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Abstract

In recent years, a new generation of composite materials has been introduced as metal matrix composites (MMCs) in order
to simultaneously provide higher strength and stiffness. Industrial interests resulted in deep investigations and researches
on machinability of MMCs and especially in the field of high-speed machining. High-speed machining processes offer a
higher machining efficiency and reduced cost of the process, which made them the process of interest in many manufacturing
industries. However, matrix reinforcement by addition of hard particle phases to the MMC:s significantly increases machining
difficulty, tool wear, surface quality deterioration and overall fabrication costs. In the current research, the cutting speed, feed
rate, depth of cut, presence of cryogenic coolant and their effect on the tool wear of high-speed machining of Al/SiC MMC
reinforced with 15 wt% SiC particles have been investigated. The results have shown that silicon carbide particles in the
aluminum matrix cause a severe tool wear. However, the severity of tool wear has decreased by applying a cryogenic cooling.

Keywords Metal matrix composites (MMCs) - High-speed machining - Cryogenic cooling - Aluminum/silicon carbide (Al/
SiC) - Tool wear

1 Introduction lightweight and reliable mechanical properties. Many met-
als can be used as matrix and reinforcement particles that

High-speed machining is an interesting process due to its  increase flexibility in designing an application of MMC with

high material removal rate (MMR), low cutting forces, high
surface quality and lower processing time, while it increases
the manufacturing efficiency [1]. In addition, high wear
resistance, thermal stability, strength/weight ratio and cor-
rosion resistance of MMCs compared to the original matrix
materials increased their applications in various industries
[2]. Rawl et al. [3] have introduced huge benefits of MMCs
in automotive and aerospace applications thanks to their
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the desired properties. These materials include copper, tung-
sten, magnesium, titanium, nickel, iron, etc. [4].
Numerous studies have investigated the properties of
MMC s in depth. Gireesh et al. [5] have investigated the
mechanical properties of reinforced Al MMC. They have
reported enhanced mechanical properties such as hardness,
tensile and impact strength. Voyiadjis et al. [6] have stud-
ied inelasticity and micromechanics of MMCs. However,
aluminum-based MMCs with SiC and alumina (Al,O5)
reinforcement particles are gaining more attention due to
availability and superior mechanical properties. In addi-
tion, Al/SiC MMCs demonstrate good thermal stability in
heat transfer applications [7, 8]. Similar to many difficult-
to-cut alloys and materials (i.e., nickel-based superalloys,
NiTi alloys, tungsten, etc.), MMCs are challenging materials
when it comes to machining [9]. Machining of MMCs is
investigated in depth by many researchers as it is one of the
most crucial steps of fabricating these parts. Pramanik et al.
[10] have studied cutting force prediction in the machin-
ing of Al-based MMC with SiC and alumina reinforcement
particles. They have calculated the chip formation force

@ Springer


http://orcid.org/0000-0002-9347-7216
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-019-1649-3&domain=pdf

146 Page2o0of10

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:146

using Merchant’s analysis and consequently have predicted
the matrix plowing and particle fracture forces by slip line
field and Griffith theories, respectively. Comparing the pre-
sented experimental and prediction results, it appears that
the implemented theories explain the material removal
mechanism in MMCs. Ge et al. [11] have investigated the
high-speed machining of Al/SiC MMC by implementing
600-1200 m/min cutting force with a polycrystalline dia-
mond (PCD) tool in order to show the effect of cutting speed
on cutting forces during the process. They have reported that
with an increased cutting speed in the selected range, the
cutting forces decrease, while with an increase in the radial
depth of cut (DOC) and feed rate, the cutting forces tend
to increase. They have also mentioned that with dispersing
smaller reinforcement particles and increasing their overall
weight percent in the matrix, the cutting forces increase.
Heo et al. [12] have presented automated selection of feed,
depth/width and speed of cuts by involving machine con-
straints (i.e., chatter stability, power and torque) in pocket-
ing process. With respect to machine limitations, they have
utilized genetic search algorithms to find spindle speeds,
depth/width of cuts and feed rates in the optimal machin-
ing conditions. Ke et al. [13] have implemented nitrogen
gas at a pressure of 0.7 MPa in high-speed machining of
Ti—6Al1-4V alloys in order to prevent chip burning and at the
same time, removing them from the machining zone during
the machining process. They have reported a less surface
hardening of the materials in the tool-workpiece interaction
which resulted in lower tool wear and surface roughness.
Velasquez et al. [14] have investigated high-speed orthogo-
nal milling of Ti-6Al-4V using carbide tools with diamond
buildup edge and its effect on subsurface crystallography
and residual stresses. The tool specifications of their study
were rake angle of 0°, clearance angle of 7°, cutting speed
of 20-660 mm/s and feed rate of 0.12 mm/rev. Josyula et al.
[15] have studied the effects of applying pressurized LN,
(as a coolant) in the cutting process of Al-5%TiCP samples.
They observed that using the cryogenic cooling condition,
compared to dry cutting, enhances the machining condi-
tions (such as surface roughness and tool wear) as well as a
reduction in the buildup edge formation. Ghoreishi et al. [16]
have investigated high-speed machining of Al/SiC MMCs
(up to 2500 m/min) in the presence of cryogenic CO, coolant
and reported a 19-23% surface roughness improvement and
3-8% increase in cutting forces. In another study, Josyula
et al. [17] have investigated the effects of using atomized-
cryogenic-liquid spray machining technique for fabrication
of high-quality AI-TiCp composites. Both microstructural
and mechanical investigations show an improved results, no
metallic reaction during the process and reduced progres-
sive tool wear and manufacturing cost, as well. Kumar et al.
[18] have studied the surface roughness in turning of Al
7075 MMC (7 wt% SiC/3 wt% graphite and 10 wt% SiC)
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using PCD tools with rake angle of 0°, clearance angle of
7° and nose radius of 0.4 mm. They have reported that the
surface roughness of the first group is lower, and they have
validated the experimental results by the response surface
method (RSM) and neural network analysis (NNA), claim-
ing that the feed rate had the most significant effect. In a
different study by Han et al. [19], they have investigated
milling of high volume fraction Al/SiC MMC (with 65% SiC
particles) with PCD tools with different tool edges (sharp
and chamfered) and grain sizes at a constant spindle speed
of 10,000 rpm. They have reported that an increase in feed
rate and depth of cut resulted in increased and decreased
surface roughness, respectively. They have also mentioned
no significant difference in the results of two different tool
geometries. In a similar study by Bian et al. [20], they have
investigated the effect of micromilling of high volume frac-
tion Al/SiC (with 65% SiC particle) on surface roughness
and tool wear of a monocrystalline diamond cutting tool.
They have conducted the experiments at a constant spindle
speed of 1000 rpm, 1-2 and 2—4 pm/tooth of feed rate and
depth of cut, respectively. From their experimental results,
they have concluded that it is possible to achieve a mirror
finish surface with surface roughness of 0.1 pm Ra, but the
surface shows many micro-cracks and fracture areas. In
addition, they have reported a high flank wear in the cutting
tool that might be a result of chemical transformation of dia-
mond to graphite. In a recent work by Teng et al. [21], they
have numerically and experimentally compared the cutting
mechanism of micro- and nanoparticle-reinforced Al/SiC
MMC. The experimental conditions were cutting speed of
125.64 m/min, depth of cut of 30 pm and feed rate of 4 pm/
tooth. The SiC particle sizes were 10 and 0.2 pm for micro-
and nano-sized particles, respectively. They have reported
that the having parts with smaller particle reinforcement, a
higher surface quality is achieved and the stress distribution
of those parts is more homogeneous as there is less particle
fracture.

Regarding the growing applications of MMCs in different
industries, it becomes important to have a comprehensive
understanding of these materials. The focus of the current
study is on high-speed machining of Al/SiC MMC rein-
forced with 15 wt% SiC particles and machining conditions
of 1000-2500 m/min cutting speed, 0.25-2 mm depth of
cut and 0.01-0.1 mm/tooth feed rate. A deep analysis of the
results of the experiments has been performed in order to
investigate the effect of different process parameters on the
tool wear rates and values of the machined Al/SiC speci-
mens. In addition, CO, coolant and its effect on tool wear
have been investigated.
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2 Materials and methods

The Al/SiC MMC used in this study was made from A356.0-
T6 Al alloy due to its interesting physical and mechanical
characteristics (such as high strength to weight ratio, brilliant
corrosion resistance and high machinability). The chemi-
cal analysis of the used Al is reported in Table 1, which is
performed by the authors in the metallurgy laboratory. SiC
particles were used as the reinforcement with the mesh size
of —200/+320 (50-74 pm) in order to achieve a higher wet-
tability. The weight percent of the reinforcement portion was
selected to be 15 wt% to prevent agglomeration and rejection
of the particles to the slug, during mixing and casting [22].
Vortex casting was implemented for fabrication of the ingots
as it has lower process cost and it is easier to perform. The
general process is that the reinforcement particles are added
to a melt pool and mixed mechanically prior to pouring into a
preheated steel mold. The casting process in detail starts with
melting a portion of the prepared Al in a graphite crucible in
a temperature of 725 °C reducing the temperature to 675 °C
and the addition of 0.5 wt% Mg to increase the wettability
properties of the melt [23]. In the next step, the preheated SiC
particles (preheated at 1000 °C) are added to the melt pool, and
the temperature is increased to 725 °C in order to have a proper
melt viscosity during the mixing process. Then, the graphite
mixer continues working for 5 more minutes to ensure the
highest homogeneity. After the mix is ready, it is poured into
a preheated steel cavity and undergoes a constant hydraulic
pressure of 40 MPa until it reaches the room temperature [24].
Finally, samples in a size of 40 x 60 x 120 mm® were made
with the consideration of a surface area smaller than that of
the cutting tool. As it can be seen from metallography images
in Fig. 1, the SiC particles are homogeneously dispersed in
the Al matrix.

The machining process was conducted using a three-axis
Dah Lih CNC machine model VMC1050 and a FANUC con-
troller with a maximum of 15,000 rpm rotational speed. The
face milling tool Octomill 220.43-05A and the CVD-coated
Ti(C, N)-Al,O5 grade T350 M cutting inserts were provided
by SECO. The outer tool diameter was 63 mm with six screw-
tight insert supports that could provide a maximum of 3.5 mm
depth of cut. A high-pressure CO, capsule was used to provide
a cryogenic cooling mechanism by jetting CO, to the machin-
ing area at a pressure of 3 bar and mass flow of 6 g/s. The posi-
tion of the cooling nozzle was adjusted automatically, relative
to the cutting point. The image of the experimental setup is

Metallography samples
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Fig. 1 a Images of the samples; b optical microscopy of the A356.0-
T6 Al alloy; and ¢ optical microscopy of the Al/SiC MMC

shown in Fig. 2. A Dino-Lite digital microscope was used to
measure the tool wear at the tip of the cutting inserts. Each of
the used inserts had eight cutting edges that two of them were
involved in a single cutting process. After each cutting experi-
ment, the tools were rotated 180 degrees in order to introduce
the intact cutting edges to the surface of the workpiece. The
major and minor edges of the tool are illustrated in Fig. 3. The
two cutting edges were responsible for the main cutting pro-
cess and a consequent finishing process in the machining area.
In order to clean the used inserts from any Al residues, a HCI
(50%)-HNO;(4%)-HF (3%) etchant was used [25].

3 Results and discussion

In general, adjustable machining parameters such as spindle
speed, feed rate, depth of cut, tool material/geometry/cutting
angles and coolant type are known as input parameters that can
affect the output parameters such as geometrical tolerance, sur-
face roughness, tool wear and machining time. It is worth men-
tioning that the goal of all the current experiments is to remove
14 cm? of the material during the experimentations. The set
of continuous parameters of the experimental work consists
of velocity (m/s), feed rate (mm/tooth) and depth of cut (mm)
with five different levels in the design of experiments (i.e.,
response surface methodology) setas —a, — 1,0, +1 and +a.
On the other hand, the cooling parameter is set as a discrete
parameter with two levels of — 1 and + 1, which means there
is an active cooling in the machining process, while the level
is + 1 and the machining is done in the absence of the cooling
medium, while the design level is — 1. All the discussed levels

Table 1 Chemical analysis of

; Al base metal  Si 6.65 Fe 0.18 Cu 0.0306 Mn 0.0131 Mg 0.385 Cr 0.0016
the A356.0-T6 alloy used in
preparing the Al/SiC MMC Ni 0.0069 Zn 0.0406  Ti0.0077 Be 0.00003  Ca 0.0011 C0<0.0002 Na<0.00019
(wi%) P <0.0005 Pb<0.0026 Sb<0.0001 Sn<0.0004 Sr<0.00005 V 0.0168 Zr 0.00048
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Fig.2 Setup for experiments
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Fig.3 Major and minor edges of the cutting tool

are presented in Table 2. In addition, the order of the experi-
ments and the obtained results are listed in Table 3.

Based on indirect tool failure criterion, a drop in surface
quality and geometrical tolerance of the workpiece and also
an increase in machining forces (regarding the defined sur-
face roughness and geometrical tolerance) indicate the end

Table 2 Upper- and lower-level values of the machining parameters

-

Workpiece :,_W‘:Fi‘xlture

/4

High speed milling center

of tool life. As the results show, the tool wear in the minor
cutting edge was less than the major one as the minor edge
provided the final surface roughness, while the major cut-
ting edge was in charge of rough machining. Thus, the tool
wear was considerably high in the major cutting edge and
even it was completely worn away in some experiments; the
results of tool wear in the minor cutting edge were taken into
account for assessing the tool-workpiece interaction. The
reasons for high tool wear in the major cutting edge were
excessive heat generation due to a high load of machining
and the abrasive SiC particles that have a high mechanical
stability in front of the cutting forces exerted by the cutting
tool. These particles are mainly used in abrasive machining
and finishing of materials thanks to their high stiffness and
hardness [26, 27]. Also, it is known that coatings increase
wear/corrosion resistance of substrates [28]. As a result, it
is recommended to use CVD-coated tools in order to have
a longer tool life and enough time span to investigate the
effect of various machining parameters on tool-workpiece
interaction. In addition, there is always a chance of burr
formation on the surface of the machined materials. Burrs
are plastic-deformed portion of materials that reduce part
accuracy and need to be removed from the fabricated parts
for a better functionality. Figure 4 shows the burr formation
in the samples #26 and #29 from Table 3. Sections “a” and

Input variables Kind of variables Coded levels

Actual levels

Cutting speed (m/min) Numeric (—a,—1,0,+1,+a)
Feed rate (mm/tooth)

Depth of cut (mm)

Coolant Categorical (-1,+1)

1000 1304 1750 2196 2500
0.01 0.028 0.055 0.082 0.1
0.25 0.6 1.13 1.65 2
Dry non-coolant Co,
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Table 3 List of experiments and their obtained results

#  Cutting DOC (mm) Feedrate Coolant Tool wear (mm)
speed (m/ (mm/
min) tooth)

1 1304 0.6 0.028 - 1.121
2 2196 0.6 0.028 - 1.621
3 1750 1.13 0.1 - 1.223
4 1750 1.13 0.055 - 0.976
5 1304 1.65 0.082 CO, 0.757
6 2500 1.13 0.055 CO, 0.954
7 1304 0.6 0.028 CO, 0.904
8 1750 1.13 0.01 - 1.876
9 2196 0.6 0.082 - 1.55
10 2196 1.65 0.028 CO, 0.824
11 1750 1.13 0.055 - 1.617
12 1750 0.25 0.055 - 1.761
13 2196 0.6 0.028 CO, 1.211
14 1750 1.13 0.055 CO, 1.026
15 1750 1.13 0.055 CO, 0.937
16 1750 1.13 0.1 CO, 1.081
17 1750 1.13 0.055 - 1.263
18 1750 1.13 0.055 - 1.153
19 1750 1.13 0.055 CO, 1.433
20 1304 1.65 0.028 - 0.814
21 2196 1.65 0.028 - 0.987
22 1750 1.13 0.055 CO, 0.982
23 2196 1.65 0.082 CO, 0.757
24 1750 1.13 0.055 - 0.926
25 1304 1.65 0.082 - 0.948
26 1000 1.13 0.055 - 1.521
27 2196 1.65 0.082 - 1.013
28 2500 1.13 0.055 - 1.27
29 1000 1.13 0.055 CO, 1.234
30 1304 1.65 0.028 CO, 0.668
31 1750 1.13 0.055 CO, 0.793
32 1750 0.25 0.055 CO, 1.424
33 1750 1.13 0.055 CoO, 0.898
34 1750 2 0.055 - 0.765
35 1750 2 0.055 CO, 0.845
36 1304 0.6 0.082 - 1.07
37 1750 1.13 0.01 CoO, 1.502
38 1304 0.6 0.082 CoO, 1.142
39 2196 0.6 0.082 CO, 0.757
40 1750 1.13 0.055 - 1.106

“b” show the surface of the samples machined with (#29)
and without (#26) CO, coolant, respectively. Figure 5 rep-
resents the tool wear in the major and minor cutting edges
of the tool in experiment #29. The upper and lower images
represent the tool wear after the first pass of machining and
after the machining experiment, respectively. Regardless of

the cooling conditions, the rest of the process parameters
(i.e., V;=0.055 mm/tooth, a,= 1.13 mm and V,=1000 m/
min) were the same.

3.1 Analysis of experimental results

The correlations between the input parameters and the
obtained tool wear are presented in Table 4 as a general
equation and four distinct equations for each input parame-
ter. Indices A, B, C and D are representing the cutting speed,
depth of cut, feed rate and cooling. The continuous values
vary between +a, where a is calculated as 1.682 in this
study. In addition, the discrete values are either + 1 or — 1.
Based on the literature, one of the major reasons of tool
wear is adhesion of workpiece material to the tool coating
layer that mostly takes place at elevated machining tem-
peratures. If this adhesion force is larger than the bonding
between the tool material and its coating layer, the rate of
tool wear increases dramatically. The other reason for severe
tool wear can be high mechanical and thermal stresses dur-
ing the machining processes [29, 30]. Figure 6 represents
the relation between cutting speed and tool wear in the
center point in dry mode with the same trend toward less
and more tool wear values. Considering Fig. 6, sole cutting
speed does not increase the tool wear rate in the machining
of a certain volume of material by itself (Eq. 2). The graph
explains that in two different cutting speeds, the tool wear
seems to be in the same range, but it is worth mentioning
that in a higher cutting speed, compared to the one with
lower cutting speed, the machining process finishes faster,
resulting in producing more heat and mechanical stresses. As
mentioned above, these are the main factors in determining
the rate of tool wear in a specific machining process. As an
instance, a process with cutting speed of 2500 m/min gives
tool wear rates more than 2.5 times of the same process with
a cutting speed of 1000 m/min. Figure 7 represents the rela-
tion between the depth of cut and the tool wear (obtained
from Eq. 3) during the machining process in the center point
and in a dry mode. Increasing the depth of cut in machin-
ing decreases the process time and as a result decreases the
contact time between the tool and the workpiece, which lead
to a decrease in tool wear (in the order of almost two, i.e.,
1.63/0.88 =1.85). However, regarding Fig. 7, this increase
in depth of cut imposes an almost five times greater tool
wear rate in the machining process (8/1.85=4.3). In fact,
increasing the depth of cut from 0.25 to 2 mm has reduced
the machining time up to eight times (as it is mentioned
that the machining removal volume is constantly equal to
14 cm?), while the tool wear has decreased less than two
times. Figure 8 shows the relation of tool wear and the feed
rate based on Eq. 4 in the center point in dry mode machin-
ing. Similar to the effect of increase in the depth of cut,
increasing the feed rate reduces the machining time. As a

@ Springer
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Fig.4 Burr formation in the
experiments #29 and #26 from
Table 3: a with coolant (#29)
and b without coolant (#26)

Fig.5 The cutting insert in the
experiment #29 from Table 3: a,
b the major and the minor cut-
ting edges in the first machining
pass and ¢, d the major and the
minor cutting edges in the last
machining pass

Table 4 Relation between each
input parameter and the final
tool wear

2

Equation Input parameters Relationship between input parameter and tool wear

1 - 1/Sqrt(wear) =0.97 — 0.006A +0.084B +0.021C+0.047D

2 Cutting speed 1/Sqrt(wear) =(0.97 4+ 0.084B +0.021C +0.047D) — 0.006 A
3 DOC 1/Sqrt(wear) = (0.97 — 0.006A +0.021C +0.047D) +0.084B
4 Feed rate 1/Sqrt(wear) = (0.97 — 0.006A +0.084B +0.047D) + 0.021C
5 Coolant 1/Sqrt(wear) =(0.97 — 0.006A +0.084B + 0.021C) +0.047D

A: cutting speed, B: depth of cut, C: feed rate and D: coolant

result, the final tool wear was less (from 1.27 to 1.09 mm), machining of an exact volume of material in the center point
although the rate of tool wear was increased to less than  and in the dry mode. This behavior is obtained from Eq. 5.
seven times (i.e., 8/1.16 =6.9). Use of coolant maintains

the tool temperature and preserves the tool hardness that 3.2 Interactive parameters effect

reduces the tool wear. 16-19% of tool wear reduction was

obtained from the experimental results. Figure 9 illustrates ~ With the help of interactive graphs, it is possible to predict the
the relation between the tool wear and cooling procedure in  tool wear, find the optimum process parameters and minimize

@ Springer
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the final tool wear during the machining process. Figure 10
represents the interactive effect of feed rate and depth of cut
in different cutting speeds on the tool wear. As it can be seen,
variations of cutting speed did not affect the tool wear signifi-
cantly. Figure 11 shows the interactive effect of cutting speed
and feed rate in different depths of cut on the tool wear. It
is obvious that increasing the cutting speed in machining an
exact volume of material decreased the tool wear. In addition,
Fig. 12 shows the interactive effect of cutting speed and depth
of cut in different feed rates in machining an exact volume of
material. It can be seen that the increase in feed rate reduces
the tool wear, but its effect is less significant relative to that of
machining depth of cut.

Regarding Figs. 10, 11 and 12, in order to have the mini-
mum tool wear in machining of an exact volume of material,
it is important to implement the highest depth of cut and feed
rate to have the minimum time of machining and as a result
the minimum tool-workpiece interaction. In addition, having a
depth of cuts more than 1.5 mm in any given cutting speed and
feed rate guarantees a tool wear value less than 1 mm. These
changes in the case of having a cryogenic cooling system and
maintaining depth of cuts more than 1 mm promise a tool
wear value of less than 1 mm in any given cutting speed and
feed rate. This finding implies that it is more effective to have
a cryogenic cooling system during the machining process. A
quantitative evaluation of the experimental and mathemati-
cal results shows that in order to have a reliable tool wear, a
cutting speed of 1800 m/min, a depth of cut in the range of
1-1.1 mm and a feed rate of less than the mean size of the SiC
particles (0.07 mm) are needed other than that the cryogenic
cooling condition.
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4 Conclusion

Al/SiC MMC parts were fabricated, and a set of high-
speed machining experiments was conducted on the pre-
pared parts. A deep analysis of the results of the designed
experiments has been done in order to investigate the effect
of different process parameters on the tool wear rates and
values of the machined Al/SiC specimens. In this stage and
based on the obtained results, it is safe to conclude that:

Increasing the cutting speed does not lead to a higher
tool wear value, but the rate of tool wear increases. As
an instance, with increasing cutting speed from 1000
to 2500 m/min, the tool wear rate increases more than
2.5 times.

Increasing the depth of cut and feed rate results in a
faster machining process that reduces the interaction
time of tool-workpiece. The reduced time decreases the
final tool wear in the process, but the rate of tool wear
behaves differently. As an instance, increasing depth
of cut from 0.25 to 2 mm and feed rate from 0.01 to
0.1 mm/tooth increases the rate of tool wear for five
and eight times, respectively.

The optimal process parameters for achieving lower
final tool wear in high-speed machining of an exact
volume of material are cutting speeds higher than
1800 m/min, feed rates lower than the mean size of
SiC particles (0.07 mm), depth of cuts in the range of
1-1.1 mm and utilization of a cryogenic coolant (in this
case CO,).
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