Measurement 236 (2024) 115111

| Measurement. |

Contents lists available at ScienceDirect

Measurement

journal homepage: www.elsevier.com/locate/measurement

ELSEVIER

t.)

Check for

Experimental research and optimization based on response surface et
methodology on machining characteristics of cast Al-7Si-0.6 Mg alloy:
Effects of cutting parameters and heat treatment

Cem Alparslan, Senol Bayraktar -

Recep Tayyip Erdogan University, Faculty of Engineering and Architecture, Mechanical Engineering, Tiirkiye

ARTICLE INFO ABSTRACT

Keywords: In this study, structural, mechanical and machining features of Al-7Si-0.6 Mg alloy manufactured by permanent
Al-Si-Mg alloy mold casting (PMC) in both as-cast (AC) and T6 heat-treated (HT) conditions were investigated. Structural and
Microstructure

mechanical properties were determined using conventional methods. Milling experiments were conducted with
Milling titanium aluminum nitride (TiAIN) coated carbide end mills in CNC milling machine under conditions of three
BUE different cutting speeds (V: 50, 80 and 110 m/min), feed rate (f: 0.08; 0.16 and 0.24 mm/rev) and constant depth
BUL of cut (DoC) (1.5 mm). It was seen that structure of AC Al-7Si-0.6 Mg comprised of aluminum-rich «-Al, coral-like
eutectic Al-Si, primary Si, MgsSi, Fe-rich plate, acicular p-Fe (B-AlsFeSi) and script-like n-Fe (n-AlSiMgFe)
intermetallic phases. Eutectic Al-Si, primary Si, p-Fe and n-Fe phases in the structure of the alloy in the HT
condition were partially dissolved and turned into an agglomerated and spherical state. While the hardness (HB),
yield (YS) and tensile strength (TS) of the alloy raised with HT, the elongation to fracture (EF) reduced. While
cutting force (CF), surface roughness (SR), built-up layer (BUL) and built-up edge (BUE) decreased with
increasing V, they increased with increasing f in the milling of both cast and HT alloys. Adhered layers and feed
marks were consisted of the cutted surfaces of the alloys. While the most adhered layer was observed in AC alloys
at a low V(50 m/min) and high f (0.24 mm/rev) combination, the least adhered layer formation was observed at
the highest V and the lowest f value in HT alloys. Optimum parameters with Response Surface Methodology
(RSM) were determined as V: 125 m/min and f: 0.04 mm/rev in AC and HT cases. The statistical significance of V'
and f on CF and SR was revealed by analysis of variance (ANOVA), while mathematical models were improved to
predict CF and SR.

Mechanical features

1. Introduction They have a low coefficient of thermal expansion, good heat resistance

and relatively high tensile strength (TS) [10,11]. Magnesium (Mg) is

The increase in important problems such as the energy crisis and
environmental pollution around the world necessitates the automotive
industry to adopt an ecofriendly orientation. The data reveals that every
10 % reduction in automobile weight reduces fuel consumption by 8 %
and environmentally harmful exhaust emissions by 4 % [1]. This situ-
ation reveals the necessity of reducing the weight of automobiles to
reduce environmental damage and energy consumption [2-5].

Today, Al-Si-based alloys are among the materials used for lightness
in manufacturing of engine blocks, cylinder heads [6] and pistons in
automotive sector [7]. These alloys are also generally preferred in the
aerospace sector due to their low cost, high specific strength, wear and
corrosion resistance, recyclability, castability and weldability [8,9].

* Corresponding author.

added to provide age hardening due to Mg-Si precipitation in Al-Si-Mg
materials [12]. Conversely, the ductility and fracture toughness of the
materials decrease depending on the increase in the Mg ratio [13,14].
This reveals that Mg has a substantial impact on both the age-hardenable
property of the Al matrix and the structure, type and morphology of the
brittle phases [14]. In general, higher Mg content reduces the ductility
and toughness of the materials and increases the yield stress (YS). It
causes the eutectic silicon (Si) to be more heterogeneous [15] by
lowering the eutectic temperature. At the same time, the Mg content has
an impact on the total volume fraction and the types of iron (Fe)-bearing
phases [16] recognized as have a damaging impact on the tensile fea-
tures [13,17]. The mechanical behaviour (Tensile and fracture) of Al-Si-
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Fig. 1. Workflow diagram for experimental studies.

Mg alloys varies depending on the microstructure consisting of a-Al
dendritic matrix, Fe-rich particles and eutectic Si reinforced by disper-
sion of Mg/Si precipitates [18]. Deteriorations in microstructure are
usually caused by cracks due to Si particles. For this reason, it is
important to obtain a fine and homogeneous microstructure by heat-
treated (HT) to prevent these deteriorations that will adversely affect
the mechanical features [19]. At the same time, depending on the raise
in the Mg ratio in Al-Si-Mg alloys, precipitation hardening can be ach-
ieved by HT and their wear resistance can be improved. In other words,
as a consequence of the impact of HT, the eutectic Si phases break and
become globular and contribute to the increase of the bond between the
hard second phase Si particles and a-Al [20]. Thus, components used in
mechanical systems can have longer service lives as a result of enhanced
mechanical features [21].

In industrial applications, Al-Si-Mg materials, which are generally
manufactured by casting methods, must be machined to be used directly
in mechanical systems. Thus, dimensional stability and desired surface
quality for mechanical components can be obtained. In machinability
applications, variables like cutting speed (V), feed rate (f) and depth of
cut (DoC), as well as cutting tool material, coolant, and cutting tool
coating material have a significant effect on outputs such as cutting force
(CF), surface roughness (SR) and tool wear. These factors are controlled
and optimum cutting conditions are revealed. In some of the machin-
ability studies; Barakat et al researched drilling and tapping properties
of Al-Cu (Al-6 %Cu-0.7 %Si-HT200) alloy compared to B319.1 and
A356.1 alloys. It was determined that 2700 holes could be drilled
without any signs of tool wear due to its high copper (Cu) content and
self-lubricating feature, and built-up edge (BUE) was formed in the Al-
Cu-based alloy, which would affect the hole size accuracy due to the
low Si ratio. It was observed that HT200-based alloys exhibited excellent
machinability properties without any signs of tool wear after 2500 holes,
while wear occurred after 1600 holes in A356.1 alloy and 2160 holes in
B319.1 alloy [22]. Bayraktar and Afyon investigated the effects of zinc
(Zn) (4 %) and Cu (3 %) additives to Al-7Si material on torque, feed force
and tool wear in drilling. Al-7Si-4Zn-3Cu alloy was seen to lowest feed
force, SR, BUE and built-up layer (BUL) while this alloy had the highest
machined subsurface hardness [23]. Bayraktar and Demir determined
the impacts of T6 HT and cutting variables on the CF in the turning
process of Al-12Si-0.6 Mg material with uncoated, physical vapour
deposition-PVD-TiAIN + TiN and chemical vapour deposition-CVD-
TiCN + TiN coated inserts. Their findings revealed that as the V

increased, there was a decrease in CF, BUE, and BUL. Furthermore, HT
was observed to enhance the machinability features of the alloys. In
addition, uncoated inserts exhibited better machinability properties,
PVD-TiAIN + TiN coated inserts performed lower, and brittle chip
structure was formed by HT [21]. Bayraktar and Hekimoglu investigated
the machining properties of Al-12Si-0.1Sr material produced by PMC in
turning with PVD-TiAIN coated and uncoated carbide inserts. They
revealed that while the CF, SR, BUE and BUL reduced with the elevate in
V, they raised with the elevate in f. Uncoated carbide inserts were found
to exhibit better machinability properties [24]. Kishway et al observed
that BUE and abrasive wear formed in cutting tools when machining
A356 Al-Si material [25]. Gomez-Parra et al determined that two
different types of wear occurred on the cutting edge of the cutting tool as
BUE and BUL during the turning of Al-Cu and Al-Zn based alloys. They
found that these wear mechanisms are induced by reduced cutting
temperatures, chemical interaction between the cutting tool and the
workpiece, and the material’s ductile characteristics [26].

Maximum product quality in the manufacturing sector can be real-
ized by controlling the outputs such as CF, SR and tool wear during
machining along with optimum material selection. Today, efficient use
of time and limited energy resources is an inevitable reality. It has been
determined that while there have been studies regarding the machin-
ability of Al-Si-Mg-based materials with varying element ratios but the
structural, mechanical and machining properties of the Al-7Si-0.6 Mg
alloy have not been investigated elaborately. Therefore, in this study,
was purposed to research the structural and mechanical features of
permanent mold casted (PMCed) Al-7Si-0.6 Mg material, along with
machinability properties in the as-cast (AC) and T6-HT condition
regarding CF, SR and tool wear in the milling process. CS and FR were
optimized for minimum CF and SR using the Response Surface Meth-
odology (RSM) technique, and mathematical models were developed for
predicting experimental outcomes. The statistical significance of the
independent V and f input variables on the dependent CF and SR output
variables was revealed by Analysis of Variance (ANOVA) according to
the P < 0.05 criterion in 95 % confidence level.

2. Material and method
A workflow diagram of the activities applied within the scope of the

study is given in Fig. 1. It is seen that this flow diagram work consists of
the processes of casting alloys, forming samples for microstructural,
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Fig. 2. Casting process, a) Permanent mold and b) Casted part (Dimensions in mm).

Casted specimen

Milling test specimen

)

M12)

Microstructural
and hardness test
specimen

Fig. 3. Production of samples for structural, mechanical and machinability studies, a) Casted, b) Milling, c) Tensile and d) Microstructural and hardness test

specimens (Dimensions in mm).

mechanical and machinability tests, HT, machinability tests, CF, SR and
determination of tool wear.

In this research, Al-7Si-0.6 Mg alloy was melted in an induction
melting furnace (IMF) and solidified at room temperature by pouring
into a PM (Fig. 2a) at approximately 780 + 5 °C (Fig. 2b). Al, Si, Mg,
Al15Sr and AlTiB master alloys with 99.8 % purity were used in the
production of the alloys. The composition of the material was analyzed
in terms of weight percent with the inductively coupled plasma-optical
emission spectrometry (ICP-OES) methodology.

Microstructure samples (Fig. 3d) taken from the cast workpiece were
prepared for microstructural examination by being subjected to sanding,
polishing and etching processes after being taken into bakelite. Micro-
structural studies were conducted utilizing both an optical microscope
(OM-Nikon) and a scanning electron microscope (SEM-Jeol JSM 6610).
Phase analyzes of the microstructure of the material were obtained using
energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD)
techniques. XRD analyzes (Philips PW-3710) were performed on alloy
samples with flat geometry utilizing a Cu-Ka radiation source (Range of
scan: 20-90°, rate of scan: 3° min~! and wavelength: 1.54059 A).
Hardness of Brinell (HB) values were measured in a Qness Q250CS de-
vice with a load of 62.5 kgxf and a diameter of 2.5 mm tip on the

specimens whose technical drawings are given in Fig. 3d (EN ISO
6506-1:2014). Measurements were repeated ten times from different
regions for each of the AC and HT samples, and final HB values were
stated by calculating the arithmetic mean of these measurements. Ten-
sile experiments were performed on alloy specimens whose technical
drawings are given in Fig. 3¢, using a rate of deformation 5.9x10° s~
and 0.25 mm s~ ! of fixed jaw (EN ISO 6892-1:2019). Three samples
were produced for tensile tests from each of the AC and HT samples. The
final values were obtained with an arithmetic average of the elongation
to fracture (EF), YS and TS values obtained from these samples.
Milling tests for machinability properties of AC and HT alloys were
performed on a 7.5 kW computer numerical control (CNC) vertical
machining center (Johnford VMC 850) using the test specimens pro-
vided in Fig. 3b. V of 50, 80 and 110 m/min, f of 0.08; 0.16 and 0.24
mm/rev and constant DoC of 1.5 mm were utilized as cutting variables.
These variables were stated in line with the recommendations of the
cutting tool manufacturer (Sandvik coromant) as well as researches in
the literature [27,28]. Additionally, the determined parameters were
verified by performing preliminary cutting experiments. Milling tests
carried out with TiAIN (Coefficient of friction: 0.3-0.5; coating method:
PVD-900 °C; coating hardness of vickers: 3300 HV and coating thick: 3
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um) coated tungsten carbide end mill (Helix angle of 30°, cutting length
of 19 mm, diameter of 6 mm and number of two flutes). Kistler 9273
dynamometer, amplifier and Kistler-Dynoware software system were
used to determine the CF. Forces along the different axis (X, Y and Z)
were determined from the Dynoware software (Fig. 4). Final CF were

calculated by resultant (F = ,/F§+F§ +F2) of these forces [29].
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Machined average SR values were obtained using the Mahr Perthometer
M1 tracer-tipped measuring equipment. The measurements were
repeated five times and the final SR values were ascertained by calcu-
lating the arithmetic average of these measurements. International Or-
ganization for Standardization (ISO) 4287 standard, sampling length of
0.8 mm and measuring length of 4 mm were used during measurements.
T6 HT (Fig. 5) was applied on structural, mechanical and milling test
specimens obtained as in Fig. 3. Protherm Mos 170/8 model furnace was
used for HT. First, the specimens were solution treated at 520 °C for 5 h
and quenched. The artificial ageing process was applied at 165 °C for 8
h. Studies in the literature on T6 HT applied to Al-7Si-0.6 Mg alloys were
taken into account for the selection of HT parameters [30-34]. The final
parameters were determined within the scope of T6 HT by creating a
common combination of the parameters used in these studies [30,31].

2.1. Optimization of experimental outputs

RSM is a statistical approach that reveals the relationship between
input and output variables in experimental designs based on mathe-
matical models. Central composite design (CCD) in this technique was
used as the experimental design approach, which allows the evaluation
of linear impacts resulting from final quadratic interactions between
different input variables [35-37]. A quadratic mathematical model was
used to calculate the response resulting from interactions (Eq. (1).
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Fig. 6. XRD pattern of the alloys, a) AC and b) HT.
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Table 3
Chemical compositions of phases in the alloy.

Chemical composition (wt%)

Table 1
Input variables and its levels.
Level V (m/min) f (mm/rev)
-1 50 0.08
0 80 0.16
1 110 0.24
k k k
Y=ay+ Z bX; + Z bey + Z biiXiz (€8}
i1 ij i1

ao, by, by, by ve i, j, k = 1,2,3.....n indicate the regression coefficients of
the model, X; and X; are the descriptive variables, and Y is the
machinability output (CF and SR) in Eq. (1). ANOVA method was used to
examine the effects of input variables (V and f) on the output responses
(SR and CF) [38]. The input variables and their levels used in this
method are given in Table 1.

3. Results and discussion
3.1. Microstructural and mechanical properties

The chemical percent composition of Al-7Si-0.6 Mg alloy by weight
was given in Table 2. The microstructure of the AC alloys was consti-
tuted of aluminum-rich a-Al, coral-like eutectic Al-Si, Mg,Si, primary Si,
and many Fe-rich plates and acicular -Fe (B-AlsFeSi) and script-like n-Fe
(n-AlSiMgFe) intermetallic phases along the dendritic boundaries
(Figs. 7 and 8). The presence of these phases was confirmed by XRD

Phase Al Si Fe Mg

B-AlsFeSi 58.0—70.0 9.7—17.7 15.6—39.5 -
(Observed)

B-AlsFeSi [44,45] 45.2—75.8 10.5—15.0 17.9—35.0 -

n- Al-SiMgFe 27.4—51.1 12.8—23.3 12.2—22.0 12.3—17.5
(Observed)

7- Al-SiMgFe 34.7—46.6 15.4—26.6 10—19.5 13.0—18.5
[44,45]

Mg-Si (Observed) 39.3—78.2 9.7—21.2 — 1.5-11.6

Mg,Si [44,45] 47.5—85.4 10.2—19.4 - 5.1—25.9

patterns (Fig. 6), OM (Fig. 7a and 8a) and SEM (Fig. 7b and 8b) images.
In addition, the elemental compositions of the phases were given in
Table 3 and it was determined that they were compatible with the
literature [13,39,40]. The number and volume of Fe-rich phases varied
depending on the Mg ratio in the alloy. While most of the Fe-rich phases
were acicular $-AlsFeSi in alloys containing approximately 0.4 % Mg by
weight, 1-AlSiMgFe phases with Chinese-script predominated in mate-
rials including 0.7 % Mg. In the first stage, a-Al dendrites nucleated and
grew. In the second stage, the Al-Si eutectic reaction took place and
depending on the decrease in temperature, a triple eutectic reaction
comprising of Al, Si and p-AlsFeSi took place. The p-AlsFeSi was partially
turned into the n-AlSiMgFe by the quasi-peritectic reaction. In the final
stages, phases consisting of Al, Si, and Mg,Si also emerged [41]. After T6
HT, it was observed that the eutectic Al-Si, primary Si, Mg»Si, -Fe [42]
and n-Fe in the microstructure were partially dissolved and aggregated

Table 2
Chemical composition of the alloy material (wt.%).
Alloy Min/max Si Fe Cu Mn Mg Ni Zn Pb Sn Ti Al
Al-7Si-0.6 Mg Min 6.5 — - - 0.50 - - - - 0.10 Balance
Max 7.5 0.15 0.03 0.10 0.70 - 0.07 - - 0.18

N S 4 4

A

Fig. 8. Micrograph showing the structure of Al-7Si-0.6 Mg in HT state, a) OM and b) SEM image.
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Fig. 10. SEM images of fracture surface, a) AC and b) HT.

and became spherical by coarsening (Fig. 8). The largely precipitated
Mg,Si during solidification generally reaches limit solubility within the
a-Al matrix of Mg in alloys with high Mg [39]. Thus, the diffusion

resistance of the alloy increases and only the Mg»Si can be dissolved
during solution HT, while the intermetallic phases remain largely un-
changed [32]. However, in this study, it is thought that the partial

60 35 60 F—— 35
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Fig. 11. V-F and V-Ra variation at constant f for alloy, a) 0.08; b) 0.16 and c) 0.24 mm/rev.
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Fig. 12. V-F and V-Ra variation at constant V for alloy, a) 50, b) 80 and ¢) 110 m/min.

dissolution of the MgsSi after HT is due to the lower quench rate causing
the loss of solute supersaturation and reducing the precipitation of
Mg,Si during artificial aging in subsequent processes [43].

Graphs showing the HB, EF, YS and TS values of AC and HT alloys
were given in Fig. 9. It was seen that the HB, YS and TS (Fig. 9a) of the
alloy raised with HT that the EF (Fig. 9b) reduced [46]. It was thought
that solid solution hardening [20] after HT raised the HB, YS and TS
values, and the increase in HB decreased the EF [21,47].

Images showing cross-sectional fracture surfaces of alloys after ten-
sile tests were given in Fig. 10. There may be interdendritic shrinkage on
the surfaces and expanding cracks in the a-Al matrix during fracture. It
was thought that this crack grew up and followed over the Fe-bearing
phases in the acicular structure and fracture occurred. In other words,
when the material encountered an external force, it was thought that the
acicular Fe-bearing phase could break readily and cause crack initiation.
When the external force continued, crack growth accelerated the frac-
ture of the alloy and the fracture surface consisting of cracks and
interdendritic shrinkages appears [48]. It was seen that the fracture
surfaces of the HT samples consisted of cleavage planes exhibiting brittle
fracture characteristics and these planes were higher than the AC alloy.
Eutectic Si particles and Fe-containing phases in the microstructure with
the HT were fined according to the cast alloy, turned into spherical and
homogeneously dispersed. In addition, the HB of the phases in the
microstructure increased with the effect of precipitation hardening ac-
cording to the HT. This increase in HB was thought to cause a decrease in
EF and formed cleavage planes at the fracture surfaces [21].

T6 heat treatment involves solid solution hardening and aging pro-
cesses that significantly improve the mechanical properties of the alloy.
This process is accomplished by first holding the alloy at high temper-
atures to homogenize it and creating a supersaturated solid solution, and
then rapidly cooling it with water. The cooling process ensures that the
dissolved atoms are trapped in the matrix. This makes dislocation
movements difficult. This process contributes to increasing mechanical
properties such as Brinell hardness, yield strength and tensile strength
[49-51]. Precipitates prevent dislocations, making plastic deformation
more difficult. This causes the material to show more resistance under
load. However, as a side effect of these hardening mechanisms, the

alloy’s elongation to fracture decreases. The increased brittleness of the
hardened structure limits the elongation capacity of the material before
it undergoes plastic deformation [52,53]. Rapid cooling after heat
treatment significantly affects the grain structure of the alloy. These
processes reduce the grain sizes of the alloy and increase the grain
boundaries. Decreasing grain sizes and increasing number of grain
boundaries make dislocation movements difficult. This helps to increase
the hardness and strength of the material [54,55].

3.2. Machining features

It was revealed that CF and SR decreased with raised in V in the
machining of AC and HT Al-7Si-0.6 Mg in constant f values. With the
raised of V from 50 m/min to 110 m/min (Fig. 11) at a constant f of 0.08
mm/rev, the CF raised by 23.79 and 16.55 %, and the SR by 30.85 and
28.40 % (Fig. 11a), respectively, in AC and HT alloys. The CF decreased
by 33.15 and 24.97 %, and the SR by 15.52 and 22.91 % (Fig. 11b),
respectively, in AC and HT alloys at a constant f of 0.16 mm/rev. The CF
reduced by 26.55 and 25.87 %, and the SR by 9.08 and 21.79 %
(Fig. 11c), respectively, in cast and HT alloys at a constant f of 0.24 mm/
rev. The temperature in the primary deformation zone increases with
increasing V. Depending on temperature increase, the YS of alloy de-
creases and the creation of plastic deformation becomes easier. There-
fore, it is thought that CF decreases with higher V [21,56,57].

It was examined that the SR decreased in general with the raised in V.
It is thought that this is due to two different situations. The first one is
the cutting edge of the cutting tool and workpiece are in contact for a
shorter period of time. Secondly, the alloy with high V softens and the
resistance to the cutting tool reduces owing to the raised temperature on
the workpiece surface. Therefore, the cutting process becomes easier
and a more stable and precise machined surface can be obtained
[58,59]. It was examined that CF and SR rised with elevate in f in the
machining of AC and HT material under constant V conditions. At a
constant V of 50 m/min, the CF increased by 42.68 and 29.09 %, and the
SR increased by 25.11 and 26.31 %, respectively, in AC and HT alloys
with a raise in f from 0.08 mm/rev to 0.24 mm/rev (Fig. 12a). At a
constant V of 80 m/min, the CF increased by 44.37 and 33.74, and the
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Fig. 13. EDS images of cutting tool rake face, a) AC (V of 50 m/min and f of 0.24 mm/rev), b) HT (V of 50 m/min and f of 0.24 mm/rev), ¢) AC (V of 110 m/min and f

of 0.08 mm/rev) and d) HT (V of 110 m/min and f of 0.08 mm/rev).

SR increased by 33.48 and 21.46 % for AC and HT alloys, respectively
(Fig. 12b). At a V of 110 m/min, CF increased 37.51 and 24.56 %, and
the SR 42.22 and 37.98 %, respectively, in AC and HT alloys (Fig. 12c).
As the f increases, the chip cross-section that needs to be cut increases
and thus more power is needed. In other words, depending on the
increasing chip cross-section, the tool-chip interface contact area raises
and force required to overcome the shear stress increases [21,60]. The
average SR increases with the increase in f. This situation was demon-
strated in the literature with the mathematical expression R, = f2/32r.
According to this expression, the terms R, f and r are mean surface
roughness, f and cutting tool insert radius, respectively [61].

The primary Si, eutectic Si, Mg»Si, n-Fe and p-AlsFeSi in the structure
of the alloy have higher hardness than the ductile a-Al phase. These hard
phases significantly affect the fracture characteristics in that they
facilitate crack propagation in the alloy. This situation was also revealed

in the studies of Edwards et al. [18]. On the other hand, it is thought that
these hard phases facilitate fracture and develop the machinability
features of the material during machining. Structural damages in Al-Si-
Mg materials are generally caused by microcracks due to the impact of Si
particles. In this regard, the HT process is critical to obtain a fine and
homogeneous microstructure in the alloy. Al-Si-Mg materials are sub-
jected to HT to ensure precipitation hardening by adding 0.3-0.7 % Mg
[19,62]. The hardness of material due to the precipitate hardening that
occurs as a result of HT increases and the breakability of the chip be-
comes easier with the decrease in elongation to fracture during
machining. This facilitates the evacuation of chip from the cutting zone
and improves the machining features of the material by reducing wear
on the cutting tool [21]. As seen in Figs. 11 and 12, it was stated that the
HT process reduced the CF and SR in machining alloys. In other words, it
improved the machinability of alloys. HT stands out as a pivotal
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Fig. 14. SEM details of machined surfaces a) AC (V of 50 m/min and f of 0.24 mm/rev), b) HT (V of 50 m/min and f of 0.24 mm/rev), ¢) AC (V of 110 m/min and f of

0.08 mm/rev) and d) HT (V of 110 m/min and f of 0.08 mm/rev).

manufacturing process for enhancing the mechanical and machining
features of alloys. HT develops the HB features of the alloy and reduces
the formation of BUE and BUL in the cutting tool rake face, while
increasing the cutted surface quality. At the same time, due to the ma-
terial’s high HB and low EF, it contributes to the formation of shorter

Table 4

SR and CF results for AC and HT materials.

AC material

Input variables

Output responses

and brittle chips during cutting compared to AC alloys. Short and brittle TestNo v (m/min f (mm/rev) SR () F
chip formation plays an active role in faster chip removal from the 1 80 0.16 0.99 39.34
cutting zone by reducing the formation of BUE and BUL at the cutting § Zg 8:12 1:851; ;3::;
edge [21]. During the machining of ductile materials, the initial stage 4 80 0.24 1.21 48.70
results in the formation of BUL on the cutting tool’s rake face. BUL is the 5 50 0.08 0.92 34.57
smearing of ductile phases in the cutting tool rake face over a large area 6 110 0.08 0.65 27.43
with the effect of mechanical and thermal stresses [63]. If this smearing 7 110 0.24 L.05 S6:25
. . 8 80 0.16 1 40.17
continues, the chip accumulates or adheres to the rake face and turns 9 110 016 0.91 29.54
into BUE. BUE causes distortion in the cutting tool geometry and 10 80 0.16 0.98 40.01
breakage of the cutting edge. This makes the cutting process difficult and 11 80 0.16 1.03 39.81
rises the CF and SR. In this study, the worst machinability conditions (V 12 50 0.24 L16 49.33
13 80 0.08 0.908 33.73

of 50 m/min and f of 0.24 mm/rev) were observed in the machining of
AC alloys at the lowest V and highest feed parameters (Fig. 11c and

HT material

Independent variables

Output response

Fig. 12a), while the best machinability outputs (V of 110 m/min and f of Test No V (m/min f (mm/rev) SR (um) CF (N)
0.08 mm/rev) were obtained under high V, low f and HT conditions 1 80 0.16 0.90 36.32
(Fig. 11a and Fig. 12¢). 2 50 0.16 0.99 38.43
din th . I's rake face in the milli f th 3 80 0.16 0.91 36.23

BUE occurred in the cutting tool’s rake face in the milling of the 4 80 0.24 1.06 40.23
materials under the worst machining conditions, while BUL occurred 5 50 0.08 0.91 32.88
during the machining under the best machining conditions. BUL for- 6 110 0.08 0.64 26.35
mation is closely related to the initial molten metal matrix extrusion due 7 110 0.24 0.90 3146
. . . 8 80 0.16 0.88 37.24

to the impact of soft phases (a-Al) depending on compression forces 9 110 016 077 2884
between the tool and chip in the first stage during machining. This was 10 80 0.16 0.91 36.35
also supported by the EDS images in Fig. 13. The chip sweeps the Al-Si- 11 80 0.16 0.89 36.98
Mg remnants (Fig. 13) and induces BUL in the tool’s rake face during 12 50 0.24 1.15 43.44
13 80 0.08 0.876 30.08

cutting. It also causes the formation of adhered layers and feed marks on
the surface of the machined (Fig. 14). Si, Mg and Fe-rich phases have

higher melting points than the ductile a-Al phase. It remains solid during
cutting and many of these phases are removed with the chip. The
amount of these hard phases can increase in the conversion of BUL to
BUE and they act as carriers in the formation of BUE. The thickness of
the BUL depending on the continued cutting process increases and this
layer turns into BUE (Fig. 13a and b). It is accepted that the hardness of
this layer formed is lower than the cutting tool hardness. This is thought
to reduce cutting temperatures and cause BUE on the cutting tool rake

face and more adhered layers (Fig. 14a and b) on the machined surface.
Concurrently, it is thought that the adherent BUE on the rake face causes
the tool geometry to deteriorate and reduces the quality of the machined
surface with the impact of the ductile a-Al phase on the machined sur-
face [63]. It was found that these layer formations decreased compared
to AC alloys (Fig. 13c and d, Fig. 14c and d) due to the increase in the HB
of the alloys and the reduce in the EF with HT [21]. At the same time, it
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Table 5

ANOVA results for SR in AC material.
Source Degree of freedom Sum of square Mean of square F P Observation
Model 5 0.221 0.044 30.610 0.000 Significant
Lineer 2 0.203 0.101 70.220 0.000 Significant
v 1 0.052 0.052 36.100 0.001 Significant
f 1 0.151 0.151 104.34 0.000 Significant
Square 2 0.011 0.005 3.810 0.076 Not Significant
%444 1 0.009 0.009 6.840 0.035 Significant
ff 1 0.000 0.000 0.030 0.862 Not Significant
2-Way interaction 1 0.007 0.007 4.990 0.061 Not Significant
\%&3 1 0.007 0.007 4.990 0.061 Not Significant
Error 7 0.010 0.001 - - -
Lack of fit 3 0.008 0.002 7.800 0.038 Significant
Pure error 4 0.001 0.000 - - -
Total 12 0.231 — — — —
R% 95.63 %; R2(Adj):92.50 %; R%(Pred):73.05 %
ANOVA results for CF in AC material
Model 5 524.387 104.877 69.510 0.000 Significant
Lineer 2 478.694 239.347 158.640 0.000 Significant
|4 1 217.202 217.202 143.970 0.000 Significant
f 1 261.492 261.492 173.320 0.000 Significant
Square 2 39.739 19.870 13.170 0.004 Significant
Vv 1 37.613 37.613 24.930 0.002 Significant
f*f 1 0.977 0.977 0.650 0.448 Not Significant
2-Way interaction 1 5.954 5.954 3.950 0.087 Not Significant
V¥ 1 5.954 5.954 3.950 0.087 Not Significant
Error 7 10.561 1.509 - - -
Lack of fit 3 10.109 3.370 29.800 0.003 Significant
Pure error 4 0.452 0.113 — - -
Total 12 534.948 - - - -
R% 98.03 %; R%(Adj): 96.62 %, R%(Pred): 81.96 %

Table 6

ANOVA results for SR in HT material.
Source Degree of freedom Sum of square Mean of square F P Observation
Model 5 0.172 0.034 62.120 0.000 Significant
Lineer 2 0.164 0.082 148.240 0.000 Significant
v 1 0.088 0.088 160.040 0.000 Significant
f 1 0.075 0.075 136.430 0.000 Significant
Square 2 0.007 0.003 7.050 0.021 Significant
Vv 1 0.004 0.004 8.340 0.023 Significant
ff 1 0.006 0.006 11.030 0.013 Significant
2-Way interaction 1 0.000 0.000 0.050 0.838 Not Significant
Vi 1 0.000 0.000 0.050 0.838 Not Significant
Error 7 0.003 0.000 - - -
Lack of fit 3 0.003 0.001 6.280 0.054 Not Significant
Pure error 4 0.000 0.000 - - -
Total 12 0.176 - - - -
R% 97.80 %; R%(Adj):96.22 %; R%*(Pred):83.90 %
ANOVA results for CF in HT material
Model 5 255.138 51.028 63.240 0.000 Significant
Lineer 2 223.691 111.846 138.620 0.000 Significant
|4 1 121.680 121.680 150.800 0.000 Significant
f 1 102.011 102.011 126.430 0.000 Significant
Square 2 20.787 10.393 12.880 0.005 Significant
Vv 1 13.355 13.355 16.55 0.005 Significant
ff 1 1.273 1.273 1.580 0.249 Not Significant
2-Way interaction 1 10.660 10.660 13.210 0.008 Significant
Vi 1 10.660 10.660 13.210 0.008 Significant
Error 7 5.648 0.807 - - -
Lack of fit 3 4.819 1.606 7.750 0.038 Significant
Pure error 4 0.829 0.207 — — —
Total 12 260.786 - - - -

R% 97.83 %; R%(Adj): 96.29 %, R%(Pred): 83.10 %

was determined that the HT and hard Fe-bearing phases in the micro-
structure contributed to the easy chip breakage during cutting and
minimized the contact between the tool and the chip, reducing the
formation of BUE and BUL (Fig. 13c and d).
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3.3. ANOVA, mathematical modeling and prediction of experimental

outputs

ANOVA and mathematical modeling studies were applied using
Minitab 17.0 software. Regression equations created within the scope of
mathematical models were used to state the variation between input and
output variables. In addition, dependent variable outputs could be
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Table 7
Goals and other variable ranges for optimization of CF and SR in AC and HT
materials.

Constraints for AC material

Variables Goal Lower Upper Weight  Significance
limit limit
V (m/min)  Limit 50 110 1 1
range
f (mm/ Limit 0.08 0.24
rev) range
SR (um) Minimum 0.650 1.210
CF (N) Minimum 27.43 49.33
Constraints for HT material
V (m/min) Limit 50 110 1 1
range
f (mm/ Limit 0.08 0.24
rev) range
SR (um) Maximum 0.640 1.15
CF (N) Minimum 26.35 43.44

predicted at input variable values that were not tested with these
equations [64]. ANOVA is used to state the statistical significance of
input variables on output variables. Statistical importance is determined
based on P < 0.05 and 95 % confidence level. It also contributes to the
determination of mathematical equations, equation terms and lack of fit.
[37,64-66]. The responses obtained using the RSM design are given in
Table 4.

ANOVA results for SR and CF obtained as a result of machining of AC
and HT materials were given in Tables 5 and 6, respectively. While V, f
and V xV were determined to have statistical significance according to
the P < 0.05 criterion on SR and CF in AC material, it was stated that f x
f and V x f did not have statistical significance. While the correlation
coefficients for SR in AC material were measured as R% 95.63 %;
RZ(Adj):92.50 %); Rz(Pred):73.05 %, they were specified as R% 98.03 %;
RZ(Adj): 96.62 %, R?(Pred): 81.96 % for CF. These correlation co-
efficients showed that they were quite consistent in revealing the ac-
curacy of the experimental outputs. The quadratic models used for SR
and CF in AC material were given in Eq. (2) and (3).

SRac(um) = 0.766 -+ 0.00470V + 0.36f — 0.000067 V2 + 0.65f> -
+0.01771Vf

CFac(N) = 12.49 +0.537V + 93.5f — 0.0041V> + 932 —0.508Vf  (3)
While V, f, V xV and f x f were determined to have statistical signifi-
cance according to the P < 0.05 criterion on SR and CF in HT material, it
was determined that V x f did not have statistical significance. While
the correlation coefficients for SR in HT material were calculated as R%:
97.80 %; R%(Adj):96.22 %; R%(Pred):83.90 %, for CF they were deter-
mined as R% 97.83 %; R%(Adj): 96.29 %, R%*(Pred): 83.10 %. These
correlation coefficients showed that there was good agreement between
the experimental outputs and the statistical data. The quadratic models
used for SR and CF in HT material were given in Eq. (4) and (5).

SRyzr(um) = 0.915 +0.00305V — 1.033f — 0.000045V? + 7.35f> @

+0.00104Vf

CFyr(N) = 13.10 4+ 0.350V + 139.9 — 0.00244V2 — 106.1f2 — 0.680Vf
%)

3.4. Optimization

Independent input variables and desired output targets in the
machining of AC and HT materials were determined according to min-
imum CF and SR values. Accordingly, optimization constraints
depending on the desirability function were given in Table 7.

The input variables, responses and desirability values obtained for
SR and CF according to the optimization process in AC and HT materials

11
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Table 8
Optimum independent input parameters for SR and CF in AC and HT materials.

AC material

Responses V (m/min)  f(mm/rev) Optimum response Desirability
SR (um) 110 0.08 0.669 0.952
CF (N) 26.746 0.994
HT material
SR (um) 110 0.08 0.658 0.951
CF (N) 25.523 0.998
Table 9
Evaluating of experimental and optimum values in AC and HT materials.
AC
V(m/  f(mm/  Response Experimental Optimum Error
min) rev) symbol value value (%)
110 0.08 CF 27.430 26.102 —-5.190
SR 0.650 0.661 1.692
HT
110 0.08 CF 26.35 27.485 4.307
SR 0.640 0.669 4.531

were given in Table 8. The independent variable values V and f in both
materials for minimum SR and CF were determined as 110 m/min and
0.08 mm/rev, respectively.

Validation experiments were carried out at optimum input variable
values for comparing experimental and optimum values. It was seen that
the datas obtained were quite compatible with each other and the error
rates varied between 1.692-5.190 % in AC and HT materials (Table 9).

4. Conclusions

Al-Si-Mg casting alloys are generally chosen in manufacturing of
engine blocks, pistons and cylinder heads in industrial applications.
After casting, it is important to apply machining operations so that these
materials can be used within the desired geometric, dimension, surface
tolerances and service life in mechanical systems. In this study, struc-
tural, mechanical and machininig features of Al-7Si-0.6 Mg alloy in AC
and HT conditions were investigated comparatively. It is thought that
the obtained data will contribute to both academic and industrial users
and will guide future studies. Consequently, the results derived from the
studies can be outlined in the following manner:

e The microstructure of AC Al-7Si-0.6 Mg occurred a-Al, coral-like
eutectic Al-Si, primary Si, MgsSi, and Fe-rich plate and acicular
B-Fe (B-AlsFeSi) and script-like n-Fe (n-AlSiMgFe) intermetallic
phases. The eutectic Al-Si, primary Si, Mg,Si, p-Fe and n-Fe in
microstructure of the HT alloy partially dissolved and aggregated
and became spherical by coarsening.

While the HB, YS and TS of the alloy raised with HT, the EF reduced.
The CF, SR, BUL and BUE decreased with increasing V while
increasing with increasing f in the milling of AC and HT alloys.
Adhered layers and feed marks were occurred on the cutted surfaces
of the alloys. While the most adhered layer was observed in AC alloys
at the low V (50 m/min) and high f (0.24 mm/rev) combination, the
least adhered layer formation was observed at the high V (110 m/
min) and low f (0.08 mm/rev) in HT alloys.

The optimum independent input variables were calculated as V of
110 m/min and f of 0.08 mm/rev according to the minimum SR and
CF dependent output variables with RSM statistical analyze
approach. It was revealed that the estimated error rates between the
experimental and optimum values varied between 1.692-5.190 %
and the results were quite compatible.
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