levels (3, 6, 1. Electrolyte concentration (C): 7.5% 2. Material ratio curve
(Stage I) 9,12, 15 min) (by wt.) 3. Wear indicators
[17 2. Pulse-on time (T4p): 5 levels 2. Electrolyte temperature (T): 32° C 4. Micro-geometry
experiments 1,2,3,4,5ms) 3. Voltage (V): 12 Volts 5. Microstructure
using CCD 3. Pulse-off time (To): 5 levels (3, 4. Electrolyte composition (E): 75% 6. Micro-hardness
approach] 4.5, 6,7.5,9ms) NaNO; + 25% NaCl '
5. Electrolyte flow rate (F): 30 Ipm
6. Rotary speed of workpiece gear (R
40 rpm
Pilot Variable parameters Fixed parameters 1. Surface roughness
experiments 1. Electrolyte Flow rate (F): 3 1. Voltage (V): 12 Volts 2. Micro-geometry
(Stage 1) Levels (10-20-30 Lpm) 2. Pulse-on time (Ton): 2 ms 3. Surface topology
[8 experiments  2.Rotary speed of workpiece gear 3. Pulse-off time (Tx): 4.5 ms 4. Microstructure
using D- (R):4 Levels 4. Finishing time (t): 6 minutes 5. Micro-hardness
optimal design (20-30-40-60 RPM) 5. Electrolyte concentration (R): 7.5
approach] % (by wt.)
6. Electrolyte temperature (T): 32°C
7. Electrolyte composition (E):75%
NaNO; + 25% NaCl
Experiments Variable parameters Fixed parameters 1. Surface roughness
to study the 1. Hardness of the honing gear Parameters optimized from stage | 2. Micro-geometry
role of honing  a. Unhardened: 630 HV and stage 1l of the pilot experiments 3.  Flank topology
gear hardness  b. Hardened by plasma nitriding 4. Microstructure
[2 experiments] process: 900HV 5. Micro-hardness
Main Variable parameters Fixed parameters 1. Surface roughness
Experiments 1. Electrolyte Composition (E): 1. Pulse-on time(Toy):: 2 ms 2. Material ratio curve
[15 3 levels 2. Pulse-off time(To):: 4.5 ms 3. Volumetric MRR
experiments (75% NaNO; + 25% NacCl,; 3. Finishing time(t): 6 minutes 4. Wear indicators
using BBD 50% NaNO; + 50% NaCl and 4. Electrolyte temperature (T): 5. Micro-geometry
approach] 25% NaNO; + 75% NaCl) 320C 6. Flank topology
2. Electrolyte concentration (C) 3 5. Electrolyte flow rate (F): 20 7. Microstructure
levels (5, 7.5 and 10%) (by wt.) Ipm 8. Micro-hardness
3. Voltage (V): 3 levels (8; 12 and 6. Rotary speed (R): 40 RPM 9. Residual stresses
16 Volts
Confirmation 1. Surface roughness
experiment 2. Volumetric MRR
and 3. Micro-geometry
Process Optimum values identified from pilot 4. Microstructure
performance experiments (Stage | and I1) and Main 5. Micro-hardness
comparison of Experiments
PECH with
PECF

[2 experiments]

Experiments
to validate the

Variable parameters
1. Voltage (V): 4 levels (8-12-16-

theoretical 20) Volts
models of 2. Pulse-on time (T,n): 4 levels (2-
surface 3-4-5) ms
roughness and 3. Pulse-off time (Tq): 4 levels (2-
MRR 4-6-8) ms

Fixed parameters
1. Electrolyte composition (E):

25% NaNO; +75% NaCl
2. Electrolyte temperature (T):
32°C
Electrolyte flow rate (F): 20 Lpm
Rotary speed (R): 40 RPM
Electrolyte concentration (C):
7.5 % (by wt.)
6. Finishing time (t): 6 minute

ok w

1. Volumetric MRR

2. Depth  of

surface

roughness
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Responses and their Measurement: Three parameters of surface roughness (i.e. average

’

surface roughness ‘Ry’; maximum surface roughness ‘Rmax’ and depth of surface
roughness ‘R;’) were measured using contour-cum-tracing equipment from Kosaka, Japan
for pilot and other experiments and using the 3D surface roughness and gear tooth flank
topology machine LD 130 from Mahr Metrology Germany for the main experiments,
theoretical model validation experiments and confirmation experiments. All the
measurements used filtering length of 0.25 mm and assessed length of 1.6 mm. Three
measurements were taken on different locations along the pitch line on left hand and right
hand flanks of two consecutive gear teeth. Arithmetic average values of the measured
values of a roughness parameter of an unfinished gear and the same gear finished by
PECH were used to evaluate average percentage change in that surface roughness

parameter i.e. average percentage improvement in average surface roughness value ‘PIRy’

can be calculated by Eq. 1.

Avg. Rgvalue of an unfinished gear -Avg.R, value of the PECH finishined gear (1)

Avg. PIR, =

Avg.R, value of the unfinished gear

Similarly, average percentage improvements in maximum surface roughness ‘PIRpax’
and average percentage improvement in depth of surface roughness ‘PIR,” were also
evaluated using their measured values. A higher value of percentage change in a
concerned parameter of roughness implies lower value of that parameter after finishing by
the PECH process. Material ratio curve, average and maximum waviness were also
evaluated using the same filtering length and assessed length. Average value of volumetric
MRR was calculated by dividing the weight loss of the workpiece gear during its finishing
by the PECH process by the product of the finishing time and density of the workpiece
material (Eq. 2). Weight of the workpiece gear before and after finishing was measured on

a precision weighing balance (make Essae-Teraoka Ltd.) having a least count of 10 mg.

weight of unfinished gear (gm)—weight of PECH finished gear (gm) (mm3/s) (2)
Finishing time (s) x Density of the workpiece material (gm/mm3)

Avg. MRR =

Wear indicators, micro-hardness, microstructure and residual stresses were studied for
the unfinished gear and the best finished gear by PECH using the identified optimum
values of the PECH parameters. Wear tests were conducted to evaluate the coefficient of
sliding friction and friction force using fretting wear tribometer (model CM-9104) from
Ducom, India using 5 mm ball diameter; load of 50 N; frequency of 20 Hz; and for
duration of 20 minutes. Vicker’s micro-hardness was measured using a load of 0.5 kg and
dwell time of 15 seconds on the micro-hardness tester (model VMH-002) from Walter

UHL, Germany. Changes in the microstructure of the gear tooth flank surface before and
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after finishing by PECH were studied through scanning electron microscopic (SEM)
images obtained by FE-SEM (model Supra 55) from Carl Zeiss, Germany. Residual
stresses were measured on X-ray diffractometer (model Stress X-3000) from Ital
Structure, Italy using a mixture of argon and methane gas in the ratio of 9:1; gas pressure
of 7.5 bar and voltage of 30 kV.

Four parameters of micro-geometry [i.e. single pitch error (f,), adjacent pitch error (f,),
cumulative pitch error (Fp), and total runout (Fr)] and tooth flank topology were measured
before and after finishing by PECH using a CNC gear metrology machine SmartGear 500
from Wenzel GearTec, Germany. For each experiment, the measurement were taken on
left hand (LH) and right hand (RH) flanks of all the 16 teeth of a gear before and after its
finishing by PECH. The average values of f,, f, and F, before and after finishing by PECH
were calculated by taking the arithmetic mean of their corresponding values on LH and
RH flanks. The average value of percentage improvement in the single pitch error ‘fy,’

values (PIf,) was calculated using the Eq. (3).

Avg.fpvalue of anunfinishjed gear—Avg.f, value of the PECH finished gear

Avg.Plf, = (3)

Avg.f, value of the unfinishjed gear
Similarly, average percentage improvement in adjacent pitch error (PIf,) and average
percentage improvement in cumulative pitch error (PIF,) were calculated. Values of total
runout before and after finishing by PECH were used to calculate percentage improvement
in the runout (PIF;). Higher value of percentage improvement in a micro-geometry
parameter indicates smaller values of that parameter after finishing bevel gear by PECH.
Results and Brief Discussion
(a) Results of Pilot Experiments: From the pilot experiments it was observed that the
best combination of average percentage improvements in surface finish and micro-
geometry of the PECH finished bevel gears was achieved for the parametric combination
of Tonas 2 ms; Tor as 4.5 ms and finishing time as 6 minutes. It yielded average values of
percentage improvements in single pitch error (PIfy), adjacent pitch error (PIfy),
cumulative pitch error (PIFp) and total runout (PIF,) equal to 34.2%; 39.6%; 13.3% and
18.9% respectively. Simultaneously, it also resulted in the best improvements in average
percentage improvements in average surface roughness (PIR;), maximum surface
roughness (PIRmax) and depth of surface roughness (PIR,) equal to 47.3%; 46.2%; and
34.2% respectively. Material ratio curve (MRC) of the best finished gear resulted in larger
contact area which will give better contact ratio, enhanced transmission accuracy and

reduced wear rate which in turn yield better service life of bevel gears. Measurement of
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wear characteristics of the best finished gear on fretting wear machine revealed that the
coefficient of sliding friction reduced from 0.157 to 0.046 causing reduction in friction
force from 7.5 to 1.4 N due to the reduction in the surface roughness of the gear tooth
flank after finishing by PECH. Fig. 4 depicts SEM images showing the microstructure
taken after the wear tests, for the unfinished gear (Fig. 4a) and the best finished gear by
PECH (Fig. 4b) using the identified optimum input parameters. It can be seen from these
images that PECH smoothens the tooth flank surfaces. This will lead to less material is
being worn out from tooth flank surfaces. Optimum values of electrolyte flow rate and
rotary speed of the workpiece gear were identified as 20 liters per minute (Ipm) and 40
rpm during stage-1l of the pilot experiment. This combination yielded the best
combination of simultaneous improvements in considered parameters of surface

roughness, micro-geometry and tooth flank topology.
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Fig. 4 SEM images (at 500X magnification) showing microstructure of the gear tooth after
wear test for (a) an unfinished gear; and (b) for the best finished gear by PECH using the
optimum input parameters identified during stage-1 of the pilot experiments.

(b) Role of Honing Gear Hardness in PECH: Effects of honing gear hardness were

studied by finishing two similar straight bevel gears by PECH process: one gear was
finished using a honing gear of similar hardness as that of workpiece gear (i.e. 630 HV)
while the other gear was finished using the honing gear which was case hardened by
plasma nitriding process and having hardness value of 900 HV. Identified optimum values
of all other PECH parameters were used during finishing of both the gears and
comparative analysis was done on the basis of their surface roughness, micro-geometry
and tooth flank topology. The results of this study revealed that the maximum surface
roughness of the bevel gear finished using the plasma nitrided hardened honing gear
improved by more than 50% and tooth flank topology became more uniform than that

finished using an unhardened honing gear. Improvement in flank topology will avoid poor
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tooth contact and help in proper meshing of the gear thus helping in reduction in
transmission errors and running noise. It also established that use of hardened honing gear
improves micro-hardness of the bevel gear which results in better wear resistance thus
improving working life and reducing the uncertain premature failures of bevel gears
during their use. Role of honing gear in PECH can be better understood with help of the
sequence of mechanism as described in Fig. 5. It can be observed from this figure that
during the electrolytic dissolution of the workpiece gear, a metallic oxide passivation layer
is formed on its teeth flank surfaces prohibiting further electrolytic dissolution from these
surfaces. Use of an unhardened honing gear removes a very small amount of material from
some of the highest peaks of these surfaces while scrubbing the passivation layer.
Whereas, use of a hardened honing gear (i.e. having 30 % more harder than the workpiece
gear) removes material from almost all the peaks of these surfaces. This leads to
comparatively more reduction in maximum surface roughness which also helps
subsequent electrolytic dissolution to remove some material even from the valleys
imparting better and uniform surface finish, micro-geometry and tooth flank topology.
Therefore, it can be concluded that hardness of the honing gear can also be used as one

parameter in improving surface characteristics of the PECH finished gear.

(a) Before finishing by (b) Electrolytic dissolution (c) Honing action removing passivation layer
PECH
Cathode gear surface Passivation layer More smoothening of peaks

Workpiece (anode) gear (c1) Using an unhardened (c2) Using the plasma
surface honing gear nitrided honing gear

Fig. 5 Sequence of finishing the bevel gear by PECH process; (a) before finishing by
PECH; (b) after electrolytic dissolution and formation of metallic oxide passivation layer;
(c1) after honing action using an unhardened honing gear; and (c2) after honing action
using the plasma nitrided honing gear.

(c) Results of Main Experiments: From the results of main experiments, the best

combination of considered responses (i.e. surface finish, waviness, material ratio curve,
micro-geometry, wear indicating parameters, tooth flank topology, microstructure,
residual stresses and micro-hardness) was obtained for parametric combination of 75 wt.
% NaCl + 25 wt. % NaNO;3 as electrolyte composition; 7.5 wt. % as electrolyte
concentration; and 8 volts as applied voltage. Figure 6 presents the SEM images showing
microstructure of the unfinished gear (Fig. 6a) and the best finished gear (Fig. 6¢) by

PECH using the identified optimum parameters. It can be seen in Fig. 6a that an
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unfinished gear tooth surface has deep cutting marks, scratches and rough surface with
high peaks all over the scanned area. The SEM image of Fig. 6b depicts the formation of
passivation layer during the PECF which restricts the further finishing action if it is not
scrubbed properly thus leading to poor surface finish. Due to the use of passivating
electrolyte NaNOgs, formation of the passivation layer is so strong that it is not easy for the
electrolyte flow to scrub it. It can be observed in Fig. 6¢ that the hardened honing gear
removed passivation layer more effectively helping in smoothening of the gear tooth flank
surface after removal of cutting marks, scratches and deep grooves by PECH process.
Effective removal of the passivation layer helps in continuation of the finishing action by
PECF which further smoothen the gear flank surfaces having lower values of roughness

and waviness parameters. This will improve wear resistance and service life of bevel

gears.
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Fig. 6 SEM images (at 500X magnification) showing microstructure of the gear tooth
flank surface of (a) an unfinished gear; and (b) gear tooth flank having passivation layer;
and (c) the best finished gear by PECH using the optimum parameters identified during
the main experiments.
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(d) Comparison of Performance of PECH with PECF and with ECH: A comparative
study of process performance of PECH with ECH for bevel gear finishing was done so as
to justify the use of pulse power supply in enhancing the working performance,
transmission efficiency and service life of the bevel gears. This comparison was done
using the results of the present work for the best finished bevel gear in stage | of pilot
experiments (i.e. using identified optimum values of pulse-on time, pulse-off time and
finishing time) with the corresponding best results obtained by Shaikh et al. (2013) and
Misra et al. (2014). Process performance was compared in terms of percentage
improvement achieved in the parameters of micro-geometry and surface roughness of
tooth flank surfaces of the straight bevel gears. This study proves that use of pulse power
supply in PECH may reduce its productivity but strongly helps in achieving simultaneous
improvements in the parameters of surface roughness and micro-geometry by significant
amount thus enhancing their service life and working performance. Improvements
obtained in parameters of micro-geometry [i.e. pitch error and runout] of the PECH-
finished gears are more than 50% as compared to the ECH-finished gears obtained by
Shaikh et al. (2013).

Investigation was also done to compare process performance of PECH with PECF in
terms of considered parameters of surface quality, surface integrity and finishing
productivity with an objective to justify need of the hybridization of PECF with
mechanical honing by (i) finishing one workpiece bevel gear by PECH process; and (ii)
finishing the similar workpiece gear by PECF process i.e. using only complementary
cathode gears and no honing gear. Both experiments used the optimum values of the
PECH parameters identified from the pilot and main experiments. This study proves that
PECH helps in achieving simultaneous improvements in the parameters of surface
roughness, micro-geometry and finishing productivity by significant amount.
Improvements obtained in considered responses are more than 50% as compared to those
achieved by PECF process.

(e) Comparative Study of Specific Energy Consumption: Study was done to compare
the consumption of specific energy in PECH and ECH processes for achieving similar
level of finishing by them. Equations (4) and (5) were used to compute specific energy
consumption by PECH and ECH respectively assuming that both ECH and PECH
processes consume the same power (i) to rotate the workpiece gear; (ii) to pump the

electrolyte; (iii) to maintain electrolyte temperature higher than the ambient temperature.
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Vitsé
Specific energy consumption in PECH; Epgcy = m [mrr{3/s] 4)
Specifi tion in ECH; E Vit [ / ] 5
ecific energy consumption in ; =
pecif gy p ECH 1 MRR mm3/s ()

Here, Vis applied voltage, I is current; t is finishing time, o is duty cycle (i.e. ratio of

TO n

pulse-on time to the sum of pulse-on time and the pulse-off time i.e.§ = ) and 1m

Ton+ Toff
is the efficiency of the machine. The efficiency of the experimental apparatus (can be
assumed as 50 % for both ECH and PECH).

It was found from comparison of specific energy consumption computed from the
results of the main experiments that PECH achieved maximum value of avg. PIRpax Of
36.4% with specific energy consumption of 47.5 KJ/mm?®/s whereas, ECH consumes 62.7
KJ/mm?®/s to achieve maximum value of 32.2% of avg. PIRma i.e. 25% less specific power
consumption. Thus, it can be concluded that the use of pulse-power in PECH process
helps in reducing the specific energy consumption making it more energy-efficient than
ECH process.

(f) Modeling of MRR and Depth of Surface Roughness in PECH Process: Since,

PECH is hybrid finishing process combining working principle and advantages of PECF

and mechanical honing therefore development of model of volumetric MRR and surface

roughness depth ‘R,” in PECH process should be based on the contribution of these two

constituent processes. In the present work, contribution of PECF has been modeled using

the fundamental equations derived from the faraday’s law of electrolysis. While,

contribution of mechanical honing has been modeled considering the material removal by

honing as a process of uniform wear whose formula is given by Archard (1953).

Following assumptions have been made in developing the mathematical model for MRR

and roughness depth in PECH process:

() Inter electrode gap (IEG) and electrolyte conductivity remain constant during
finishing of gears by PECH.

(i)  Electrical conductivity of the anode (i.e. workpiece gear) and cathode gear is very
large as compared to that of the conductivity of the electrolyte.

(iif) The line passing through the end points of the involute profile is parallel to the line
tangent to the tooth profile at the pitch point.

(iv) Material removal by PECF action takes place during pulse-on time only and only
from the flank surfaces and top land of the workpiece bevel gear because no material

is removed from bottom land and root fillet due to very high value of IEG at these
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locations as compared to flank surfaces and top land and non-removal of the
passivating layer of metal oxide from these surfaces of a bevel gear during the
honing action.

(v) Some fraction of the pulse-on time (which is referred as rise time) is consumed in
attaining the final desired value of DC voltage and no electrolytic dissolution of
anodic workpiece gear takes in this duration of pulse-on time.

(vi) Archard’s (1953) law of uniform wear has been used to compute the material
removed by mechanical honing action from flank surfaces of the workpiece gear by
a hard or hardened honing gear.

(vii) Contribution of electrolytic dissolution and mechanical honing in total material
removed by PECH process is multiplied by their respective contribution factors
(having values less than one) to take into account their hybridization. Literature has
mentioned values of the contribution factors in the range of 0.8-0.9 for electrolytic

dissolution and 0.1-0.2 for mechanical honing.

Volumetric MRR in PECH process, Vpgcy = Cpgcr Vegcr + Cn Vi (6)
Following expressions were obtained for volumetric MRR (i.e. Vpgcy) and depth of
surface roughness in PECH (R(,)prcy) Process after making required corrections to the
theoretical models developed by Shaikh and Jain (2014) keeping in view the process

mechanism of PECH and in accordance with the assumptions made in the present work:

Cpecr TIEWKeAscl B /1) Ton [ZChKFnLin ] mm?
V) = V—AV N 7
PECH Fou, ¥ ( ) Tou+Topy + 7 s S (7)

CpecrMEw K (1= 2)

T,
W—-a)—22 ¢

R =R, —1073(1 — 2k
ZpECH ( f [ Fp,Y Ton + Tofy
2C,KE, Ly, T
R W NGt 8
+ A0 st| (um) ®

In which; A is the effective surface area of the workpiece bevel gear tooth from which material
is removed by PECF process (mm?);As: Area of workpiece bevel gear tooth flank surface; Cpece:
Contribution factor for PECF; C;: Contribution factor for mechanical honing; D,,: Working depth
of the workpiece bevel gear; E,: Electrochemical equivalent of the workpiece material (g); F:
Faraday’s constant (=96,500 C); F,: Total normal load acting along the line of action (N); f:
Factor used to convert the height of rectangle into height of a triangle with same area and the
base length (=2); H: Brinell hardness number (BHN) of the workpiece material (N/mm?) K: Wear
coefficient; Ke: Electrical conductivity of the electrolyte (Q'mm™); k: Factor that indicates
proportion of total thickness of material removed from the valleys in one cycle of PECF and
honing (=0.45); Li,: Length of the involute arc of the workpiece bevel gear tooth flank (mm); Nq:
Number of revolutions of the workpiece gear per second (rps); Rzi: Depth of surface roughness of
an unfinished gear flank surface (um); T: Number of teeth on the workpiece gear; To,: Pulse-on
time; T Pulse-off time; ¢ Finishing time (s); V: Applied voltage (volts); AV: Over voltage
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(volts); Y: Inter-electrode gap (mm); p,: Density of the workpiece gear material (g/mm?); #:
Current efficiency; A: Percentage of pulse-on time to attain the final value of the applied voltage

e(1=2).

Major Conclusions

v

>

Identification of the optimum combination of different PECH parameters namely:
pulse-on time as 2 ms; pulse-off time as 4.5 ms; finishing time as 6 minutes;
electrolyte composition as 75 wt. % NaCl + 25 wt. % NaNOgj; electrolyte
concentration as 7.5 wt. %; electrolyte flow rate as 20 Ipm; and rotary speed of the
workpiece gear as 40 RPM for simultaneous improvement in surface quality and
micro-geometry parameters i.e. average surface roughness as 62.45 %; maximum
surface roughness as 60.58 %; depth of surface roughness as 53.98 %; single pitch
error as 36.0 %; adjacent pitch error as 57.1 %; cumulative pitch error as 23.5 %; total
runout as 34.6 %.

Significant improvement in quality of PECH-finished bevel gear i.e. DIN standard
improved from DIN 10 to DIN 7.

Excellent improvements in microstructure of PECH-finished bevel gears.

Significant improvements in surface integrity aspects of the PECH-finished bevel
gears (i) wear indicators as coefficient of sliding friction reduced to 0.04 from 0.157
reducing friction force to 1.5 N from 7.8 N; (ii) Micro-hardness of PECH finished
gears improved from 630-640 HV to 713-730 HV and compressive residual stresses
increased from 378 MPa to 421 MPa.

Role of honing gear hardness: Present work finds a new and important parameter of
PECH i.e. hardness of honing gear. It was observed that honing gear with higher
hardness value than workpiece gear also plays crucial role in material removal
mechanism and provides better surface finish and micro-geometry as compared to gear
finished using unhardened honing gear.

Sustainability of PECH: present work reveals that PECH is sustainable and energy-
efficient process as compared to the ECH process.

Material removal mechanism and modeling: present work also describes the
mechanism of generation of passivation layer and role of honing gear in removing it,
which helps in better understanding of hybridization of PECF and mechanical honing.
Theoretical models have been developed for prediction of MRR and depth of surface
roughness of bevel gears finished by PECH. The developed models have shown very

good prediction accuracy and correctly capturing the process response.
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Table 6.1: Values of the different constants used in prediction of
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Table 6.2: Values of volumetric MRR and depth of surface roughness
predicted by their theoretical models, corresponding experimental values
and percentage error for different validation experiments.
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PECF in finishing of straight bevel gears.

Table 7.2: Comparison of process performance of PECH with ECH for
bevel gear finishing.

Table 7.3: Comparison of specific energy consumption in ECH and
PECH processes.

Table B.1: Results of ANOVA for average percentage improvements in average
surface roughness (PIR,), in maximum surface roughness (PIRmax) for pilot
experiments (stage-I).

Table B.2: Results of ANOVA for average percentage improvements in
single pitch error, adjacent pitch error, cumulative pitch error and runout
for pilot experiments (stage-1).
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As
As

Ar
Dw
Ew

hpecr

hn

A« -

Ke
Lc
I—iw

Nomenclature

Area of the tooth flank of the gear (mm?)

Surface area of the bevel gear tooth surface where the electrolytic dissolution
takes place through flow of current (mm?)

Area of the top land (mm?)
Total working depth of a gear tooth (mm)
Electrochemical equivalent of the workpiece material (gm)

Factor used to convert the height of a rectangle into height of a triangle with
the same area and the base length

Cumulative pitch error (um)

Single pitch error (um)

Total runout (um)

Adjacent pitch error (um)

Faraday’s constant

Total normal load acting along the line of action (N)

Face width of the bevel gear tooth (mm)

Brinell hardness number (BHN) of the workpiece gear material (N/mm?)

Total thickness of the material removed from the flank surface of workpiece
gear in one cycle of PECF (um)

Total thickness of the material removed from the flank surface of workpiece
gear in one cycle of mechanical honing (um)

Distance between centre line of the cathode surface roughness and peaks on
the flank surface of workpiece gear before PECF (um)

Distance between centre line of the cathode surface roughness and valley on
the flank surface of workpiece gear before PECF (um)

Distance between centre line of the cathode surface roughness and peaks on
the flank surface of workpiece gear after PECF (um)

Distance between centre line of the cathode surface roughness and valley on
the flank surface of workpiece gear after PECF (um)

Amount of current passed in the IEG (A)
Current density in the IEG (A/mm?)
Wear coefficient

Factor that indicated proportion of the total thickness of material removed
from the valleys in one cycle of PECF and mechanical honing

Electrical conductivity of the electrolyte (Q*mm™)
Length of chord of the involute profile (mm)
Length of the involute profile (mm)
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Ns
Qecr

QPECF

VpecH

Vpecr

Number of revolution of the workpiece gear per second (rps)
Amount of material removed by electrochemical finishing (ECF) process
Amount of material removed by PECF process during pulse-on time ‘T .
Radius of the involute arc (mm)

Average surface roughness (um)

Radius of the base circle (mm)

Maximum surface roughness (um)

Depth of surface roughness (um)

Depth of surface roughness of an unfinished gear tooth (um)

Depth of surface roughness after one cycle of PECF (um)

Total sliding distance (mm)

Finishing time (sec)

Total time of a single pulse (sec)

Total number of teeth of the workpiece gear

Applied voltage (Volts)

Total voltage drop in the IEG (volts)

Volumetric material removal rate in PECH (mm?®/s)

Volumetric material removal rate in PECF (mm?/s)

Volumetric material removal rate due to mechanical honing (mm?/s)
Width at the base of the tooth (mm)

Width of top land (mm)

Width of bottom land (mm)

Average Waviness (um)

Maximum Waviness (um)

Inter-electrode gap (mm)

Coefficient of sliding friction

Current efficiency

Pressure angle of the involute profile (deg)

Duty cycle (%)

Percentage of pulse-on time to attain set value of the applied voltage (%)
Density of the workpiece gear material (g/mm®)

Angle subtended by the involute at its centre (deg)

xlviii



AMP
ANN
ANOVA
CNC
COF
DC
DOE
DOF
ECD
ECM
ECF
ECH
FC-ECH
FF
HMP
HRC
HV

IEG
MRC
MRR
PECF
PECH
PECMP
PIf,

PIf,
PIF,
PIF,
PIR,
PIRmax
PIR,
SEM

SS
SSFC-ECH
SST

Abbreviations

Advanced Machining Processes

Artificial Neural Network

Analysis of Variance

Computer Numeral Control

Coefficient of Sliding Friction

Direct Current

Design of Experiments

Degree of Freedom

Electrochemical Dissolution

Electrochemical Machining

Electrochemical Finishing

Electrochemical Honing

Filed Control Electrochemical Honing

Friction Force

Hybrid Machining Processes

Rockwell Hardness on C-Scale

Vicker’s Hardness Number

Inter Electrode Gap

Material Ratio Curve

Material Removal Rate

Pulse Electrochemical Finishing

Pulse Electrochemical Honing

Pulse Electrochemical Mechanical Polishing
Percentage Improvement in Single Pitch Error
Percentage Improvement in Adjacent Pitch Error
Percentage Improvement in Cumulative Pitch Error
Percentage Improvement in Runout

Percentage Improvement in Average Surface Roughness
Percentage Improvement in Maximum Surface Roughness
Percentage Improvement in Depth of Surface Roughness
Scanning Electron Microscope

Sum of Square

Slow Scanning Filed Control Electrochemical Honing
Total Sum of Square
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