Miihendis ve Makina / Engineer and Machinery 65, 714, 49-77, 2024

Miihendis ve Makina / Engineer and Machinery
https://dergipark.org.tr/tr/pub/muhendismakina

COMPARISON OF MACHINABILITY OF AL-4.5%CU/TIB2/3P
MMC FOR MULTI-LAYER COATED INSERT: VALIDATED FEM
AND STATISTICAL APPROACHES

Erkan OZTURK"

! Department of Mechanical Engineering, Faculty of Engineering, Ondokuz May1s
University, Samsun

ORCID No : http://orcid.org/0000-0002-7056-718X

Keywords Abstract
Multi-layer coated tool, Aluminum-based Metal Matrix Composites (MMC) are commonly
finite element method, used in metal-cutting applications due to their better mechanical

and physical properties, such as high strength, hardness, and
low weight. Also, modern coating applications, especially multi-
layer coated tools, have cutting-edge potential for relieving the
difficulties of machining MMCs to improve insert performances.
Therefore, this study aimed to reveal the turning Al-4.5%Cu/
TiB2/3p performance of the multi-layer coated cemented carbide
insert with verified FEM and statistical approaches. Different
coating materials, two and three of which were soft and hard,
were appointed at different thicknesses and sequences in the
design of experimentally calibrated simulations. The Grey Relation
Analysis (GRA) was set to investigate the multi-layer coated insert
performance for turning the MMC concerning the resultant cutting
forces (FR) and maximum insert temperature (Tmax). The optimal
multi-layered coating was found at levels 4-2-4-3-2 for the factors
of coating materials: tungsten disulfide (WS2), molybdenum
disulfide (MoS2), titanium nitride (TiN), aluminum oxide (Al203),
and titanium carbo-nitride (TiCN), respectively. The contribution
rates of each factor were significant concerning the General Linear
Model (GLM) at 47.13% and 24.43% for WS2 and Al203 coatings
materials, respectively. In the future, multi-layered coatings can be
a valuable solution for the difficulties of machining the MMCs.
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AL-4.5%CU/TIB2/3P MMK'NIN COK KATMANLI
KAPLAMALI KESiCi TAKIMLARLA ISLENEBILIRLIGININ
KARSILASTIRILMASI: DOGRULANMIS FEM VE ISTATISTIKSEL

YAKLASIMLAR

Anahtar kelimeler

0z

Cok katmanli kaplamali
kesici takim, sonlu
elemanlar yéntemi, gri
iliskisel analiz

Altiminyum bazli Metal Matris Kompozitler (MMK), yiiksek
mukavemet, sertlik ve diistik agirlik gibi daha iyi mekanik ve
fiziksel ézelliklerinden dolayr metal kesme uygulamalarinda
yaygin olarak kullanilmaktadir. Ayrica, modern kaplama
uygulamalari, ozellikle ¢ok katmanl kaplamali takimlar,
kesici takim performanslarini iyilestirerek MMK'lar1 isleme
konusundaki zorluklart ortadan kaldirmada iistiin  bir
potansiyele sahiptir. Bu nedenle, calismada, dogrulanmis FEM
ve istatistiksel yaklasimla ¢ok katmanli kaplamali semente
karbiir bir kesici takimin Al-4.5%Cu/TiB2/3p MMK’nin
tornalama performansini ortaya c¢ikarmak amaglanmigstir.
Deneysel olarak kalibre edilmis ve secilmis bir similasyon i¢cin
farkli kalinlik ve dizilimlerde (iki adet yumusak ve ii¢ adet
sert kaplama malzemesi icin) istatiksel olarak similasyon
tasarimi  kurulmustur. Gri Iliski Analizi (GRA) yardimi ile
MMK malzemenin tornalanmasinda ¢ok katmanl kaplamali
u¢ performansint kesme kuvvetlerinin bileskesi (FR) ve
maksimum ug¢ sicakligi (Tmax) baz alinarak arastirilmigstir.
Optimum ¢ok katmanli kaplama, kaplama malzemeleri
faktérleri igin 4-2-4-3-2 seviyelerinde bulunmusg olup bu kosul
sirastyla: tungsten distilfid (WS2), molibden disiilfiir (MoS2),
titanyum nitriir (TiN), aliiminyum oksit (AlI203), ve titanyum
karbo-nitriirdiir (TiCN). Her bir faktériin katki oranlari, Genel
Dogrusal Model (GLM) ile incelenmis, WS2 ve Al203 kaplama
malzemeleri icin sirasiyla %47,13 ve %24,43 oraninda anlaml
oldugu tespit edilmistir. Gelecekte ¢ok katmanli kaplamalar,
MMK'larin islenmesindeki zorluklart asmak icin degerli bir
¢oztim olabilirler.
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1. Introduction

Metal Matrix Composite (MMC) materials are strengthened by adding a carbon-
based or ceramic material into a metal matrix to provide superior properties
such as corrosion resistance, mechanical strength, elasticity modulus, etc. (Gir-
biiz, Senel, & Kog, 2015; Senel & Giirbiiz, 2021). The preference for MMC materi-
als for engineering applications is gradually increasing due to their superior pro-
perties such as high strength, high young modulus, high toughness, high impact
strength, enhancement wear resistance, high hardness, and low weight (Radhika,
Subramaniam, & Senapathi, 2013; Rathodi & Pandey, 2017). Aluminum MMCs
are primarily used in the automotive and aerospace industries for better corrosi-
on and wear resistance (Joel & Xavior, 2018). Aluminum-based MMCs are mainly
enhanced with hard ceramics; thus, the MMCs become difficult-to-cut materials
(J. P. Chen, Gu, & He, 2020; Nicholls, Boswell, Davies, & Islam, 2017; Radhika et
al,, 2013). Therefore, many recent studies have directed to machining Al MMCs
enhanced with ceramics. The parameters, such as tool wear, workpiece surfa-
ce roughness, cutting forces, insert tip temperature, chip formation, etc., can be
investigated during the machining of MMCs. For example, silicon carbide (SiC)
(Bhushan, 2021; Das & Chakraborty, 2018; Swain, Das Mohapatra, Das, Sahoo, &
Panda, 2020), aluminum oxide (Al,0;) (Prakash & Igbal, 2018), and boron car-
bide (B4C) (Channabasavaraja, Nagaraj, & Srinivasan, 2016; Hiremath, Auradi,
& Dundur, 2016; Saravanan & Mahendran, 2020) reinforcement Al MMCs have
been trend investigations recently.

Denkena, Tonshoff, & Boehnke (2005) investigated the machinability of iron-rich
Al MMC regarding tool wear aspect due to their lower density and high oxidation
resistance properties, which presented a high potential for automotive and ae-
rospace applications. The claim that “Economic cutting operations are currently
not possible” was revealed. Modern coating applications have become a cure to
solve the economic problems of machining MMCs to investigate the insert per-
formances regarding tool wear, cutting forces, cutting parameters and tempera-
tures, etc. Uncoated carbide inserts caused built-up-edge and coating inserts like
TiN, TiAIN, and CrN might not eliminate this weakness (P. Roy, Sarangi, Ghosh, &
Chattopadhyay, 2009). Akgiin, Ozlii, & Kara (2023) investigated the effect of PVD-
TiN and CVD-Al,O; coatings on the hard turning of AISI H13. The authors revea-
led that the CVD-Al,0; coated insert was more effective than the PVD-TiN coated
insert regarding the abrasion and adhesion mechanisms. MoS2, a soft coating
material, was used to solve the built-up edge and adhesion tendency by coating
inserts (Harris, Vlasveld, Doyle, & Dolder, 2000). An investigation on tool wear
performance during machining of SiC-reinforced ZA43 alloy MMC presented that
coated tungsten carbide insert with triple layered with hard coating materials
(AlL,Os, TiN, and TiCN) performed better than uncoated one according to tool
wear aspect (Marigoudar & Sadashivappa, 2014).
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Multi-layered coating of the tools has innovative potential for cutting applications
for heavy-duty conditions due to the friction and high heat energy during the mac-
hining. S. Roy & Ghosh (2014) investigated the high-speed turning of AISI 4140
steel using nano-tube-based nanofluid in minimum quantity lubrication (MQL)
by a multi-layer (TiN-Al,03-TiCN) coated insert. The nanofluid MQL machining
performance was compared to wet and dry machining conditions and performed
better than the others. During the machining of hardened steel at or above 50
HRC, multi-layer coated carbide inserts have outperformed compared to single-
layered coated carbide inserts (Kene, Orra, & Choudhury, 2016). Kara, Aslantas,
& Cicek (2016) predicted the cutting temperature of coated (TiCN+Al203+TiN
and Al,0;) uncoated inserts for orthogonal cutting of AISI 316 L by an artificial
neural network. C. S. Kumar & Patel (2018a) focused on the machining perfor-
mance comparison of mono-layered AICrN and multi-layer AITiN coated Al,0;/
TiCN-based mixed ceramic insert in turning of hardened AISI 52100 steel (62
HRC hardness). Multi-layer AlITiN coated inserts performed better anti-oxidati-
on, anti-adhesion, and anti-abrasive behaviors than mono-layered AICrN coated
and uncoated inserts. Also, C. S. Kumar & Patel (2018b) continued to search the
coating thickness effect of mono-layered AICrN, and multi-layer AITiN coated
Al,0;/TiCN-based mixed ceramic insert during the machining of hardened AISI
52100 steel. They revealed that multi-layer AITiN coated inserts showed better
adhesion to the substrate. Lian, Mu, Liu, Chen, & Yao (2019) presented an exci-
ting soft/hard composite coating aspect for multi-layered coating literature. The
main motto was “The external soft coating layer on the hard coating layer played
a significant role in decreasing cutting forces and temperatures because the soft
coating layer had lower shear strength than general insert materials.” They also
investigated the coating thickness and material effects on turning of AISI 1045
steel as a three-dimensional numerical simulation aspect. Then, they proposed
that the Soft/hard composite coating thickness ratio should have been 0.9:0.1. R.
Kumar et al. (2019) investigated the optimal cutting parameters for turning JIS
S45C structural steel with the multi-layer coated (TiN-TiCN-Al,03-TiN) carbide
insert. They advised the optimal cutting parameters as cutting speed (Vc) 120
m/min, dept of cut (d) 0.3 mm, and feed (f)0.05 mm/rev regarding the tool flank
wear, surface roughness of the workpiece, and chip morphology. Interestingly,
Tooptong, Nguyen, Park, & Kwon (2021) revealed a unified crater wear model
combining the abrasive wear and dissolution wear for the multi-layer (TiN-
Al,05-TiCN) coated carbide insert during the machining of flake graphite iron,
compacted graphite iron, and nodular graphite iron. The maximum crater wear
was measured experimentally, and 2D FEM simulations determined the maxi-
mum cutting temperatures to guess the contributions from abrasive and disso-
lution wear. The crater wear differences for the three types of iron came from
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the cutting temperature differences. U. Kumar & Senthil (2020) investigated the
machining performance of the multi-layer (TiN-AITiN) coated tungsten carbide
insert during the dry turning Ti-6Al-4V. The focused originality of the search was
revealing the machining performance of the insert as deep cryogenic treated at
-184 °C for a period of 36 h and then tempering in an electrical furnace at 250
°C for 6 hours. The cryogenic treatment achieved lesser surface roughness and
cutting forces due to lowering the insert's thermal conductivity and increased
wear resistance and hardness. In a recent study (Ranjan & Hiremath, 2022), 3D
FEM simulation validated by the experiment of machining AISI 420 was perfor-
med using the multi-layer (TiN-TiCN-Al,0;-TiN, TiN- Al,03- TiCN-TiN) coated and
uncoated inserts. The coated inserts differed from each other regarding layer se-
quences and thickness of layers. The TiN-TiCN-Al,0;-TiN multi-layer coated car-
bide insert was found to be more effective than the other inserts regarding the
minimum generation of effective stress, cutting temperature, and cutting power.

Numerous 2D FEM studies of MMCs can be found in the literature describing the
tool-particle interaction, particle orientation, tool wear, etc., but a few 3D FEM
studies have been investigated. Pramanik, Zhang, & Arsecularatne (2007) inves-
tigated tool-particle interaction based on geometrical orientation, tool wear, and
surface damage during the machining of Al matric SiC particle reinforcement
MMC using 2D FEM in the ANSYS/LS-DYNA software package. The particles were
%20 by volume and were assumed to bond to the matrix perfectly. Stress/strain
fields were determined for possible debonding and fracture. One of the limitati-
ons of the 2D FEM simulation was to challenge severe mesh distortion due to the
nonuniform deformations in the chip removal. As a solution, chip formation was
revealed by a self-designed continuous remeshing routine by modeling 2D ortho-
gonal machining of Al/SiC MMC in the ABAQUS software package (Schulze, Zan-
ger, Michna, Ambrosy, & Pabst, 2011). Another significant issue in the 2D FEM of
the orthogonal machining MMCs was modeling the interface between reinforce-
ment particles and base matrix. Umer et al. (2015) modeled the interface betwe-
en reinforcement particles and base matrix using two concepts, with or without
cohesive zone elements (CZE). The model could predict cutting forces, chip morp-
hology, stresses, and temperatures by comparing CZE for Al/SiC MMC machining.
CZE with a parting line approach was advised as the best model for the 2D FEM of
the orthogonal machining to simulate serrated chips. Afterward, Ghandehariun,
Kishawy, Umer, & Hussein (2016) modeled a 2D FEM of the orthogonal machi-
ning Al/Al,0; MMC to reveal a more comprehensive knowledge of particle-mat-
rix interaction. Three concepts for particles positioned along, above, and below
the cutting line were successfully simulated with the CZE model. Umer, Kishawy,
Ghandehariun, Xie, & Al-Ahmari (2017) continued their studies by focusing on
tool performance (PCD) using 2D FEM of the orthogonal machining Al/Al,0; and
Al/SiC MMCs. While the model without CZE could accurately determine cutting
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forces, tool stresses, and temperatures, the model with CZE could estimate the
effect of matrix-particle interaction on tool stresses and machined surfaces. In ad-
dition, some recent studies did not choose the CZE for particle-matrix interactions
for MMCs. Xiong, Wang, Jiang, Lin, & Shao (2018) focused on the 2D orthogonal
cutting FEM of TiB2/7075A1 MMC to investigate the chip formation mechanism.
The matrix-particle interaction was defined by Python programming, and the un-
cut chip part was created as an isotropic monophasic part without particles to sol-
ve high mesh distortion and computing times. Despite the self-programming, the
other common method was to use matrix element failure (the debonding energy
defined as Johnson-Cook damage law) surrounding the reinforcement particles
by assuming the particles were perfectly bonded to the matrix (Josyula & Nara-
la, 2018; Umer, Abidi, Abu Qudeiri, Alkhalefah, & Kishawy, 2020). Although the
summarized literature focused on the 2D FEM analysis, which lighted the mecha-
nics and particle-matrix interactions of the cutting process, the 3D FEM studies
related to the turning of MMCs have been limited. During hot turning, Jadhav &
Dabade (2016) simulated 3D FEM of Al/SiCp (10 and 30 % SiC particles) MMCs.
They used the Deform 3D software package. Vc, d, f, and preheating temperatures
were chosen as effective parameters to investigate. They modeled the material
regarding to Johnson-Cook material model and 3D equivalent homogeneous ma-
terial model data. Another recent investigation (X. Chen, Xie, Xue, & Wang, 2017)
cited that 2D FEM analysis has its own disadvantages, which end up inconsistency
with experimental cutting forces, and relatively discontinuous chip morphology.
Thus, a 3D equivalent homogeneous material model was developed for the SiCp/
Al6063/30p MMC to simulate the milling process in the ABAQUS software packa-
ge. The experimental verification was provided for milling forces and chip shape
within the 20% error band.

3D FEM simulations can be significant for machining optimizations (Ugur, 2022),
accurately estimating cutting forces (Baris & Levent, 2021) (especially for radial
cutting force), investigating preheating and different coating technologies, etc.
Furthermore, the abovementioned investigations have stood limited to evalua-
ting the performance of multi-layer coated inserts in the machining of Al MMCs.
Also, Al-4.5%Cu/TiB2/3p is a recently investigated MMC, especially its mecha-
nical behavior due to its potential applications in the automobile and aerospace
industries (Shaik Mozammil, Karloopia, Verma, & Jha, 2019; Shaik Mozammil,
Koshta, & Jha, 2021; S. Mozammil, Koshta, Jha, & Swain, 2022). Based on the de-
termined literature gap, the turning performance of a cemented carbide insert
was investigated regarding the evaluation of multi-layer coated conditions under
different coating thicknesses during the cutting Al-4.5%Cu/TiB2/3p MMC. Ve-
rified FEM and statistic approaches were used for the cutting performance, and
optimum multi-layered coating types in terms of their sequence and thicknesses
of each layer were revealed.
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2. Materials and Methods

The insert’s CAD design, FEM simulations for turning Al-4.5%Cu/TiB2/3p MMC,
and the design of simulations for the multi-layered coating types in terms of their
sequence and thicknesses were presented in detail in this section. Also, research
and publication ethics were obeyed in this study.

2.1CAD Model for Insert

The cutting tool geometry was selected similarly to the literature, which used
experimental results of the turning Al-4.5%Cu/TiB2/3p MMC to calibrate the
FEM simulations. Although the insert type was not given in the study, a technical
drawing of the insert and insert specifications (insert material, nose radius, rake
angle, etc.) was proposed (S. Mozammil et al., 2022). Some unremarked dimensi-
ons needed to design a 3D CAD file were determined from the technical drawing
of the insert via the Image] software package by calibrating with certain measu-
rements. So, the insert's CAD design and geometrical dimensions were created in
CATIA V5, as shown in Figure 1.

0.2 x10° (Assumed)

Figure 1. 2D Drawing and Isometric View of the Insert

2.2 FEM Simulations and Verification

A 3D FEM simulation was set by Deform 3D ver. 11.0 software package. A no-
tebook with an eight-core 11th Gen Intel® Core™ 17 CPU, 32 GB RAM, and SSD
technology performed all FEM simulations.

2.2.1 Geometric Characteristics of the Turning Process

The insert geometry was designed as shown in Figure 1. Also, the tool holder
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specifications were selected regarding the experimental reference study (S. Mo-
zammil et al., 2022). The inclination, rake, and tool cutting edge angles were
set as -6,-6, and 95, respectively. The workpiece geometry for the chip removal
path was selected as a circular arc with a diameter of 33 mm (S. Mozammil et al.,
2022) and a 10° angle for the more realistic FEM simulation. Also, the workpiece
was fixed by setting the zero velocity of the nodes in the Y-Z and X-Y axes for the
bottom and back surfaces, respectively. Figure 2 summarizes the geometric cha-
racteristics of the turning process.

Fixedat X and Y axes

Fixedat Y and Z axes

r~

Figure 2. The Geometric Characteristic of the FEM Setup

2.2.2 Insert-Workpiece Interface

Meshing is counted as the most critical parameter for analyzing the 3D Flow of
a complex cutting process, and adaptive meshing is required. DEFORM 3D can
automatically optimize remeshing in the cutting region by controlling user-defi-
ned parameters such as the time step, mesh sizes, mesh elements, etc. Thus, the
software was selected.

The 3D CAD model of the insert and simplified workpiece geometry regarding
cutting parameters and nose radius are presented in Figure 1-2. The modeling of
the insert was a rigid body with 25000 tetrahedral mesh elements. The size ratio
of the meshes was 4:1 (Figure 3.a), and the insert tip meshed finer using a mesh
window with a size ratio of 0.1 (Figure 3.b). A plastic body was appointed to the
workpiece and meshed with 25% of the feed value. Also, the contact area of the
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workpiece meshed as a 7:1 size ratio (Figure 3.c) to a finer result (Bathula, Buddi,
Shagwira, Mwema, & Rajesh, 2022; Kyratsis, Tzotzis, Markopoulos, & Tapoglou,
2021; Ozturk, 2022; Tzotzis, Garcia-Hernandez, Huertas-Talon, & Kyratsis, 2020).

During the dry turning, the thermal boundary condition of the insert-workpiece

. N °C
interface was set as 0.02
mm s

. . . N °C

for the convection coefficient, and 45 —— for the
mms

conduction heat transfer coefficient (Kyratsis et al,, 2021; Ozturk, 2022; Tzotzis

etal, 2020).

Finally, the friction condition at the insert-workpiece interface was set according
to Coulomb’s Law, which was the commonly used friction model for metalwor-
king processes (Equation 1) (Bobrovskij, Khaimovich, Bobrovskij, Travieso-Rod-
riguez, & Grechnikov, 2022; Tan, 2002).

Tr= puon (1)

Where 7 indicates the frictional shear stress. u shows the friction coefficient.
Lastly, o, displays stress of the insert-workpiece interface. The reference study
(S. Mozammil et al.,, 2022) proposed the friction coefficient for machining Al-
4.5%Cu/TiB,/3p MMC as 0.54. Therefore, u was set to 0.54.

4:1 size ratio

(a)

7:1 size ratio

(c)

Figure 3. The Meshed Geometries (a) Insert, (b) Insert Tip, and (c) Workpiece
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2.2.3 Material Models for Insert Workpiece and Coatings

2D FEM simulations have clarified significant knowledge about the mechanics of
the cutting process, especially particle-matrix interactions. However, 3D FEM si-
mulations can provide an evaluation of 3 components of the cutting forces more
clearly, more helpful tool wear prediction, and more accurate information about
stress, strain, displacement, and temperature behavior of the cutting interface,
etc. Also, 3D FEM simulations for machining operations can be crucial for cutting
tool marketing due to machining optimizations. Therefore, the recent literature
has a trend to use 3D equivalent homogeneous material (EHM) models develo-
ped by constitutive material characteristics and failure criterion definitions for
specific MMCs (X. Chen et al.,, 2017; Jadhav & Dabade, 2016).

The Johnson-Cook (JC) plasticity material model is the most common and well-
known material model for the recent FEM studies of machining applications (Iy-
nen, Eksi, Akyildiz, & Ozdemir, 2021; Ch Sateesh Kumar, Zeman, & Polcar, 2020;
Ozturk, 2022). JC model parameters were determined by constitutive material
characteristics and material constants estimation for the Al-4.5%Cu/TiB2/3p
MMC (S. Mozammil et al., 2022). JC model is described as follows:

a—(A+B£")(1+Cln )[1 (”")] (2)

Tim—=To

The symbols o, ¢ &, &y, T, Ty, T, represent a variety of quantities in the context
of this study: equivalent stress, plastic strain, plastic strain rate, reference stra-
in rate, reference temperature, ambient temperature, and melting temperature,
respectively. Additionally, the symbols A, B, n, and m denote the empirical cons-
tants related to the workpiece material. These constants represent the initial
yield stress, the strain hardening modulus, the strain hardening exponent, and
the thermal softening exponent, respectively. The empirical parameters utilized
in this study for the MMC were obtained from a previously published work (S.
Mozammil et al.,, 2022). The parameters are also displayed in Table 1. Moreover,
it was assumed that the reference strain rate for the simulations was 0.001/s.

Table 1. The JC material model values of Al-4.5%Cu/TiB2/3p MMC (S. Mozammil
etal, 2022)

T

A(MPa) B(MPa) C n m T, (Du, Eskin, &
Katgerman, 2006)
175 65884 00165 01633 11711 27 570.8

Whereas the workpiece was set as a plastic body, the insert was selected as rigid.
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Like the recent literature (Kyratsis et al., 2021; Ozturk, 2022), the normalized
Cockcroft-Latham damage model was employed for the material fracture crite-
rion. The thermo-mechanical features of the insert, coatings, and workpiece are
presented in Table 2. The insert was chosen as the reference paper (S. Mozammil
etal, 2022), and the thermo-mechanical properties were taken from the Deform
3D library concerning carbide (19% Cobalt)(Corporation, 2014). When appoin-
ting the mechanical properties of the Al-4.5%Cu/TiB2/3p MMC, the reference
paper (S. Mozammil et al., 2022) was used. Nevertheless, the MMC's thermal
properties have not yet been investigated in the literature. For this reason, the
workpiece’s thermal properties in the simulations were assumed from the Al-
4.5%Cu as referencing previous studies (Choi, 2020; Du, Eskin, & Katgerman,
2006). In addition, coatings were employed for the insert with different thick-
nesses concerning the design of experiments. One of the coating applications is
randomly exhibited in Figure 4.

Coating layers

Thckggsos (micron)

204

7.84

-4.74

173

-299

Figure 4. The Graphical View Of Coatings For the 13th of FEM Simulation
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Table 2. Thermo-Mechanical Features of the insert (Corporation, 2014), Workpi-
ece (Choi, 2020; Du et al., 2006; S. Mozammil et al.,, 2022), and Coatings (Lian et
al,, 2019; Ozturk, 2022; Ranjan & Hiremath, 2022; Vasiliev, 2021; Volovik et al.,
1978)

Mechanical . .
. Insert MMC WS, Mos, TiN AlLO, TiCN
Properties
Y ’ d-
OungsMOt 496423 72.14x10° 354 330 600 415 448
ulus (GPa)
Densit
Z 157 2764 7500 5060 4650 3780 4180
(kg/m?)
Poisson’s ratio 0.24 0.31 0.28 0.125 0.25 0.22 0.23
Thermal MMC (As- i X
i Insert WS MoS TiN Al O TiCN
Properties sumed) z z 23
Heat C i
eattapacdty ;g9 264 192 201 3 3.42 2.5
(N/mm?°C)
Thermal
Expansion (x 7.2 f(Temp.) 6.35 10.70 9.4 8.4 8
10-6 Oc-l)
20at40 33at50 o
oc oc 26 at 25 °C
27 at 100
21at  28at90 - o c
100 °C °c
28 at 300
22 at 19 at oc
Thermal Con- 300 °C 300 °C
ductivity (W/  74.764 180 32 37 30.5 at 500
m°C) 23.5at 13 at oc
500 °C 500 °C
33.5at
26 at 7 at
1000 °C
1000°C  1000°C
35at 1300
27 at 7 at oc

1300°C 1300°C

2.3 Design of Simulations and Statistics Approach

Nine experiments, turning the Al-4.5%Cu/TiB2/3p MMC under different cutting
conditions, were chosen from 27 experiments for the exact turning conditions
(S. Mozammil et al.,, 2022). The nine experiments were selected because of the-
ir small broken chip formations like 10° angle FEM simulations for verification.
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Then, four of them were chosen concerning the simple randomized method for
the validation of FEM simulations. After that, the experiment with the lowest ab-
solute error for the resultant cutting force was decided. It was explained in detail
in Section 3.

This study was prepared to reveal the cemented carbide insert performance with
multi-layered coating types in terms of their sequence and thicknesses of each
layer. The factors were coating types, two of them soft coatings (WS2 and MoS2)
and three of them hard coatings (TiN, Al203, and TiCN). All factors were evalu-
ated with five levels. Then, twenty-five validated FEM simulations were perfor-
med as an L25 (55) orthogonal array. Table 3 shows the factors and levels. Table
4 presents the design of twenty-five validated FEM simulations. The selected cut-
ting condition with the absolute minimum error was used for all simulations to
compare multi-layered coating combinations. The selected cutting parameters
were 995 rpm, 1.5 mm, and 0.14 mm or spindle speed (n), depth of cut (d), and
feed (f), respectively (Table 5). Tev

Table 3. Factors and Levels

Factors Level 1 Level2 Level3 Level 4 Level 5
WS, UNCOATED 2.5 um 5 um 7.5 pm 10 um
Mos, UNCOATED 2.5 pm 5 um 7.5 pm 10 pm
TiN UNCOATED 2.5 um 5 um 7.5 um 10 pm
al,o, UNCOATED 2.5 um 5 um 7.5 um 10 um

Ticn UNCOATED 2.5 um 5 pm 7.5 pm 10 pm
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Table 4. L25 Orthogonal Array For Coating Types

Simlll\:ztion ws, MOs, TiN ALO, TiCN
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 1 5 5 5 5
6 2 1 2 3 4
7 2 2 3 4 5
8 2 3 4 5 1
9 2 4 5 1 2
10 2 5 1 2 3
11 3 1 3 5 2
12 3 2 4 1 3
13 3 3 5 2 4
14 3 4 1 3 >
15 3 5 2 4 1
16 4 1 4 2 5
17 4 2 5 3 1
18 4 3 1 4 2
19 4 4 2 5 3
20 4 5 3 1 4
21 5 1 5 4 3
22 5 2 1 5 4
23 5 3 2 1 5
24 5 4 3 2 1
25 5 5 4 3 2

Grey relation analysis (GRA) is a popular statistical model for determining the
optimal parameters of a process considering multiple factors and variables.

The multiple responses calculated by obtaining data from Taguchi Orthogonal
Array can be transformed into a single response in GRA to evaluate the similarity
between different data (Kasemsiri, Dulsang, Pongsa, Hiziroglu, & Chindaprasirt,
2017; Sylajakumari, Ramakrishnasamy, & Palaniappan, 2018). Therefore, GRA
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was used by following the steps below to investigate the effect of the multi-laye-
red coatings types for the cemented carbide insert.

Grey Relation Generation: It includes pre-processing data through the
normalization of responses into two distinct groups: larger-the-better and
smaller-the-better. Implementing the smaller-the-better criterion in this
study is considered suitable to minimize the resultant cutting forces and tool
temperatures.

The normalized data can be calculated as shown in Equation 3 (Ozturk, 2022;
Sylajakumari et al., 2018).

- maxyi()-yi(k) 3
b maxy(k)-miny; (k)
Where, X; calculated value after Grey relation generation, maxy; (k) is the hig-
hestvalue of y; (k), miny; (k)is the smallest value of the y; (k) and y; (k) is the ith
response.

Determining of Grey Relation Coefficient (GRC)and Grade(GRG): The
subsequent procedure involves the computation of the GRC and the GRG using
the following equations (Kasemsiri et al., 2017; Ozturk, 2022; Sylajakumari et
al,, 2018).

Dgi (k) = |Xo(k) — X; (k)| 4)

Where, A; (k), is the deviation, X, (k) is reference, and X; (k) is comparability.
Then, the GRC can be calculated as Equation 5.

— Amint{Amax (5)
éi(k) B A0i(K)+{Amax

Where, s; (k) and { represent the GRC of the individual response variables and
the distinguish coefficient, defined within the interval {€ [0,1]. It is generally
assumed as 0.5. Then, the GRG is determined as below.

i =~ X1, 8;(k) (6)

In the above equation, ¢_i represents the value of GRG, and n indicates the num-
ber of responses. Furthermore, the optimal level is determined and validated
using the following equation.

(ppredited = Pnm + Z?:1(<p0 - (pm) (7)

In the equation 7, ¢, indicates the maximum GRG’s average at the optimal level
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of factor, ¢,, displays the mean of GRG, and q is the number of factors influencing
response values.

Finally, whether the contributions of the coating types with different thicknesses
significantly affect the insert performance or not was determined by the General
Linear Model (GLM) in Minitab Software.

3. Results

Figure 5 depicts a randomly selected cutting force graphic utilized in Finite Ele-
ment Method (FEM) simulations of turning the Al-4.5%Cu/TiB2/3p. The simu-
lations were carried out to estimate the three components of cutting force under
various cutting conditions. When the force data obtained from the FEM simula-
tions were transferred to a personal computer,; the average value of the cutting
forces was computed. Then, the resultant cutting forces (FR) were determined
to compare with the experimental results (S. Mozammil et al., 2022). The expe-
rimental and predicted FR results are presented in Table 5. Also, the absolute
errors of FR were calculated to appoint the simulation for the L25 orthogonal
array. The selected FEM simulation, which has the absolute minimum error, is
shown in yellow in Table 5.

B i

227 i — Tool : 189

171

114

000 0) | . . : \J.\

0.000 0000352 _0.000704  0.00106 0.00141 000176 0.000 0000352 _0.000704 000106  0.00141 0.00176
Time (sec) Time (sec)

(a) (b)

Fe (N)
185

148

o [gooo oy | | i |

0.000 0.000352 _0.000704  0.00108 0.00141 0.00176
Time (sec)

(c)

Figure 5. Cutting Force Components: (a) Main Cutting Force (Fc), (b) Feed Force
(Ff), and Radial Force (Fr) (spindle speed, n=995 rpm, d=1.5 mm, and f=0.10
mm/rev)
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After the selection of the verified FEM simulation concerning the absolute mini-
mum error (Table 5), the cutting performance of the multi-layer coated cemen-
ted carbide insert was evaluated regarding five different coating types in terms
of their sequences and the five-level of thicknesses for each coating type. (Table
3). Then, the L25 (55) orthogonal array (Table 4) was built. Twenty-five simu-
lations were set with the chosen cutting condition, then the FR and maximum
insert temperature (Tmax) values were derived from FEM as output (Table 6).
Next, The GRA statistical approach revealed the optimal multi-layered coating
condition for turning Al-4.5%Cu/TiB2/3p MMC by evaluating the combined inf-
luences of the coatings on both FR and Tmax. The optimal condition for the GRA
statistic model was found at levels 4-2-4-3-2 for WS2, MoS2, TiN, Al,0;, and TiCN,
respectively, concerning the response table of mean GRGs (Table 7). As the mean
of GRGs is higher, there is a stronger correlation (Ozturk, 2022; Sylajakumari et
al,, 2018). The optimal condition needed to be confirmed. Thus, the predicted
optimal value of the multi-layered coating condition was calculated as Equation
7. Then, the simulation result for the optimal condition was compared with the
expected optimal value, as shown in Table 8. They found good agreement with
each other.

Although the GRA advised the optimum condition at levels 4-2-4-3-2 regarding
FR and Tmax outputs, whether all the factors significantly affected the cutting
performance or not had to be evaluated. Therefore, the influence of the factors
on both FR and Tmax outputs was assessed by the General Linear Model (GLM)
in the Minitab software package. The set ANOVA for GRGs is presented in Table
9. Since the probability values (p) of the WS2 and Al,0; coatings were calculated
as smaller than 0.05 reasonable alpha level, these coatings and their thicknesses
were significantly the most influential factors for insert performance. Their cont-
ribution ratios are 47.13% and 24.43% for WS2 and Al,O; coating, respectively.
Also, the reasonable alpha levels of the other three factors were determined as
higher than 0.05; thus, they had no significant influences on the cutting perfor-
mance.
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Table 7. Response Table For Means

Level WS, MOs, TiN Al,O; TiCN
1 0,4994 0,5896 0,6250 0,6042 0,6509
2 0,6712 0,6872 0,6456 0,6119 0,6844
3 0,6475 0,6654 0,6128 0,7457 0,5943
4 0,7282 0,5804 0,6532 0,6081 0,6243
5 0,6396 0,6633 0,6493 0,6160 0,6321

Delta 0,2287 0,1068 0,0403 0,1414 0,0902

Rank 1 3 5 2 4

Table 8. Confirmation of GRA

Predicted result for optimal Simulation result for optimal
condition condition

GRG value 0.8366 0.8100

Table 9. The Contribuitons of the GRGs Via ANOVA

Factors DF SeqSS Contribution AdjSS AdjMS F-Value P-Value

WS, 4 0,142638 47,13% 0,142638 0,035659 13,69 0,013
Mos, 4 0,047333 15,64% 0,047333 0,011833 4,54 0,086
TiN 4 0,006072 2,01% 0,006072 0,001518 0,58 0,693
ALO, 4 0,073937 24,43% 0,073937 0,018484 7,10 0,042
TiCN 4 0,022278 7,36% 0,022278 0,005570 2,14 0,240
Error 4 0,010420 3,44% 0,010420 0,002605

Total 24 0,302678 100,00%

4. Discussion

The usage of Al-based MMCs for engineering applications in automotive and ae-
rospace industries is gradually increasing due to their superior mechanical and
physical properties (Joel & Xavior, 2018; Radhika et al., 2013; Rathodi & Pandey,
2017). Thus, their machining behaviors are still investigated to perform economic
and efficient cutting processes (Denkena et al., 2005; Harris et al., 2000; Mari-
goudar & Sadashivappa, 2014; P. Roy et al., 2009). Multi-layered coating of the
tools has innovative potential concerning various cutting applications in previous
studies, especially the machining of difficult-to-machine metals. For example, the
literature revealed that the multi-layered coated inserts performed better than
uncoated and single-layer coated inserts for hardened steels such as AISI 4140 (S.
Roy & Ghosh, 2014), AISI 52100 (C. S. Kumar & Patel, 2018a) as showing superior
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anti-oxidation, anti-adhesion, and anti-abrasive behaviors. In addition, the FEM
simulation of the MMCs can be useful in determining the machining behaviors of
the MMCs. The studies have trended to 2D FEM studies to reveal the tool-particle
interaction, particle orientation, tool wear, etc. (Ghandehariun et al.,, 2016; Josyula
& Narala, 2018; Pramanik et al., 2007; Schulze et al., 2011; Umer et al., 2020; Umer
et al,, 2015; Umer et al,, 2017; Xiong et al., 2018). However, the 3D FEM studies
related to the turning of MMCs have been limited (X. Chen et al,, 2017; Jadhav &
Dabade, 2016) and can be significant for machining optimizations, accurately es-
timating cutting forces, cutting conditions, and different coating technologies. For
that reason, the 3D FEM and statistic-based study investigated the turning perfor-
mance of different multi-layer coated cemented carbide inserts under different
coating thicknesses during the cutting Al-4.5%Cu/TiB2/3p MMC.

The strengths of this study can be collected as (1) verified 3D FEM simulation, (2)
revealing the performance of the insert coated by multi-layer with different soft
and hard ones, and lastly, (3) all simulations were built concerning the design of
experiments and evaluated by specific statistical methods. The 3D Fem simula-
tions were calibrated by the data from the previous experimental study (S. Mo-
zammil et al., 2022). The best agreement cutting condition between experiments
and simulations was chosen. However, the MMC's thermal properties have not
yet been investigated in the literature, and the thermal properties of the MMC
were assumed from the Al-4.5%Cu referencing previous studies (Choi, 2020; Du
etal,, 2006). This assumption can be thought of as a limitation of this study. The
thermal performance of the insert was just used for comparing the various multi-
layered coatings' effects during the same cutting conditions, so this assumption
has not provided a problem in evaluating the coatings’ effects. The CAD geometry
of the insert was modeled without the chip breaker, whereas the original insert
geometry was. This insert model can be a limitation, but the randomly selec-
ted experiments agreed well with the FEM simulation concerning the FR values.
Also, this limitation was minimized by choosing the absolute minimum error bet-
ween experiments and simulations, so it won’t be a real limitation to evaluate the
multi-layered coatings’ effects on the insert performance.

Soft/hard coatings can perform better since the soft top layer provides an in-
terface film in the friction process, and the hard bottom layer increases wear
resistance (Lian et al., 2019). This study revealed a similar result to this motto.
Whereas the WS2 is the soft coating material with a low friction coefficient, the
Al,O; has a higher hardness, improving the wear resistance. The most influential
factors affecting the insert performance were found in WS2 and Al,0; coatings,
with contribution ratios are 47.13% and 24.43%, respectively.

5. Conclusion

This study investigated the machining performance of cemented carbide inserts,
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which were multi-layer coated by different materials concerning various thick-
nesses during the turning of Al-4.5%Cu/TiB2/3p MMC. The aim was to prove the
performance effect of the multi-layer coated with soft and hard materials on the
cemented carbide inserts using a verified FEM approach and statistics.

After the 3D FEM simulation was approved and the design of simulations was
set, the GRA was built to reveal the optimum multi-layered coating condition re-
garding both FR and Tmax output results. In addition, the contribution rates of
each coating material were investigated by GLM. The design of simulations has
two types of levels; one is no coating, and the four have coating materials with
various thickness levels. Thus, this model determined the optimal condition by
comparing multi-layered coatings and no-coating situations. The optimal con-
dition for the GRA statistic model was found at levels 4-2-4-3-2 for WS2, MoS2,
TiN, Al,05, and TiCN, respectively. Moreover, WS2 and Al,0; coatings were found
to be the most influential factors affecting the insert performance, with 47.13%
and 24.43% contribution ratios, respectively. The multi-layered coatings can be
an effective solution for machining the MMCs.

Not many studies have been investigated concerning the abovementioned litera-
ture. The verified 3D Fem and statistic-based study has been a new perspective
for machining aluminum MMCs by multi-layer coated inserts. This study was li-
mited to certain factors such as specific workpiece and coating materials, par-
ticular insert type, and fixed machining conditions; however, changes in these
factors, how/whether influence the cutting performance of a MMC or not, can be
investigated in further studies.
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