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MODELING OF MAGNETIC ABRASIVE FINISHING OF BRASS ALLOY
BASED ON FUZZY LOGIC APPROACH

Magnetic abrasive finishing (MAF) is a non-classical finishing in which a super-finished surface is
produced. This study aims to develop a fuzzy logic (FL) model for predicting the CuZn28 surface
roughness produced by a new pole geometry MAF process. The experimental work was done
before, and its data were recalled here to develop the FL model. Pole geometry, rotational speed,
MAF time, and applied current were used with three levels that generated nine experimental runs
based on the L9 Taguchi experimental scheme. Four membership functions were applied, and the
developed FL model reached 87% prediction accuracy. The degree of change in each membership
function reflects the significance rank of parameters, which were speed, current, time, and pole
geometry.

Keywords: Fuzzy logic, magnetic abrasive finishing, CuZn28, surface roughness.
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Marnurri-abpasusrik exzgey (MAe) - aca xkorapbl canasibl 6eTki kabaT ajmyra MyMKIHIIK GepeTin
JIOCTYPJTi eMec eHjiey 9ici. Bys 3epTTey/in MakcaTh! - XKaHa IOJIIOC T€OMETPUSICH KOJIIAHBLIFAH
MarHuTTi-abpa3uBTIK OHJey Iporeci HoTmxKeciHie ajbiarad CuZn28 ke3 KOPBITHACHIHBIH, OeTKi
KeJp-OybIpJIbIFBIH GoJKayra apHajran OyibiHrbp joruka (FL) momesnin o3ipiey. dxcnepumenT-
TiK >KyMbICTap OYPBIH 2KYPri3ireH, aj oJlapiblH HOTHXKEJEePl OChbl 3epTTey/ie OYJIBIHFBIP JIOTHKA
MOJIEJIIH KYPY VIIMH Haiasanbuiisl. [Tomoc reomerpusicsl, aitHaTy KbLUiaMabrbl, MAe yakbITh
JKoHe OepleriH TOK KyIii yir genreil OoiibiHma Tanaassir, Tarygmgin L9 skcnepumeHTTIK 2KOC-
mapbl HETi3iH/e TOFbI3 ToXKipmbe Kypriziimi. Tepr Mymenik GpyHKIUS KOJIJTAHBLIBII, 93ipJIeHTeH
OVILIHFBIP JIOTHKa MOJIENl GoskaM Kacayaa 87% JeiliKKe KOJI »KeTKizl. Opbip Mymemik (yHK-
[USTHBIH, ©3TePy JIoPeKeci mapaMeTpJIepIiH, MAHbI3IBLIBIK, PETIH KOPCETTi, oJiap: aifHATy >KbLIIAM-
JIBITBI, TOK KYIIIi, OHJIEY YAKBITHI KOHE IIOJIOC T€OMETPHUSICHI.

Tvyitia ce3aep: ByibHBID J0ruKa, MAarHuTTi-abpasuBTik eHjiey, CuZn28, 6eTki Keaip-6ybIPJIbIK,.
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MoaesmmpoBanue MarHUTHO-abpa3uBHOIT 00pabOTKM JIATYHHOT'O CIIJIaBa HAa OCHOBE
MO/TX0/Ia HEYETKO JIOTUKN

Marnurno-abpasusnast o6paborka (MAQ) upencraBisier cob6oil HETPAIUIUOHHBIA MeTox bu-
HUIIHOY 06pabOTKMU, TO3BOJISIONIHIA TOJIyIaTh IIOBEPXHOCTH C BBICOKOU CTENEHbIO YMCTOTHI. 1leshio
JIQAHHOTO MCCJICIOBAHUS SABJISIETCA paspaboTKa Mojesm Ha ocHoBe HedeTkoi jioruku (Fuzzy Logic,
FL) a5 1poruo3upoBanust IMepoxoBaTOCTH MOBEPXHOCTH JIATYHHOro ciuiasa CuZn28, oy daemMoii
B IIPOIECCE MATHUTHO-a0Pa3nBHON 0OPAOOTKY C MCIIOIB30BAHIEM HOBOM T'€OMETPHUHU MTOTIOCOB. JKC-
[IEPUMEHTAJIbHBIE UCCJIEI0OBAHUS ObLIN POBEJEHBI paHee, a MOJIyUeHHbIE JAHHDBIE HCIIOJIH30BAHDI
JUTsT pa3pabOTKU MOJIESN HEYETKON JIOMMKHA. B KadecTBe BXOJHBIX HAPAMETPOB HCIIOJIB30BAJINCH
reoMeTpusl IIOJIFOCOB, CKOPOCTh BPAIIEHUsI, BPEMsI MarHUTHO-abOpa3UBHON 0OPabOTKY M BEJIUIUHA
MIPUJIOZKEHHOTO TOKA, KAXK Bl U3 KOTOPBIX PACCMATPUBAJICS HA TPeX YPOBHsX. J[Jist IIaHUpOBaHMS
SKCIIEpUMEHTa, ObLIa UCIOoJIb30BaHa cxema Taryam L9, BKIIOYAOMAs JIE€BATH SKCIIEPUMEHTATHHBIX
3aIlyCKOB. BbLIO MpuMeHeHo deThipe (DYHKINN TPUHAJIEKHOCTH, & pa3paboTaHHast MOJIE/b HedeT-
KOIi JIOTUKH 06ECIeYrIa TOYHOCTD IIPOrHO3UpOoBanus Ha yposHe 87%. Crenenb n3MEHEHUsT KaK T0M
GYHKIMY TPUHAJIEKHOCTU OTparkKaJja PaHr 3HAYMMOCTH [IapaMeTPOB, KOTOPBIMEI OKa3aJUuCh CKO-
POCTB BpAaIlleHUsI, TOK, BpeMsi 0OpabOTKHU U TeOMEeTPHUsI TIOJIFOCOB.

Kurouesbie cioBa: Heuerkas jormka, marauTHO-abpa3uBHas obpaborka, CuZn28, mepoxoBa-
TOCTB TIOBEPXHOCTH.

1 Introduction

The excellent dimensional accuracy and surface integrity, besides the improved mechanical
properties of products, are largely needed by the progressing industry. Presently, the classical
finishing operations are substituted by non-traditional finishing processes. They included a set
of processes like on such as magnetic abrasive finishing (MAF). It is applied in the industrial
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sector after commercialization for finishing purposes. From the historical point of view, it was
initially proposed as a machining process in 1930 and later registered in the United States
as a patent by Harry P. Coats in 1938. Though it was not subjected to further development
until 1960 [1-2]. Artificial intelligence (Al) is a new technology and science that has developed
based on the studied theories, applications, and mechanisms for simulating the human brain
through computerized robots. There are many techniques used in artificial intelligence [3-6].
Fuzzy logic is one type of artificial intelligence method that was used for the first time in
1965 by Lotfi A. Zadeh. It was adopted by many researchers and applied in several fields,
including machining technology as a successful tool in estimating the surface roughness and
material removal, as well as identifying the significance degree of the independent variables
[7].

For instance, T.C. Kanisha et al [8] constructed a fuzzy logic system to estimate the
improvement in surface roughness of 316 stainless steel finished by the MAF process. Three
levels and four parameters were applied, while ANOVA analysis and Signal-to-noise ratio
were adopted to find the significant parameter and improvement percentage. The fuzzy model
findings showed good agreement with experimental results, with a deviation of no more than
7.16%.

R. Kumar Singh in 2018 [9]| utilized the experimental results of MAF finishing of
ceramics, composites, and super alloys to build up a fuzzy logic model to boost the surface
roughness and estimate the surface temperature. The experiments were conducted using three
parameters and levels, which are: working gap 1 —2 mm, abrasive weight 20 — 30 gm, current
3 —6 Amp, and the magnet speed 100 — 300 rpm. The obtained prediction accuracy was 90%
based on the model result, which gives good matching with experimental findings.

Prabhu and Uma [10] evaluated the performance of two Al models: fuzzy logic and neural
network models to predict the output response of the MAF process, as well as to investigate
the relationship between the finishing process parameters and determine the effectiveness of
each parameter through adopting Taguchi design of experiments. The utilized parameters
with two levels were: Cutting speed (n)rpm (2000 2500), Feed mm/min (1.9, 2.5), and gap
mm (0.1 0.2). The developed fuzzy logic model revealed its ability to predict surface roughness
with a minimum error of 9.23%.

Also, it was stated by F. Djavanroodi that artificial neural networks (ANN) have proven
their ability for predicting surface roughness during MAF process during MAF process [11].
ANN was combined with a genetic algorithm (GA) by Ahmed et al [12] to predict the surface
roughness of stainless steel finished by a magnetic abrasive finish. The findings showed that
the ANN-GA model provides a surface improvement of 0.256 pym. Neural networks were also
combined with the moth optimization method by Singh et al. [13] to estimate the MAF
response of AA 6061 alloy. The hybrid model was effective in predicting surface roughness.
Amer Mosa [14] demonstrated the optimization of magnetic abrasive finishing by using an
adaptive fuzzy inference system. The average error between the real and predicted achieved
surface finish did not exceed 2%. The generated temperature of the mild steel surface was
predicted by fuzzy logic applied by Rajneesh and validated successfully [15].

Although magnetic abrasive finishing is used for finishing different materials, it is still
subject to investigation and enhancement of its performance. Therefore, the target of the
current study is to develop a fuzzy logic model for surface roughness prediction of CuZn28
alloy during.
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2 Materials and procedures

In the current study, a real experimental work that was done by Mahmoud et al [16] is
adopted to develop a fuzzy logic model for predicting surface roughness that is produced
during MAF of CuZn28 alloy. The description of the experimental setup and discussion of
the achieved findings in terms of the effect of the controllable parameters and their optimized
method are all found in the same reference [16]. Briefly, the surface of CuZn28 alloy with
100 x 50 x 3 mm?® dimensions was finished by the MAF process by utilizing a modified vertical
milling machine.

Table 1 shows four MAF parameters, namely: speed, working gap, MAF time, and different
angles pyramid pole. Each parameter was set on three levels (Low, Medium, and High) as the
Table shows. Due to its robustness, Taguchi’s experimental design [17] was applied using an
L9 orthogonal array. The change in surface roughness (ARa(um)) during MAF of CuZn28
alloy was measured and recorded as shown in Table 2. The ARa(pum) refers to the (Ra before
MAF-Ra after MAF), and the average calculated value was 0.352 pm. Tool steel blocks
were machined into pyramidic shape pole geometry with 35°, 50°, and 65° different angles
as revealed in Figures 1 and 2. An SRT-6210 style roughness tester with a 0.8 mm cutoff
measured the change in surface roughness before and after MAFs.

Table 1. MAF Parameters and Levels

No. | Parameters Symbol | Level (1) Level (2) Level (3)
1 Rotational Speed (rpm) A 110 520 930
2 time (min.) B 5 10 15
3 Current (Amp.) C 1 1.5 2
4 The angle of the pole degree (°) | D 35 50 65
Table 2. L9 Orthogonal Array (Coded and Real Factors)

No.| A (r.p.m) | B (min) C (Amp.) | D (°) ARa (pum)

1 110 5 1 35 0.114

2 110 10 1.5 50 0.062

3 110 15 2 65 0.024

4 520 5 1.5 65 0.049

5 520 10 2 35 0.152

6 520 15 1 50 0.242

7 930 5 2 50 0.097

8 930 10 1 65 0.226

9 930 15 1.5 35 0.246

3 Development of fuzzy logic model

The detailed steps and validation of the developed model of fuzzy logic that was used to
predict the surface roughness of a brass alloy (CuZn28) will be introduced in this part of
the research paper. Fuzzy logic is considered one of the most significant Artificial Intelligence
methods and turns out to be broadly utilized in different fields of science and engineering [18].
It enables to utilization of scientific rationale in a way and sense so near human reasoning
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Figure 1: Pyramid Pole with Different Angles Schematic Shape, [16]

Figure 2: Pyramid Pole with Different Angles Real Shape [16]

and judgment. In another expression, fuzzy logic will mollify the transition between crisp

scopes of information [19,20].

The model developed in this research is based on a correlation between surface roughness,
which represents the output of the process, and independent factors, which represent the
inputs to the process, which are rotation speed, working gap, finishing time, and pole
angle. Fuzzy logic consists of three core phases, namely: Fuzzification, Fuzzy Inference, and
Defuzzification. Figure 3 shows the system that was created based on the input and output
parameters that were discussed earlier to illustrate the details of the proposed fuzzy inference.
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Figure 3: View of Fuzzy Inference System
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3.1 Fuzzification

In Table 3, it can be noticed that the 5th column represents the three membership functions
(MF) along with three levels (1/Small, 2/Medium & 3/Big) for each input parameter. Form
the other hand, the membership function of the output response (ARa) was selected according
to the range of (ARa) from a minimum of 0.024 ym to a maximum (0.246 pm). Table 3
illustrates the fuzzy linguistic variables for the parameters of the selected process.

Table 3. The fuzzy linguistic variables
No. Parameters Unit Sym. Name of | Type of | Range
Membership MF
1 | Speed rpm A Al Gauss 110-930
A2
A3
2 | Finishing time min. B B1 Gauss 5-15
B2
B3
3 | Working Gap mm C C1 Gauss 1-2
C2
C3
4 | Angle of pole Degree D D1 Gauss 35-65
D2
D3
5 | Change in surface | mm ARa Ral Triangle [-0.013-0.063]
roughness Ra2 [0.063-0.135]
Ra3 [0.135-0.209]
Ra4 [0.209-0.283]

output variable “Ra” £

Figure 4: Membership functions for ARa.

Three membership functions (MFs) were introduced to encompass all input and output
parameters of the proposed improved fuzzy model. The membership function MF will
determine the representation of each point in the input space with a membership value
ranging between zero and one. In order to achieve smoothness in the selected membership
functions for each of the input parameters, the membership function in Gaussian-shaped
membership function was applied to represent the fuzzy sets in this work. On the other
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hand, the triangular shape membership was used in the case of groups where the fuzzy output
variables have progressively increasing or decreasing characteristics [20]. Figure 4 shows the
membership functions corresponding to the output (ARa) s according to the experimental
range of the parameter. Figure 5 (A, B, C, and D) shows the created membership functions
for the fuzzy input variables, where the input parameters have been divided.

3.2 Fuzzy Inference Rules

Figure 6 illustrates the constructed set, which consists of nine rules, based on experimental
results from the perspective of the knowledge derived from them. Experimental results were
simulated based on Mamdani fuzzy logic by using MATLAB R2013a software as follows:

1 IF(Speed:Al)and(Time:B1)and(Gap:C1)and(Angle:D1)then(Ra2)
2 IF(Speed:Al)and(Time:B2) and(Gap:C3)and(Angle:D2)then(Ral)
3 IF(Speed:Al)and(Time:B3)and(Gap:C3)and(Angle:D3) then(Ral)
4 TF(Speed: A2) and (Time:B1) and (Gap:C2)and(Angle:D3)then(Ral)
Speed:A2) and(Time:B2)and(Gap:C3)and(Angle: D1)then(Ra3)
Speed:A2)and(Time:B3)and(Gap:C1) and (Angle:D2)then(Ra4)
)
Speed:A3)and(Time:B2)and(Gap:C1l)and(Angle:D3)then(Ra4)
)

IF (
IF (
7 IF (Speed:A3)and(Time:B1)and(Gap:C3)and(Angle:D2)then(Ra2)
IF (
IF (

Speed:A3) and (Time:B3)and(Gap:C2)and(Angle:D1)then(Rab)

3.3 Defuzzification

In order to obtain results with high accuracy, the method of the centroids of area
defuzzification (COA) was applied for this reason among all the available methods. As the
main purpose of using this theory is the process of defuzzification, i.e., converting the fuzzy
quantity into an accurate value usable in calculations [20].

4 Results and Discussions

In this work, a model was developed to predict the surface roughness of a selected sample
based on fuzzy logic theory. This was achieved by completing all the necessary steps to
reach this goal using the results obtained from experimental work. Table 4 presents the
most important results obtained according to the prediction approach of the developed fuzzy
logic model, and the comparison with the experimental results, in addition to clarifying the
absolute error values for each case under different working conditions.

Figure 7 shows the trend of surface roughness (ARa) against the interactive effect of each
two independent parameters. It can be seen that the yellow corner of each graph included in
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Figure 5: Memberships Function plots for input parameters (A, B, C, D).
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Figure 6: Fuzzy Inference Rules.

Figure 7 refers to the levels of each two input parameters that maintain a highly improved
surface roughness (ARa).

The results obtained in Table 4 show that the maximum error between the developed
prediction model of fuzzy logic and the experimental results of measuring surface roughness
was 12.8%. In other words, the accuracy of the developed prediction model was 87%, which is
considered an acceptable and good level of accuracy, especially since the relationship between
the outputs and inputs is not linear; that is, the correlation is more complex than in processes
where the correlation is linear. It can be seen in Figure 8, the optimal matching between the
actual and predicted surface roughness under different working conditions.

By applying the fuzzy logic to the parameters, it was concluded that the optimization
parameter speed was 930 rpm, time 10 min, gap 1 mm, and the angle of the pole was 35,
which resulted in 7Ra achieved 0.234 pm. The results showed that it was necessary to conduct
a test to confirm the validity of the findings, due to the absence of those values within the
proposed experimental matrix. Actually, a confirmation test was carried out based on the
optimized MAF conditions, and the mirror surface was obtained as depicted in Figure 9. The
measured ARa for the confirmation test is 0.275 pum, and the predicted FL based on the
optimized setting is 0.234 pm and both values are larger than the corresponding maximum
values in Table 4.
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Table 4. Predicted fuzzy and Experimental ARa with an average % error
No Predicted FL. ARa Experimental ARa % Error

1 0.098 0.1140 14.03508772
2 0.0626 0.0618 1.376518219
3 0.0368 0.024 5.333333333
4 0.0435 0.0490 11.2244898
5 0.168 0.1520 10.52631579
6 0.229 0.2480 5.404475043
7 0.0998 0.0970 2.886597938
8 0.212 0.2260 6.194690265
9 0.219 0.2458 10.88504578
Average 12.87406154

Figure 7: The relationship between input parameters and surface roughness (ARa).
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Figure 9: The surface finish of CuZn28 Brass alloy for the confirmation test: (a) After MAF, (b) Before
MAF.

5 Conclusions and Remarks

In this research, a new polar geometry was applied to determine the nature of the surface
roughness of a brass alloy (CuZn28) under the influence of magnetic abrasive finishing. Based
on the results obtained in this research, it can be summarized the most important conclusions
reached are as follows:

1 The results demonstrated that the following factors significantly impacted surface
roughness improvement: rotational speed, working gap, finishing time, and pole angle.
However, each factor had a different degree of influence. Rotational speed had the
greatest impact, followed by working gap, finishing time, and pole angle, which had the
least impact.

2 The model developed in this research provides a highly significant equation for
predicting surface roughness under different operating conditions with an accuracy of
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up to 87%, based on the developed fuzzy logic.

The most optimum working conditions were when the rotational speed of 930 rpm, the
working gap of 1 mm, the finishing time of 15 min, and the pole angle of 35 °, led
to the highest surface improvement (ARa). This gets ARa achieved 0.234 pm, where
the ranking of parameters is based on their significance in terms of increasing surface
improvement (ARa).

A real confirmation test was conducted to validate the optimized setting, where the
maximum achieved ARa was 0.275 pm, and the corresponding maximum predicted
value was 0.234 pm.
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