
 

                                                                                                                  
 

 

 

                      

 

 

 

Abstract 
 
Inconel 625 tubes have wide spread applications in modern industries like 
Aircraft, petro-chemical industries and solar power plants. But due to high 
value of hardness and strength, the machining of Inconel 625 with precise 
surface finish is a challenging task. In this paper, chemically-assisted MAF 
process is implemented to finish the outer surface of Inconel 625 tubes. 
Processing time, wt% of abrasives, surface rotational speed chemical 
concentration and abrasive size are the selected process parameter for the 
experimentation. Results analysis shows that processing time and abrasive 
size are most influencing factor. PIESF is also improved by using maximum 
rotational speed and wt% of abrasives (35%). It is observed from SEM 
analysis that external surface is smoothly finished by using best combination 
of process parameters. 
 
Keywords: Chemically assisted MAF, Inconel-625 tubes, Central 
Composite Design (CCD), External surface finish, ANOVA  

 

1 Introduction 
 

Inconel 625 tubes are widely used in fluid flow application in  
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industries like Aircraft, Petro-chemical Industries, marine field, solar and 
nuclear power stations due to their excellent characteristics. Inconel 625 has 
characteristics such as high tensile strength and hardness, high thermal 
fatigue strength, better toughness and corrosion resistance. But due to these 
superior properties, machining and finishing of these materials is difficult 
with traditional methods [1]. Magnetic Abrasive finishing is a method which 
has been extensively used from many years to meet the requirement of high 
surface finish in industrial applications. This process has been extensively 
utilised to finish inner as well as outer cylindrical surfaces made up of 
different materials like aluminium alloy, stainless steel, brass etc. 

Yamaguchi [2] employed MAF with pole rotational system to enhance 
the internal surface finish of cylindrical workpiece. Chang et. al. [3] 
investigated that smaller size (1.2 μm) of SiC abrasives provide better 
surface finish during cylindrical MAF with unbounded magnetic abrasives. 
Gandhi and Singh [4] used loosely bounded magnetic abrasive particles for 
finishing of thick cylinder 304 steel tubes. Wang and Hu [5] applied MAF 
for finishing the internal surface of different tubing (Aluminium alloy, 316L 
SS & brass) and surface finish was improved from Ra 9.6 um to Ra 0.24 um. 
Yamaguchi et al. [6] improved the internal surface finish of capillary tubes 
with MAF. Kang and Yamaguchi [7] proposed multiple pole-tip system to 
finish the capillary tubes by MAF. Simultaneous finishing of external and 
internal surface of stainless-steel needle using MAF has been also reported 
[8]. But instead of many advantages, simple MAF is less efficient to finish 
the hard super alloys.  

Several combined process has been also reported to enhance the MAF 
efficiency for hard materials. Yin and Shinmura [9] developed vibration-
assisted magnetic abrasive polishing process with three different modes of 
vibrations (vertical, horizontal, compound). Mulik and Pandey [10] 
combined ultrasonic vibrations in MAF to improve the surfaces finish. But, 
the performance of UMAF is also low for hard super alloys 
 Recently, chemically-assisted magnetic abrasive finishing (CMAF) has 
developed. It is the integration of simple MAF and chemical etching. In 
CMAF, Suitable etchants are employed to diffuse the work piece surface 
which weakens the surface molecular bonding. Further this diffused layer is 
easily removed by using simple MAF process [11].  

Du et. al. [12] used electrolytic-MAF on nickel alloy-GH4169. Results 
showed that Surface roughness value decreases from Ra 6.3716 μm to Ra 
1.7689 μm with the method of EMAF and processing efficiency is improved 
by 50 %. Sihag et. al. [13] successfully implemented the chemo. assisted 
MAF on the flat tungsten work piece. It has been analyzed that percentage 
improvement in surface finish is influenced by magnetic disc rotational speed 
(37.71%), Abrasive weight % (27.74%), working clearance (13.75%). Sihag 
et. al. [14] developed new hybrid process which is the combination of 
ultrasonic vibration, MAF and chemical machining for further improving  
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finishing performance. It has been analyzed that the pulse-on time for 
ultrasonic vibrations produces extreme effect(22%) for changing the surface 
roughness. Singh et al. [15] carried out experimentation on Inconel 718 flat 
surfaces using chemical assisted MAF process. Singh et. al. [16-17] analyzed 
the influence of CMAF process variables on surface roundness and material 
removal of Inconel625 tubes. 

In this present work, CMAF has been utilised on Inconel 625 tubes to 
finish the external cylindrical surface. A new magnetic tool is fabricated for 
conducting the experiments. The main intent of this work to explore the 
effect of input process variables for PIESF. 

 

2 Processing Principle 
 
Fig. 1 represents the finishing principle of CMAF. Initially, Tube surface 

is treated with suitable chemicals. As a result of this, top layer of surface 
getting diffused. The upper layer of surface becomes weak. After that N-S 
poles of magnets are placed over the etched tube.  

 
Figure 1 Processing Principle 

 

 
 

3 Experimental Setup 
 

Fig. 1 represents the experimental setup. A newly fabricated 
magnetic tool is fixed on multispeed lathe machine. Two permanent magnets 
(Nd-B-Fe) are fixed on the aluminium fixture. Lower poles of both magnets 
are attached with steel yoke. Upper profile of magnets poles having same 
profile as the outer surface of the tube.  
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Figure 2 Experimental Setup 

 
N-S poles of magnets are arranged as per tube diameter toward the 

tube centre. The poles are insulated with woven glass fabric coated with 
PTFE tape to provide smooth relative motion between poles and rotating 
tube.  The tube is held on chuck of machine and both poles are arranged 
around the tube with 2mm gap.  
 

4 Experimental Procedure 
 
Before starting the experimentation, Inconel 625 tubes were chemically 

treated. The combination of Ferric chloride (FeCl3) and ethanol was used 
with different chemical concentrations. The work piece was immersed in 
prepared chemical concentration and kept in the electric furnace for 30 min. 
at 65°C. A brown layer was formed on the workpiece surface which weaken 
the intermolecular bonding of material surface as shown in fig. 3. After that 
chemically treated tube is fixed from one end in the chuck of lathe machine. 
The mixture of Electrolytic Iron particles and Silicon carbide abrasive (SiC) 
particles is prepared as per selected weight percentage and mass is supplied 
on each pole profile in equal amount. Due to magnetic field, a magnet 
abrasive brush is formed which finishes the external surface of tube. 
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Table 1 Process Variables 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All experiments were conducted as per Response surface methodology 

(RSM). The percentage improvement in considered as output response factor. 
The portable Surface Roughness Tester (Handy surf E-35A/B) was used to 
measure the surface finish. Surface finish readings were taken randomly at 
three different positions before and after each experiment. The average 
values were calculate to reduce error in surface finish readings. Percentage 
improvement in surface finish (PIESF) for external surface is calculated by 
using following relation. 
PIESF= (Initial external surface finish − Final external surface finish)/ Initial 

external surface finish × 100 
 

Table 2 Experiment Plan with Output Responses  

 

S.No. 
Finishing 

T ime Mins. 

Rotational 
speed 

R.P.M. 

Weight 
%age of 
Abrasive 

gms. 

Chemical 
concentration 

gm/lt  

Abrasive 
size 

Microns 
PIESF 

1 30 120 40 550 40 23 

2 60 120 40 550 80 24 

CMAF Process Variables Symbol 
Levels 

-2 -1 0 1 2 

1. Finishing Time A 15.0 30.0 45.0 60.0 75.0 

2. Surface Rotational Speed  B 60.0 
120.

0 

180.

0 

240.

0 

300.

0 

3. Wt% of Abrasive Particles C 25.0 30.0 35.0 40.0 45.0 

4. Chemical Concentration  D 
500.

0 

550.

0 

600.

0 

650.

0 

700.

0 

5. Abrasive size  E 20.0 40.0 60.0 80.0 
100.

0 

Other experiment settings 

Specimen- Inconel 625 tube (Ø25x 150x 2) 

Permanent Magnet - Nd-Fe-B magnets (35 X 35 X 25 mm), Yoke material- SS 400 
Steel 

Ferro magnetic abrasives – Mixture of SiC and Iron Particle, Quantity = 3 gms.  

Pole work clearance = 2 mm 

Chemical –FeCl3 and Ethanol 

Chemical treatment temp. = 65°C and Time duration= 30 min. 

 

 

Finishing of External Surface with Chemically-Assisted MAF of Inconel 625 

Tubes 

 
10904



                                                                                                                  
 

 

 

 

 

3 30 240 40 550 80 20 

4 45 180 35 600 100 16 

5 45 180 35 600 60 39 

6 60 120 30 650 80 28 

7 30 120 30 650 40 33 

8 30 240 40 650 40 45 

9 60 120 30 550 40 49 

10 15 180 35 600 60 8 

11 30 240 30 650 80 29 

12 60 240 30 650 40 44 

13 45 180 45 600 60 19 

14 45 180 25 600 60 26 

15 45 180 35 600 60 31 

16 75 180 35 600 60 59 

17 45 300 35 600 60 50 

18 45 180 35 600 60 39 

19 45 180 35 600 20 32 

20 30 120 40 650 80 14 

21 60 240 30 550 80 39 

22 45 180 35 600 60 34 

23 60 240 40 650 80 32 

24 45 60 35 600 60 45 

25 45 180 35 700 60 46 

26 45 180 35 500 60 33 

27 45 180 35 600 60 39 

28 45 180 35 600 60 40 

29 30 240 30 550 40 29 

30 30 120 30 550 80 18 

31 60 240 40 550 40 37 

32 60 120 40 650 40 38 

 

 5 Results and Discussion 
 

Experiment results for PIESF are shown in the table 2. Analysis of 
variance (ANNOVA) was used to analyze the results of PIESF. To analyze 
the  
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influence of CMAF process variables for PIESF, 3D graphs have been also 
generated. 

 

5.1 Interaction Effect of Finishing Time and Rotational Speed 
 

Fig. 3 shows that maximum PIESF is achieved at 75 min. finishing time 
and 300 RPM rotational speed. Finishing time is the most significant factor 
for PIESF. It can be observed that PIESF is improving by enhancing the 
finishing time and rotational speed. Main reason for percentage 
improvements in surface finish that magnetic tool performs the finishing 
action for longer time by increasing the finishing time. The striking rate of 
abrasive particles increased as the rotational speed increases which results 
better surface is obtained. 

 
Figure 3 Effect of Finishing Time and Rotational Speed  

 
5.2 Interaction Effect of Weight% of Abrasives and Finishing 
Time 

 
Figure 4 indicates that maximum PIESF is achieved at 75 min. finishing 

time and (35%). weight% of abrasives. Finishing time is directly responsible 
for PIESF. On other side, by enhancing the wt% of abrasives (till 35%), 
initially PIESF is increased but afterwards with the increase in wt% (beyond 
35%) it drops. This may be happened due to increase in quantity of abrasive 
particles and decrease in iron particles. Better PIESF is obtained by using 
intermediate wt% of abrasives (35%). 
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Figure 4 Effect of Weight% of Abrasives and Finishing Time 

 
5.3 Interaction Effect of Chemical Concentration and Rotational 
Speed 

 
From fig. 5, it can be analysed that PIESF is maximum at 300 RPM 

surface rotational speed and 700 gm/lt chemical concentration. At lower 
FeCl3 concentration of, less oxidation is occurred at workpiece surface. 
Initially, PIESF is decreasing as the chemical concentration and speed are 
increased and but after 120 RPM rotational speed and 600 chemical 
concentration, it start increasing. As FeCl3 concentration increases, more 
uniform etching occurred on the surface which weaken the intermolecular 
bonding of material surface. As result of this, better external surface finish is 
obtained. 

 
Figure 5 Effect of Chemical Concentration and Rotational Speed 
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5.4 Interaction Effect of Weight% of Abrasives and Abrasive Size 
 

It is analyzed from fig. 6 that highest PIESF is achieved at medium 
abrasive size (40 microns) and minimum chemical concentration (500). 
PIESF is improved by increasing the chemical concentration. On other hand, 
with the increase in abrasive size (till 60 microns), first PIESF is enhanced 
and afterwards it starts decreasing. It is clear that fine abrasive particles and 
very course abrasive particles are not producing effective scratching action. 
Better finishing is obtained by using 40 and 60 micron abrasive size. 

 
Figure 6 Effect of Weight% of Abrasives and Abrasive Size and On PIESF 

 

6 Surface Microstructure 
 
SEM analysis of external surface of Inconel 625 tube are shown Fig. 7. It 

can be analyzed from figure 7 (a) that scratches, waviness, tool marks and 
craters are visible on rough external surface. Figure 7 (b) represents that after 
chemical treatment, external surface got diffused. From fig 7 (c), it is clear 
that that the scratches, waviness and craters are smoothly removed from 
external surface. 

 

 
Figure 7 SEM Images of External Surface; (A) Rough; (B) Chemically Etched (C) 

Surface after 75 Min Processing Time 
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7 Conclusion 
 

External cylindrical surface of Inconel 625 tube is successfully finished 
using CMAF process. The impact of input process factors on PIESF is as 
follows. 
1. Processing time is the major parameter for PIESF. Increased processing 

time (75 min.) is directly responsible for percentage improvement in 
external surface finish.  

2. Rotational speed also affects the PIESF and maximum PIESF is observed 
with higher speeds. 

3. Abrasive particle size also effective parameter for increasing PIESF. 
Better PIESF is achieved with 40 and 60 microns abrasive size. 

4. Intermediate value of wt. % of abrasives (35%) is also recommended to 
obtain maximum PIESF.  

5. Chemical concentration is variable which dependent on the other 
parameters like processing time and rotational speed. The uniform 
oxidation layer is generated on surface using higher chemical 
concentration values.   

6. Highest PIESF (59%) is obtained at conditions 75 min. processing time, 
180 RPM rotational speed, 35% weight %age of abrasives, 600 gm/lt 
chemical concentration and 60 microns abrasive size.      
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