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Abstract

Determination of optimal input parameters is one of the important elements in
any process planning of the metal parts. The aim of the study is to investigate the
optimization of processing parameters in order to enhance the surface micro-finish
and geometrical accuracy of the recovered functional surfaces made of SS316
material using a newly developed electrochemical honing (ECH) machine. ECH is a
prominent hybrid machining process, which is widely used for precision finishing of
intricate shapes and hard materials with an efficient and effective manner. In this
work, discarded functional surface of the cylindrical shafts is recovered using twin
wire arc (TWA) technique and its surface topography was studied using developed
micro-finish machine. The results show that the ECH of recovered surfaces gives a
glazed texture and produce an average surface roughness of 0.347 μm with the
processing time of 90 s. The monitored outputs such as surface roughness (average,
Ra and maximum, Rt) and geometrical accuracy such as out-of-roundness (OR) was
measured during the investigation to optimized the process performance
characteristics.

Keywords: Electrochemical honing (ECH), Cylindrical shafts, SS316, Surface roughness,
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Introduction
Remanufacturing is under its preliminary stage, it provides many unique advantages in

terms of old parts are returned to their original form with minimum expenditure and

material, ability to impart the surface properties as per the desired level. In addition, it

provides many hidden advantages for the environment such as discarded/used product

are returned to market like a new performer, the remanufacturing process saves 80 %

of the energy and material it would take to manufacture new parts, remanufacturing

reduces emissions: in the automotive sector [1]. In the advanced industries like aero-

space, automobile, nuclear power and turbine industries has been accompanied by the

development of high strength, very hard, difficult-to-machine, non-ferrous materials

and alloys [2]. At the same time, both customers and authorities demands to manufac-

turers, to reduce the quantities of waste generated by their products [3]. By analyzing

these demands and problems, manufacturers looking for better opportunities to save

the raw material and to produce the environmental friendly product goods.

In order to mature the remanufacturing engineering, many techniques such as shield

metal arc (SMA), metal inert gas (MIG), submerged arc (SA) tungsten inert gas (TIG),
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high velocity oxy-fuel (HVOF), plasma transferred arc (PTA), twin wire arc (TWA) and

laser cladding successively used to recover the discarded surfaces of the mechanical

parts. Remanufacturing complex part geometries and maintaining high precision in

such sensitive cladding surfaces become extremely difficult with the conventional ma-

chining methods. The major disadvantages associated with the conventional surface fin-

ishing processes are (i) it suffers from low finishing rate, high tool wear, and high

probability of surface damage due to existence of point forces on the workpiece surface

[4], (ii) the hardness of the workpiece surface act as a determining factor and even

sometimes such materials are very difficult-to-machine using conventional methods [5],

and (iii) it suffers from low geometrical accuracy, which is almost impossible to attain

up to the desire level for such advance materials by conventional methods [6]. There-

fore, a need for high precision in manufacturing was felt by manufacturers worldwide

to improve quality control, get better interchange ability of components and longer

wear/fatigue life.

Electrochemical honing (ECH) was developed in last few decades to break the bound-

aries of traditional finishing processes in terms of higher tool hardness requirement

and precise control of finishing forces during operation. It has a ability to finish harder

materials with higher precision and surface finish [7]. Owing to such capabilities, in

many industries such as aerospace, automobile, petrochemical reactor, mould and dies,

roller, gear industries, etc., ECH is used extensively [8, 9]. Almost all types of metals

can be finished by this process. In today’s high precision and time sensitive scenario,

ECH has wide scope of applications.

This paper presents the findings of an investigation on the effects of axial feed rate

and processing time to the improvement of surface quality and geometrical accuracy of

the recovered cylindrical shafts using the newly developed ECH machine. The percent-

age improvement in average surface roughness (PIRa), maximum surface roughness

(PIRt) and out-of-roundness (PIOR) have been used as the measures of ECH process

performance. The surface topography of the work surface was analysed before and

after the ECH using an optical profiler and scanning electron microscopy (SEM)

test to compute the effects of ECH process. The experimental results provide use-

ful guidelines for the user for proper selection of conditions for obtaining a good

surface quality.

Principle of ECH

The process principle of ECH is based on the Faraday's laws of electrolysis and mech-

anical scrubbing [10]. Figure 1 describes the proposed working principle of ECH

process of cylindrical shafts. In this process, most of the metal is removed at the atomic

scale by anodic dissolution. Moreover, the honing action acts as a performance multi-

plier [11]. In ECH process, the workpiece is connected with the positive terminal and

the tool is connected with the negative terminal of the power supply system and a small

DC electric potential across them is applied. The IEG between the workpiece and tool

around the electrochemical machining (ECM) zone is filled with the full streams of

electrolyte and an applied current is passed through them. During the processing, ma-

terial remove from the workpiece in tiny form, also oxygen is evolved out at cathode

after dissolution of aqua solution and this oxygen reacts with anodic workpiece to form

a thin metal oxide micro-film on the work surface. This micro-film is insulating in
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nature and keep the work surface from being further removed and it minimizes the

ECM action. This oxide layer on the surface of the workpiece is scraped by the honing

action when it comes in contact with honing tool. The honing tool was spring loaded

and help to complete scrubbing of the workpiece surface. This scrubbed surface, when

returning to the ECM zone, is removed electrochemically once again.

Experimental details
Workpiece selection

The selection of the workpiece is based on the following terms: high production rate,

an extremely hard material, tighter safety regulation, simple design and small machin-

ing area. The reported engineering components in which the functionality is highly

depended on the mating surfaces are gear, engine cylinder liner, shafts, bearings, engine

valve face and seat, guide block, valve guide, etc. [7]. In addition, material of the work-

piece should be conductive in nature because most of the material removed by the

ECM action in the ECH process.

For the present study, cylindrical shaft is selected as the work surface. Using twin

wire arc (TWA) technique, discarded surfaces of cylindrical shafts were recovered with

SS-316 material [12, 13]. Table 1 presented the chemical composition of the work sur-

face that were observed through a Spark Emission Spectroscopy test.

Parameters selection

The selection of the workpiece is based on the following terms: high production rate,

an The selection of the process parameters is grouped into four categories:

(i) power supply based parameters: current, voltage, inter-electrode gap (IEG).

(ii) electrolyte based parameters: type and composition, temperature, concentration,

contamination, pressure and flow rate.

Fig. 1 The proposed working principle of ECH process of cylindrical shafts

Table 1 Chemical composition of the recovered surface of SS316

Element C Cr Ni Mo Mn Si S Fe

Weight (%) 0.084 16.89 12.57 2.23 1.76 1.0 0.029 balanced
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(iii) honing based parameters: grain size, abrasive material, bond type, pressure and

speed of rotation.

(iv) workpiece based parameters: Workpiece properties such as mechanical and

electrochemical, speed of rotation.

Experimental setup

The use of ECH for precision finishing of engine valve face has yet to be reported and

there is no such experimental setup in the modern mechanical industries as per the

best knowledge of authors. So, based on objectives of study, design considerations and

economic viability, an experimental setup for the same has been designed and developed

indigenously.

Figure 2 depicts a photographic view of the developed experimental setup of ECH of

engine valve face. This setup has four subsystems, namely (i) power supply system; (ii)

electrolyte supply and recirculation system; (iii) finishing chamber housing workpiece,

cathode and honing tools; and (iv) rotation system to the tooling system. The close-up

view of the developed tooling unit is presented in Fig. 3. The lower influencing process

parameters are fixed at their optimal value based on the literature review [14–16]. The

detail of the fixed input process parameters has been presented in Table 2.

Results and Discussion
The selection of the workpiece is based on the following terms: high production rate,

an extremely hard material, tighter The average surface roughness (Ra) and maximum

surface roughness (Rt) values before and after ECH, is measured by a Wyko NT 1100

optical profilometer interfaced with Vision®32 software. Ten separate measurements on

the work surface and the average value is used. The percentage improvement in the

average surface roughness (PIRa) and maximum surface roughness (PIRt) is calculated

Fig. 2 Photographic view of the developed experimental setup
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by using Eqs. 1 and 2 respectively. Higher values of PIRa and PIRt indicate the smaller

value of final Ra and Rt respectively. The out-of-roundness vales before and after ECH

is measured using dial gauge. The percentage improvement in out-of-roundness (PIOR)

is calculated using Eq. 3.

PIRa ¼ Initial Ravalue − Final Ra value
Initial Ra

100% ð1Þ

PIRt ¼ Initial Rtvalue − Final Rt value
Initial Rt

100% ð2Þ

PIOR ¼ Initial OR value − Final OR value
Initial OR

100% ð3Þ

Effect of axial feed rate

Table 3 presents the values of variable axial feed rate and corresponding values of the

three responses of the conducted experiments. Figure 4 illustrate the effect of axial feed

Fig. 3 Close-up view of the developed tooling unit

Table 2 List of fixed process parameters of ECH

Process parameters Value

Electrolyte composition 80 % NaCl +20 % NaNo3

Electrolyte concentration 10 %

Electrolyte temperature 34 °C

Electrolyte flow rate 4 l/m

Current 32.5 A

Voltage 15.2 V

IEG 0.5 mm

Honing material SiC

Honing grit size 600

Honing pressure 20 kPa
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Table 3 Values of the input parameters and the responses for different runs

Run no. Input parameter Responses

Axial feed rate (mm/min) PIRa (%) PIRt (%) PIOR (μm)

1 2.85 81.58 45.87 36.25

2 4.7 79.18 44.49 36.37

3 7.6 77.67 44.25 35.42

4 11.43 73.38 41.64 35.26

5 22.86 70.26 38.77 34.19

6 38 69.54 37.31 33.63

Fig. 4 Effect of axial feed rate and processing time on monitored outputs
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rate on the monitored outputs. It is observed that axial feed rate has been found signifi-

cant effect on the measures of the process performance. The plot shows that the PIRa,

PIRt and PIOR values decreases with increasing axial feed rate. Hence, low value of

axial feed rate, 2.85 mm/min is selected as input process parameters for the further

study.

Effect of processing time

Table 4 presents the values of variable input parameters and corresponding values of

the three responses for an optimum processing time. It is observed from these results

that the best combination of responses was achieved for experiment run 3, because

after that rate of improvement is almost constant in case of PIRa and PIRt. It yields that

the PIOR is still improving with the increasing number of cycles, but slightly. Based on

the graphical analysis, processing time of 90 s is selected as an appropriate processing

time. Singh [17] reported that during electrochemical honing of spur gears, the pro-

cessing time is 8 min gives the maximum improvement in the process performance

characteristics, the trend is almost same as obtained from the present study.

The effect of processing time on percentage improvement in surface roughness has

been demonstrated in Fig. 4. It show that the surface quality of work surface improves

with increasing processing time, however, the rate of increment decreases in owing to

increase in processing time. Hence, based on the graphical analysis 90 s as an optimum

value of processing time was selected for further study. μm

Surface integrity of machined surface

During analysis of results main attention was focused on the improvement of surface

finish and geometrical accuracy. The effect of the input process parameters on the

surface topography was evaluated by a scanning electron microscopy (SEM) and an op-

tical profilometer. Figure 5(a-b) illustrate the surface topographies of the work surface

before finishing, after finishing through ECH. It is clear from the figures that the sur-

face texture becomes more uniform and smooth indicating significant improvement in

surface finish. The processed ECH work surface shows significantly reduced deep cut-

ting marks, high peak and scratches as shown in Fig. 5(c-d) using optical profilometer.

The effect of optimum value of axial feed rate and processing time on the monitored

outputs has been plotted with bar graph as presented in Fig. 6.

Conclusions
In the present work, optimum process parameters of ECH of recovered SS316 cylin-

drical surface have been reported. The results of this study have thrown new light on

Table 4 Values of the input parameters and the responses for the different runs

Run no. Input parameters Responses

Processing time (seconds) No. of passes PIRa (%) PIRt (%) PIOR (μm)

1 30 1 82.25 47.63 34.68

2 60 2 88.18 50.94 37.22

3 90 3 89.33 53.82 39.49

4 120 4 89.65 52.59 41.07

8 150 5 89.54 53.45 42.36
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the finishing of recovered surfaces. It is found that the ECH process has a tendency to

return the higher precision and surface finish without passing the work surface into the

zone of high point forces. The use of ECH process on the recovered cylindrical shafts

gives a better work surface roughness and geometrical accuracy with effective and effi-

cient manner. The optimum value of the axial feed rate is 2.85 mm/min and processing

Fig. 5 Surface topography: (a & c) before ECH, (b & d) after ECH

Fig. 6 Improvement in monitored outputs: after optimal axial feed rate and processing time
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time is 90 s selected for the processing of SS-316 recovered shafts. The work surface

morphology gets significantly improved resulting in glazed and a uniform texture in a

given processing time. The developed process provides stress and thermal damage free

finishing operation at a higher finishing rate. Further, investigations relating to other

work surface material and geometry can open newer vistas of information in this area.
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