INTERNATIONAL JOURNAL OF INNOVATIVE ENGINEERING, TECHNOLOGY AND SCIENCE  ISSN: 2533-7365 Vol. -4, No.-1, March i 2021
A Publication of Faculty of Engineering Chukwuemeka Odumegwu Ojukwu University Uli - Nigeria.

A FUZZY LOGIC APPROACH FOR MODELING AND PREDICTION OF MECHANICAL
PROPERTIES OF Al-5%Mg DOPED WITH NICKEL

Anukwonke, M. C., Nnuka, E. E. and Chibueze|. G.
Department of Metallurgical and Materials Engineering, Nnahadiwe University Awka, Nigeria

ABSTRACT

In this research, thaverage grain size and mechanigabperties ofaluminummagnesium alloy doped with nickel were predicted
using Fuzzyogic. The single input to the Fuzzy logimodelwasvariation in percenageweight of nickelwhile themultiple outputs
wereaverage grain size, ultimate tensile strength, yield strength, percentage elongation, haaiddeasspact strengthin order for
fuzzy model to accurately predict the mechanical propertiesuafiallm magnesium allognembership functions were established. In
addition, a set of testase experiments were doseas to validate the fuzlngic model Fuzzy logic with a correléon coefficient (R)
value of 0.99779or average grain size, 0.99935r foltimate tensile strength, 0.99738r yield strength, 0.9906 for % elongation,
0.9996 for hardness and 0.9970 for impact strengéne obtainedThis result demonstrated agreement between the experimental
values and Fuzzy model
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1.0INTRODUCTION

AlT Mg alloys have been widely used in transportation industries such as airspace, automobile and railway due to g
combination of properties, such as loendity, medium strength, high fracture toughness, good corrosion resiatehce
excellentwelding poperty [1].In many situations, the performance of Mg alloys in hightech fields are required to be
further improved Al-Mg alloys are nofheat treatabléut gain theirstrength from solid solign strengthening and pre
strain Their performance cdpe increasetby about 1815% by means of coldiorking, howevera clear deterioration of
their plasticproperties 2-3]. Previous studies indicatedat micrealloying is an effective way to further strengtithe
alloys. Alloying elements such &5 Zr, Sc,Cu, Mn, V, La, Ce, YbZr, Er, Sr havdeen addetb Al-Mg aloys [2-13].
Previous studies have paid much at@mtio the effects of different micialloying elements on the mechanical properties
of Al alloys [213]. Also, previous studies indicated that the addition of Ni toCAI Mg alloys [14], Al Sii Cui Mg
alloys [15], AiZniMgiCu al |l oys [ 16] and Al T MgT1 Si 1 Cul 2nthentethanjcal ( 1
properties of the alloys However, the effects of nickel on the structure and properties-dfgAhlloys have not been
studied Hence, this research aimed at investigating the role of nickel addition in improving the structure ardaaech
properties of aluminuAmagnesium alloy

Preciseprediction andnodeling ofthe average grain sizand mechanicgbroperties of aluminum magnesium alloy are
vital, since the conventional approach of attaining high mechanical properties at alumagmasium alloy various
requires using a trial and error technique, which is very-tamsuming. In recent times, due to significant advances in
information and computer technology, soft computing techniques such as genetic algorithm (GA), artifielal neu
network (ANN), fuzzy logic, simulated annealing, adaptive nduray inference system (ANFIS), etc., are extensively
used inmodelingand prediction of mechanical prapes of engineering materials§,19,20]

Numerous researchers utiliigezzy logic methoddue to its efficiency in predicting and modeling phenomenaastar et

al. [21] carried ouextensive research on the use of Fuzzy logitHeprediction of the yield strength of A356 alloy. The
authors reported that the experimental ysttgngth is in good agreement with predicted results obtained with Fuzzy logic
model, and also theautzy logic predicted the yield strength at an average error of 3.53%. Marani et al. [22] employe«
Fuzzy logic approach for predicting surface roughness athmed AISi-Cu-Fe die casting alloy using different
additivesturning. The results obtained posited that the actual surface roughness of the samples agrees with the re:
predicted by fuzzy logic model. The error rate of the predicted surface rougbeesscorded at 5.4%. Zalnezhad et al.
[23] predicted the surface hardness of TiN coating on ALYDF%with regard to changes in input process variables,
nitrogen flow rate, direct current (DC) power and DC bias voltage using fuzzy logioané heir reults showed that
there was an agreement between the fuzzy model and actual resuitsauitiicyof 96.142 %. From the literature survey,
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it could be seen that fuzzy logic has not been applied at its full potential for modeling and prediction of mechanic
properties of aluminuamagnesium alloys. The present research focuses on the mechanical charactemzhfizrzy
modeling of aluminummagnesium alloy doped with nickel. The nickel at different percentage weight compositien (0.1
1.0wt %) was assigned ¢he single input parameter while ultimate tensile strength, yield strength, % elongation, hardne:
and impactstrength of the doped aluminumagnesium was stated for multiple inputs, hence, a fuzzy model was
established among the various parameters.

2.0 EXPERIMENTAL PROCEDURES:

2.1 Melting and casting of alloys

The alloys witha nominal compositiorof Al-5%MgxNi (x=0,0.1,0.2,0.3,0.4,0.4,0.5,0.6, 0.7,0.8, 0.9 and Ww&e
prepared by medium crucible furnace usipgre Al, Mg, andNi(all compositions stated in this work are in wt.% unless
otherwise clarified).During alloy preparatiorpure Alwas placed inside a stainless steel crucible and melted at 710
the crucible furnace, and then pure magnesium and nickel powder weredpiagsther into the molten aluminum, Mg
was over added by 3 wt% for compensating the burning lost during melting. The melt was helsl go7 a@out 10 min

to ensure the dopant dissolved absolutely.

2.2Mechanical properties test

Aluminu-5% magnesiunalloy samplesvere machined as per ASTM E8BA4 standard$or mechanicaproperties test.
The ultimate tensile strength was done with Instron universal tg@gtea crosshead speefl50mm/minwhile the impact
strength was carried out with Dension Chaimpact tesmachine EXT96064/6705CE)with therateof 5.24m/s. Brinell
hardness machine with 2.5mm diameter ball indenter and with a minimum fo6250 wasused to determinéhe

hardness of the alloy

2.3 Structural analysis

Guangzhou Liss opticahicroscope (2003 type optical microscope (OM) arlBhenom ProXype scanning electron
microscope (SEM) was utilizetb analyzethe microstructures of the allofhe average grairsize wa done with an
imageprocessing technique known as Imdg®ftware.

3.0 RESULTS AND DISCUSSION
The following results were obtained from thgerage grain size andechanical testing of the samples as
shown in Table 3.

Table3: Average grain size andamanical properties test result

Alloy Average Ultimate Yield Elongation% Hardness Impact
Grain Size Tensile Strength (BHN) Strength
(e m Strength (MPa) @)
(MPa)
Al-5%Mg 73.27 172.74 79.09 10.27 101.92 42.5
Al-5%Mg0.1Ni 71.21 186.58 87.15 15.1 108.03 43.5
Al-5%Mg0.2Ni 69.7 190.13 100.06 17.65 121.56 a7
Al-5%Mg0.3Ni 65.1 196.59 115.04 18.11 136.27 52
AF5%Mg0.4Ni 60.17 200.12 115.77 19.11 141.18 58.5
AF5%Mg0.5Ni 57.76 207.1 127.42 17.01 159.32 56
AF5%Mg0.6Ni 48.23 215.23 128.42 14.13 178.8 47.5
AF5%Mg0.7Ni 44.89 220.57 129.23 12.15 184.31 42
Al-5%Mg0.8Ni 33.47 225.39 129.68 10.17 221.57 39.5
Al-5%Mg0.9Ni 21.88 228.07 130.04 9.01 247.05 34
Al-5%Mg1.0Ni 28.7 230.35 131.03 8.5 278.43 23.5

3.1 Mechanical properties analysis
From figure 1, 2 and 4, the ultimate tensile strength, ys&length and hardness of-Bivt%Mg alloy increased from
172.74MPa to 230.35MPa, 79.09MPa to 131.03MPa and 101.92 BHN to 278.43BHN respectively at 0.1wt% nickel
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addition interval. The above trend represents 33.3%, 65.74% and 63.39% rate of performaecaeheal that the
added alloying element systematically improved the matrix alltne reasons for the improvement in ultimate tensile
strength ardine-s cal e uni formly di st r reducetd grain sizeAdndBsilig 2olutiom Stteegimpe t a
processes. The additigerved as growth-restriction element and reduced the grain size e6%Mg alloy. Also, Al

Mg alloys are notheattreatable aluminum alloys. These alloys are strengthened by Mg in solid solution. Magnesium is
primary alloyingelement and acts as an oletato the dislocation motionhé interaction of the solute atedislocation
and/or the introduction of foreign atoms into a crystal lattice may result in a strengtheningnate¢hals [24]

Fig 3 and 5 depict thepercentage ehgation and impact strength Af-5%Mg doped with nickellt was noticed that the
percentage elongation and impact strength increased from 10.27% to 19.11% and from 42.5J to 58.5% by additiol
0.4% Nickel respectively before decreasing drastically with further increase in concentratiatkef Ni
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igure 1:Effect of different Ni contents on the tensile strength 586Mg
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Figure 2: Effect of different Ni contents on the yield strength ©623dMg
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Figure 3: Effect of different Ni contents on the % elongation 05624Mg
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Figure 4: Effect of different Ni contents on the hardness 5%IMg
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Figure 5: Effect of different Ni contents on the impact strength t5%Mg
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Figure 6: Effect of diffeent Ni contents on the average grain size 66846Mg

3.2 Structural Analysis
The micrographs of the alloy samples are shown in pfate 1

»
- b —
Plate 1
Micrograph of At5%wtMg (x400)
-
N —
b
Plate2: Micrograph of AI5%wtMg-0.1wt% Ni (x400)
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Plate3:

Plate 4.
Plate5:
Micrograph of AI5%wtMg-0.4wt% Ni (x400)
- x ‘
Plate6:

Micrograph of AF5%wtMg-0.5wt% Ni (x400)
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Plate7:
(x400)
Plate8:
Micrograph of AF5%wtMg-0.7wt% Ni (x400)
A ———— .
. U [y—.
Plate9:
Micrograph of AI5%wtMg-0.8wt% Ni (x400)
- -
D —
L
Plate 10:
Micrograph of AI5%wtMg-0.9wt% Ni (x400)
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Plate 11:
Micrograph of AI5%wtMg-1.0wt% Ni (x400)

Plates: 111 representhe results of analysis of the microstructural evaluations €fw&p6 Mg dloys doped with itkel.

The observed microstructuresntain twoma j or p h pases(singlenphaselregion: solution of magnesium in
al umi num) and 4Mbentermetadlic compound (dubl Athase; precipitated magnesium from aluminum
mat r i x) -plsased WMa ghastind particles ofhe element whicht is doped wittprecipitated in -phase. The

|l i ght ar enmix, ther dark redioes afg tiheA | 3 Nhtpinetallic phase. All these phases can be seen in the
microstructure images of eadample. Their shape and size diferent base orihe different compositions of each
element.

From figure 5, it can be seen thiae addition nickel within the studied range of composition improved the average grain
size of AF5.0wt%Mg alloys. It can be seen that the rate of decreaagerage grain sizearied with increase inthe
concentration of the nickelwith increasein nickel addition, the average grain size decreasedffistom 7 3. 2

2 1. 8 7 %andnreached the least valugen the contenbf nickel was 0.9%wt, Urther increas in concentration,
deterioratedthe grain refining efficiency by producing coamgains. Undoubtedly, the idea behind the decreased in the
grain ske wasattributed to the grain refinement and modificatoi t he gl o b ul a rsMgmotemetallicl o g
compound. The adiibn of nickelincreased the number of solidification sites for heterogeneous nucleation of the primary
aluminum phase which led to increase in grain boundary area per unit volume and decreasggairtiahtradistanc5].
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Plate 12 SEM of Al-5%Mg alloy
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Figure 7 : EDS of AB%Mg alloy
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Plate 13: SH of Al-5%Mg with 0.9% Ni
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Figure 8: EDX of Al5%Mg with 0.9% Ni
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Plates 1213 show scanninglectron microscopes which revealdw phase preserdnd figure7-8 EDX shoved the
elements@sent and their peak. Two maj or phas ephasevané-phase e v €
(AlsMg>) intermetallic, EDX depicts the elements present in the alloy such as Ag, P, Ca, Fe, Ti, Si, K anehtheir p
From the EDXand SEM results, it can be seen that as the concentration of Ni inctedsed, b i nt er met al |
suppressednd thellphase increased in size
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4.0 FUZZY LOGIC MODELING OF MECHANICAL PROPERTIES
Fuzzy Logic System contains three componefuzzification, rule base, and defuzzification. The fuzzifier maps crisp
numbers into fuzzy sets, rule bases aéection of IFTHEN statementdt maps input fuzzy sets into output fuzzy sets.
Defuzzification maps output fuzzy sets into crisp quantity.
Figure 9shows the fuzzy inference system for miattlmying of Al-5%Mg using Ni As shown in Figure ,9micro-
alloying with nickel represented the input variable to the fuzzy inference system, while the average grain size, tensile
strength, yield strengtlelongation, hardness and impact strength, hardness derived from defuzzificagdheveutput
variables. Figure 1&howsthe membershifunction for the micrealloying using nickelThe membership function
contained ten (10) linguistic variables namehol, mo2, mo3, mo4, mo5, mo6, mo7, mo8, mo9, mol0

visgaton |7 eme PN
ramcan) [ N

Fig 9: Fuzzy interference system of of Al 5%th doped with Ni
Members hip function plots ™" =" 181

mel  mo2 mo3d mf4 mo5 mot mol moB mo@nold
|k i

O f

Fig 10: Membership functions for the micro additives using nickel

Six fuzzy logic models were used in the predictadrthe modeling. Model | contained 17 linguistic variables for the
output (average graisize)as shown in Figure 1Inodel 2 contained 35 linguistics for the outthdardnessas shown in
figure 12, model 3 contained 18 linguistic variables for éongation as l®wn in figure 13, model 4 contained 16

variables for UTS as shown in figulel, model 5 contained 16 variables for yield strength as shown in fidyrend
model 6 contained 21 varialléor impact strength (14

srisbiles . Hf:mbers hip funf.I:tion plots ™ D‘I’i"E‘: 181
= AGEE BE 805 B S5 56 A0 S50 SRS G G0 (N5 A G Fh G

outout vanable "AGS”

Fig 11 Membership function for Average grain size

Website: www.ijiets.coou.edu.ng Email: ijiets@coou.edu.ng Page 132



http://www.ijiets.coou.edu.ng/

INTERNATIONAL JOURNAL OF INNOVATIVE ENGINEERING, TECHNOLOGY AND SCIENCE  ISSN: 2533-7365 Vol. -4, No.-1, March i 2021
A Publication of Faculty of Engineering Chukwuemeka Odumegwu Ojukwu University Uli - Nigeria.

iables Membership function plots B 181
e mﬂ1%m%mm?ﬂ Iﬂ’lﬁl’”‘ﬂ B1mmmﬂ2ﬂﬂﬁam
WL

=

ARR 0 e o o o o o

outout varable "HARDNESS®
Fig 12 Membership function for hardness
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Fig 13 Membership function for Elongation
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Fig 14 Membership function for UTS
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Fig 15: Membership functions for yield strength.
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Fig 16. Membership functions for impact strength

The fuzzy logic model generated 10 different rules per model. The 10 rules were used by the Mamdani fuzzy inferel
system to predict the average grain size and mechanical properties (tensile strength, hardness, elongation, impact str
and yield strentlp) after defuzzification using the centroid method. The coefficient of correlation and regression line fo
the fuzzy predictions are shown in the figures below
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Fig 17: Actual average grain size and &zzy prediction
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Fig 18 Actual ultimate tensile strength and Fizzy prediction
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Fig 19 Actual yield strength and Fuzzy prediction
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Fig 21 Actual hardnessand Fuzzy prediction
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Fig 22 Actual impact strength and Fuzzy prediction
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The graphs abovdfigure 17 to 23 show the regression lines for the mechanical properties and fuzzy predictions. As
shown in the graphs;uzzy logic with a correlation coefficient (R) value of 0.99779 for average grain size, 0.99935 for
ultimate tensilestrength, 0.99733 for yield strength, 0.9906 for % elongation, 0.9996 for hardness and 0.9970 for impa
strength were obtained. This result demonstrated agreement between the experimental values and Fuzzy model.

CONCLUSION

Modeling the mechanical proges of Aluminum5%Magnesium doped with Ni using Fuzzy Logic approach .From this
study, the following conclusions can be summarized as follows:

- Grain refinement and solid solution strengthening were responsible for the enhanced mechanical properties of the
5%Mg doped with Ni. The addition of Ni decreasmdh theaverage grain size and globukar®sMg; intermetallic.

- Minor additionof Ni gererally improved the hardness, ultimate tensile strength and yield strengthbuito%l alloy,
mainly through micr ost r u€kgmin sidze and mdrghalogicakchanges iradetrinetapaht i «
of intermetallic compounds. Alsohe elomation and impact strength were increased from 10.27% to 19.1% and from
42.5J to 58.5J by addition of 0.4%Ni.

- Fuzzy model develogkhas capability to predict the average grain sizeAl-5%Mg(0.21%)Ni with an accuracy of
99.8%, ultimate tensile strefgtwith an accuracy 099.8%, yield strength with an accuracy of 99,78rcentage
elongation with an accuracy of 99.9%ardness with an accuracy &9.% and impact strength with an accuracy of
99.7%
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