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Abstract As a composite material with combination of low
weight and high engineering strength, metal matrix compos-
ites (MMCs) have been utilised in numerous applications such
as aerospace, automobile, and bioengineering. However,
MMCs are recognised as difficult-to-cut materials due to their
improved strength and high hardness of the reinforcing parti-
cles. This paper presents an experimental investigation on
micro-machinability of Mg-based MMCs reinforced with Ti
and TiB, nano-sized particles. The tool wear of AITiN-coated
micro-end mills was investigated. Both abrasive and chip ad-
hesion effect were observed on the main cutting edges, whilst
the reinforcement materials and volume fraction play an im-
portant role in determining the wear type and severity. The
influence of cutting parameters on the surface morphology
and cutting force was studied. According to analysis of vari-
ance (ANOVA), depth of cut and spindle speed have signifi-
cant effect on the surface roughness. The specific cutting en-
ergy, surface morphology and the minimum chip thickness
was obtained and characterised with the aim of examining
the size effect. Furthermore, higher cutting force and worse
machined surface quality were obtained at the small feed per
tooth ranging from 0.15 to 0.5 pm/tooth indicating a strong
size effect. Overall, Mg/TiB, MMCs exhibit better
machinability.
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1 Introduction

With the increasing demands on engineering materials with
miniaturised sizes, low weight and superior mechanical prop-
erties in numerous areas [1], metal matrix composites mate-
rials have been developed and widely used in various areas
such as the aerospace, automobile, electronics and bioengi-
neering, thanks to their enhanced stiffness, strength, fracture
toughness and reduced density when compared to their sub-
strate material. Among MMCs materials, micro-sized partic-
ulate MMCs attract more attention from both industries and
academia than fibre reinforced MMC:s, as the former category
exhibits higher ductility and lower anisotropy [2]. With the
development of materials science, it has been reported that
MMCs reinforced with small volume fraction of nano-sized
particles could produce even superior results in mechanical
properties than those reinforced with micro-sized particles
[3-5].

The MMC components are normally fabricated in near net
shapes; however, conventional machining, such as turning,
milling and drilling is necessary to achieve desired accuracy
and produce complex features. The mechanical properties of
MMCs are improved significantly due to the hard reinforce-
ment materials such as ceramics or metallic particles.
Therefore, improved mechanical properties and its nature of
heterogeneous structure make MMCs a very difficult-to-cut
material. Numerous research have been carried out on con-
ventional machining of a variety of metal matrix composites
in the past two decades. However, little publication regarding
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the micro-machinability for MMCs reinforced with nano-
sized particles can be found.

This paper aims to investigate the influence of cutting pa-
rameters on the cutting force and surface morphology in
micromachining of magnesium-based MMCs reinforced with
two types of nano-sized particles, namely, titanium (Ti) and
titanium diboride (TiB,), as well as study the size effect and
the minimum chip thickness according to the specific cutting
energy and surface morphology at different feed per tooth.
Moreover, the tool wear behaviour was evaluated.
Additionally, a mechanistic model was established to predict
the cutting force during machining. The experiment results
presented an attempt to fill the gap and provide a comprehen-
sive understanding on the micro-machinability of Mg-based
MMCs reinforced with nano-reinforcements.

1.1 Overview of Mg-based metal matrix composites
(MMCs) materials

Miniaturised structural components made of Mg-based
MMCs materials have become a promising candidate in var-
ious applications due to its light weight, high wear resistance
and especially biocompatibility. Mg alloys offers a high
strength to mass ratio, where it is 35 % lighter than aluminium
alloy and approximately over four times lighter than steel [6].
The density of magnesium alloys and polymers is similar but
the former possesses better mechanical and physical proper-
ties as shown in Table 1. The enhanced mechanical properties
as a result of nano-sized particles addition can be mainly at-
tributed to the efficient dispersion strengthening effects as
while as the non-basal cross-slip activation induced by the
variation in fracture model and reduced tensile-compression
yield asymmetry. For the reinforcements, Ti and TiB, have
been chosen as the metallic and ceramic reinforcement, re-
spectively. Because of desired properties of TiB, such as high
melting point, hardness, chemical inertness, low density and
excellent resistance to wear, it is recognised as one of the best
candidates of reinforcement for Mg MMCs [7, 8]. In addition,
TiB, has a crystal lattice coherent with that of the Mg matrix
[9]. It has been reported that, titanium (Ti) is a material with
high hardness and strength, and according to the Ti-Mg binary

Table 1  Comparison of general properties between Mg alloys and
polymers (polycarbonate)

Cast magnesium alloy Polycarbonate
Density (kg/m*) 1750-1870 1140-1210
Young’s modulus (GPa) 42-47 2-2.44
Yield strength (MPa) 70-215 59-70
Tensile strength (MPa) 119-283 60-72.4
Hardness (HV) 35-90 17.7-21.7
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phase diagram, there is no formation of intermetallic com-
pound between them [10]. Therefore, the particle phase of Ti
could be reinforced into matrix material stably without chem-
ical reaction.

1.2 State-of-the-art shaping processes for MMCs and tool
wear issues

Several attempts on the fabrication of MMCs components
using electro discharge machining (EDM) and laser machin-
ing have been made. During electro discharge machining of
MMCs, the recast layer, surface waviness and blisters can be
generated on machined surface, which are contributed by the
ceramic particles removed by thermal spalling because of the
plasma collapse at the time of pulse off [11]. Moreover, the
surface finish is found to be relatively poor and the micro-
structure and mechanical properties are changed due to the
high heat generated during the laser machining [12]. On the
other hand, conventional machining is considered to be a more
effective method to manufacture MMCs parts compared to
other methods due to its high accuracy and good surface fin-
ish. However, the heterogeneous structure and high abrasive-
ness particles make it a difficult-to-cut material. It has been
reported that, the significant damage mode that affects the tool
performance are cracking and debonding of the reinforcement
particles embedded in the matrix material [13]. Severe tool
wear and reduction in accuracy resulting from direct contact
between the cutting edge and particles which act as large
number of small cutting edges were found during the machin-
ing process. A large number of research related to convention-
al machining of metal matrix composites have been carried
out. Kannan et al. [13] studied the deformation behaviour for
the strain-hardened matrix materials and its relationship with
cutting force during orthogonal machining. They stated that
the variation in the average dislocation density can be
characterised as one of the main factor that affect the cutting
force, and it is determined by variation in size and volume
fraction of reinforcement and cutting parameters. Du et al.
[14] investigated the chip formation process in the mill-
grinding of SiC,/Al MMCs. A basic physical cutting model
is employed to describe the chip formation mechanism. The
thermal load acting on machining tool, cutting tool and work-
piece in turning of Al/SiC MMCs was studied by Aurich et al.
[15]. They found that the Al MMCs undergo a higher thermal
load than non-reinforced Al workpiece, as well as thermal
load decreases when increase the feed rate or cutting speed.
The hard reinforcements embedded in the matrix materials
bring a tremendous challenge in the machining of MMCs and
lead to a very short tool life. The hard reinforcements which
are separated from the substrate slide over the cutting edge
during machining, consequently contribute to the amount of
tool wear [16]. The tool wear modes affecting the machining
performance can be generally classified as abrasive wear,
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chipping on the cutting edge, fractures and fatigue as a result
of both thermal and mechanical load [16, 17]. In conventional
machining, a lot of studies regarding the tool wear modes and
mechanism during the process of MMCs materials can be
found. Weinert and Lange [16] conducted investigation on
short fibre reinforced MMCs. They classified the abrasive
wear into micro-cutting, micro-fatigue, micro-ploughing and
microcracking in terms the characteristic of wear patterns. It
was observed that tool wear can be characterised by micro
cutting in the case where the hardness of particles is larger
than cutting tool, and the tool are abraded as microcracking
and micro-fatigue in the inverse case. In addition, Ciftci et al.
[18] examined the performance of CBN cutting tool in turning
of Al/SiC MMC:s, it was found that tool wear was mainly
characterised as flank wear and influenced by particles size.
Since researchers found that chip adhesion plays an important
role in determining the surface quality at high speed cutting,
polycrystalline diamond (PCD) tool and its coating were stud-
ied and found that they exhibited an outstanding performance
in machining of MMCs materials due to its high hardness and
low chemical affinity with the MMCs materials [19]. Huang
etal. [20] conducted drilling experiment on Al/SiC,, with high
volume fraction (56 %). An extremely rapid flank wear was
found on PCD drills and they concluded that the primary
mechanism includes abrasive and adhesive wear. Muguthu
et al. [21] found that PCD tool exhibited lower power con-
sumption and higher wear resistance when compared to poly-
crystalline cubic boron nitride (PCBN) in turning of
AI2123SiC, MMCs. While the PCD tools represent an admi-
rable performance in machining of MMCs, it increases the
machining cost significantly due to its expensive manufactur-
ing cost. As one of the most common coating materials used
for cutting tools, AITiN-coated tools exhibit several prepon-
derances during machining of metallic materials such as low
costs, high hardness, abrasion and temperature resistance and
it also create an aluminium oxide layer during the cutting
process which can increase oxidation resistance at high cutting
speed [22, 23]. On the other hand, very little studies related to
the micromachining of MMCs using AITiN coating tools were
found.

In order to meet the increasing demands for the high pre-
cision and miniature components with superior mechanical
properties, micromachining, as an emerging machining pro-
cess, is attracting attention from both industry and academia.
However, several critical issues in micromachining process
including minimum chip thickness, cutting edge radius effect,
and ploughing effect become prominent with the decreasing
ratio of uncut chip thickness and cutting tool edge radius [24].
Meanwhile, little published research regarding to the investi-
gation of micromachining especially micro-milling of MMCs
with nano-reinforcements can be found. Liu [25] conducted a
micro-milling experiment on Mg MMCs with SiC reinforce-
ment, it was found that increasing SiC nano-reinforcements’

volume fraction could improve yield and fracture strength of
MMCs and consequently results in an increased cutting force.
Moreover, the cutting force profiles are not as smooth as those
of pure Mg as a results of the existence of nanoparticles which
influences the chip formation of Mg MMC:s.

2 Experimental setup
2.1 Machine tool

Micromachining experiments were carried out on an ultra-
precision desktop micromachine tools (MTS5R) which is
fitted with a high speed spindle driven by a continuous power
of 100 W(240 V), with the rotation speed ranging from 20,000
to 80,000 rpm. It has the capability of using high feed rate and
cutters with small diameter. These ultra-precision
micromachine tools consists of three axes (X, Y, Z) which
are controlled by DC servo motors with smallest feed of
0.1 pm. Ultra-precision collets are fitted to clamp the micro-
end mills to ensure the run out of spindle within 1 pm.
Figure 1 shows the micromachining tool fitted with a Kistler
cutting force dynamometer.

2.2 Workpiece materials

In this research, two specimens including Mg-based MMC
reinforced with 1.98 Vol.% of nano-sized Ti and TiB, rein-
forcements were used. Mg particles with a size range from 60
to 300 um and purity >98.5 % (supplied by Merck, Germany)
were used as the matrix material, and Ti and TiB, with an
average size of 50 nm were used as reinforcements. Pure mag-
nesium powder was blended with the appropriate amount of
reinforcements in a RETSCH PM-400 mechanical alloying
machine at 200 rpm for 1 h. The homogenised powder mix-
tures of Mg and reinforcement were then cold compacted at a

Dynamometer __ ot
* (Kistler 9256C2) &

Fig. 1 Micromachine tool with the Kistler dynamometer

@ Springer



2168

Int J Adv Manuf Technol (2016) 87:2165-2178

Fig. 2 AITiN-coated tungsten
carbide micro-end mill with
cutting edge radius measurement.
a front view; b side view of
endmill; ¢ magnified view for the
corner edge

pressure of 1000 MPa to form billets of 40 mm in height and
35 mm in diameter. Monolithic magnesium was compacted
using the same parameters without blending. The compacted
billets were sintered using hybrid microwave sintering at
640 °C in a 900 W, 2.45 GHz SHARP microwave oven.
The sintered billets were then soaked at 400 °C for 1 h and
subsequently hot extruded at 350 °C using an extrusion ratio
0f20.25:1 to obtain rods of 8 mm in diameter. Further details
for the fabrication of the magnesium nanocomposites have
been documented in earlier publication [26].

2.3 Micro-end mills

2-flutes AlTiN-coated tungsten carbide micro-end mills
(Fig. 2) with tool diameter of 1 mm and shank diameter of
3 mm were utilised. In order to reduce tool deflection in the
experiment, a relative large tool diameter was selected since a
wider range of feed rates were used in this experiment. The
geometry of all the new tools used in the experiment was
examined by SEM before milling. The cutting edge radius
was estimated to be 1.5 um by SEM measurement. Table 2
illustrates the geometries of micro-end mills used in this
experiment.

2.4 Experimental procedure

To study tool wear behaviour, two new tools were used for
each materials (Ti, TiB,). A piezoelectric dynamometer
(Kistler 9256C2) was used to acquire the cutting force along
the X, Y, and Z axis during the machining. The surface

Table 2 Micro-end mill

specifications Properties Values
Nominal diameter (mm) 1
Number of flute 2
Helix angle () 25
Flute length (mm) 1.5
Rake angle () 0
Clearance angle () 17
Tool edge radius (pm) 1.5

roughness of the bottom machined surface was measured
using a Zygo white light interferometer (NewView 5020). In
addition, the micrographs for each machined surface and the
worn cutting tools were obtained using a scanning electron
microscope (Hitachi TM3030). All observations on tool wear
were made after same volume of removed materials. Two
individual full slot (1 mm width and 5 mm length) micro-
milling experiments were conducted, respectively, on two
types of Mg-based MMCs. Each machining condition was
repeated once. Full factorial design was employed in the first
experiment. Three controlled quantitative factors were used in
this experiment, spindle speed » (rpm), feed per tooth £, (um/
tooth) and depth of cut a, (um). Twenty-four slots milling
with various cutting conditions (illustrated in Table 3) was
used to study the effect of cutting parameters on the cutting
force and surface roughness. Table 4 shows the cutting con-
ditions in the second experiment; there are 16 slots milling
with various feeds per tooth and constant depth of cut and
spindle speed with the aim of investigating the specific cutting
energy and size effect.

3 Results and discussions
3.1 Tool wear

According to the SEM images obtained in Fig. 3a—d, both
abrasive and adhesion wear mode were observed during ma-
chining MMCs with nano-sized TiB, and Ti particles. In the
case of the endmill used in machining Mg/Ti MMCs with
1.98 Vol.%, Fig. 3c, d indicates that the chip adhesion effect
is evident along the main and corner edge as a result of the
interaction between the cutting tool and workpiece. The

Table 3  Cutting conditions for the first experiment

Cutting parameters Level 1 Level 2 Level 3 Level 4
Spindle speed, 7 (rpm) 20,000 40,000 60,000 N/A
Depth of cut, @, (um) 150 300 N/A N/A
Feed per tooth, f; (um) 1 2 3 4
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Table 4  Cutting conditions for the second experiment

Exp No. Feed rate Spindle speed Depth of cut  Feed per tooth
Jr (mm/min) 7 (tpm) ap, (um) /2 (nm/tooth)

1 40,000 150 0.05

2 8 40,000 150 0.1

3 12 40,000 150 0.15

4 16 40,000 150 0.2

5 24 40,000 150 0.3

6 32 40,000 150 0.4

7 40 40,000 150 0.5

8 64 40,000 150 0.8

9 88 40,000 150 1.1

10 112 40,000 150 1.4

11 136 40,000 150 1.7

12 160 40,000 150 2

13 240 40,000 150 3

14 320 40,000 150 4

15 400 40,000 150 5

16 480 40,000 150 6

increased degree of thermal softening of workpiece material in
micro-milling with high cutting speed could be the main factor
that caused the workpiece materials to stick on the cutting
edge. The material properties of reinforcement (Ti) and matrix
(Mg) such as relatively low melting point and ductile structure
might contribute to this phenomenon as well. It can be thought
that the AlTiN-coated cutting tool exhibited a high propensity
for work materials adhesion during cutting Mg/Ti MMC:s.
Chip adhesion effect plays an important role in determining
the cutting performance and tool life especially in micro-
milling process. Increasing amount of workpiece material will
be stuck on the cutting edge due to chip adhesion effect,
resulting in an increased cutting edge radius and consequently
leading to an increased critical uncut chip thickness. Chip
formation can only occur when an uncut chip thickness is
above the critical chip thickness. The ploughing mechanism
dominates the cutting process when the uncut chip thickness is
less than the critical value. Ploughing mechanism can result in
a deteriorative machined surface, higher cutting force and
shorter tool life by increasing the friction and uneven stress
distribution between the cutting tool and the workpiece, and
this negative effect could be amplified in micro-milling pro-
cess compared to conventional milling. As a result, the in-
creased cutting edge radius caused by chip adhesion effect
increases the value required to reach critical chip thickness,
and the ploughing mechanism become more evident during
cutting process.

According to Fig. 3a, c, the severity of chip adhesion effect
on the cutting edge of the tool used in the cutting of Mg/TiB,
MMCs was significantly less than that observed on the tool
cutting edge used in Mg/Ti MMC:s. This could be explained in

the view of mechanical properties of reinforcement materials.
Due to the relatively high hardness and rigid body owned by
TiB, (3000 HV) particles, the particles which were separated
from the matrix slide over the rake and flank face of the cut-
ting tool, meanwhile a high dynamic load caused by the im-
pacts of the reinforcements act on the cutting edge contributes
to the amount of abrasive wear, as a consequence the chip
adhered on the cutting edge was abraded off. This phenomena
has not been be observed during cutting MMCs reinforced
with Ti particle due to its much lower hardness (300 HV)
when compared to TiB,.

As illustrated in Fig. 3b, d, cutting tool corner fracture can be
observed after machining both Mg/Ti and TiB, MMCs. This
type of fracture can be found during several studies related to
tool wear in micro-milling of difficult-to-cut materials [26-28].
Consequently, the machining accuracy and surface finish could
be affected.

The worn main cutting edge of endmill used to ma-
chine Mg/TiB, and Mg/Ti MMCs can be seen from
Fig. 3a, c, respectively. The coating peeling off is more
evident in Mg/TiB, than that in Mg/Ti in terms of the
area of coating peeling off along the main edges.
During the cutting of MMCs materials, both mechanical
load and thermal load can be induced on the cutting
edge [16]. Mechanical load can be characterised as the
high dynamic load impacting of particles with high
hardness as aforementioned. The high local temperature
generated due to the high cutting speed and the micro
conduct between the particles and cutting edge could
weaken the coating structure. Moreover, the high melt-
ing point (3500 K) and thermal conductivity of TiB,
particles assist this negative effect by leading large im-
pact load acting on the tool coating. Additionally, the
milling process is dynamically different as conventional
turning, the chips are removed intermittently and conse-
quently the cutting edge are subject to respective loads.
This dynamics feature causes the fatigue on the cutting
edge which is one of the factors that contributes to the
amount of tool wear.

Two additional micro-milling experiments were con-
ducted on same MMCs materials but with different rein-
forcement volume fraction of 0.97 % with the aim of
investigating the effect of volume fraction of reinforcement
on tool wear. The volume fraction and size of reinforce-
ments are known to play an important role in determining
the cutting performance. Quan and Zhou [29] conducted
conventional turning experiment on SiC particles rein-
forced MMCs. It was found that the severity of tool cor-
ner and flank wear would increase as increasing of vol-
ume fraction and particles size of the reinforcement. The
difference of the severity of tool wear when cutting Mg-
based MMCs with different volume fraction can be found
by comparing with the Fig. 3a, ¢ and Fig. 4a, b. In the
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Fig. 3 SEM images of the worn Main
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case of cutting Mg/TiB, MMCs, a smaller area of coating
peeling off can be found on the corner edge in the MMCs
with lower volume fraction when compared to that with
higher volume fraction. In the cutting of Mg/Ti MMCs

Fig. 4 SEM images of the worn
AlTiN-coated tools used in

machining. a Mg/TiB, with 0.97
Vol.%. b Mg/Ti with 0.97 Vol.%
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with lower volume fraction, coating peeling off was not
observed on the cutting edge, and same as that used for
cutting Mg/Ti MMCs with higher volume fraction, chip

adhesion effect is still evident.
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Fig. 5 Main effects of cutting
parameters on the surface
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3.2 Surface roughness

The average surface roughness of the bottom machined
surface of the micromachined slots was obtained. Three
measurements on different position of each slot were
carried out with the aim of reducing the measurement
uncertainty and assessing repeatability. Mean value of
Ra was used for analysis.

Main effects of cutting parameters on the surface
roughness for Mg/TiB, and Mg/Ti MMCs were plotted
in Fig. 5a, b, respectively. Unlike the inverse propor-
tional variation trend of surface roughness with respect
to spindle speed observed in the previous research con-
ducted on the conventional turning of Al/SiC and Al/
Cu-TiC MMCs [30, 31], a proportional relation was
found between surface roughness and spindle speed for
Mg/Ti MMCs. This could be due to the continuous
semi-circular tool marks which are known as side flow
in turning, on machined surface in full slots milling as a
result of squeeze between the corner edges of endmill
and the material at the relatively small uncut chip thick-
ness to cutting edge radius ratio in micro-milling. High
heat was generated at high spindle speed of 20 k-
60 k rpm (linear speed=10.46-31.4 m/s) and conse-
quently soften the material which assists the formation
of semi-circular tool marks. The surface roughness,
however, was observed to decrease when increasing
the spindle speed from 20,000 to 40,000 rpm, then in-
crease rapidly when spindle speed increase to 60,

300 1 2 3 4
Feed Per Tooth, ft (um/tooth)

20000 40000 60000
Spindle Speed, n (rpm)

000 rpm for Mg/TiB, MMCs. Lower depth of cut
should be selected to minimise the surface roughness
in machining of Mg/Ti MMCs. For machining Mg/
TiB, MMCs, however the higher depth of cut results
in a lower surface roughness value and this tendency
is contrary to micro-milling of metallic materials. An
increase in feed per tooth from 1 to 3 pm/tooth results
in increase of surface roughness values in both mate-
rials. Overall, the machined surface quality of Mg/TiB,
MMCs was superior than that of Mg/Ti MMCs in terms
of surface roughness value. This might be contributed to
the higher cutting force induced in cutting process of
Mg/Ti MMCs (will be discussed in the cutting force
section as a result of chip adherence effect).

ANOVA for the first trial in micromachining experiments
of two materials was carried on the surface roughness to iso-
late main effects of each source of variations and determine
effects of interactions (Table 5 and 6). It can be concluded that
the depth of cut and spindle speed have significant influence
on surface roughness in both materials. The contribution ratio
for the spindle speed and depth of cut is 33 and 29 % for
machining Mg/TiB, MMCs, 19 and 49 % for the machining
Mg/Ti MMCs. The interactions between two cutting parame-
ters are found to be not significant to the results.

3.3 Cutting force

Measurement of cutting force is imperative to understand the
machinability and cutting mechanics of materials. The main
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effect of three cutting parameters on the average cutting force
of Fx and Fy in machining of two types materials is illustrated
in Fig. 6.

The average cutting force can be observed to be in-
creased by increasing both feed per tooth and depth of
cut in both Mg/TiB, and Mg/Ti MMCs. This is because
more resistance is acted on the cutting tool due to the
increased cross sectional area of chip and therefore
leads to higher machining force with vibration which
facilitates higher surface roughness. Additionally, it can
be seen that the cutting force for Mg/Ti MMCs are
more sensitive with the variation of depth of cut and
feed per tooth compared to Mg/TiB..

For Mg/TiB, MMCs, the cutting force decreases when the
spindle speed increase from 20,000 to 40,000 rpm until a
minimum value achieved, and a rapid increase in the cutting

Table 5 ANOVA for surface roughness of Mg/TiB, MMCs

300 1 2 3 4
Feed Per Tooth, ft (um/tooth)

20000 40000 60000
Spindle Speed, n (rpm)

force is followed with the increasing of spindle speed from 40,
000 to 60,000 rpm. But for Mg/Ti MMCs when spindle speed
increase from 20,000 to 60,000 rpm, there is an approximate
linear increase in the average cutting force from 2 to 4.5 N.
Same tendency can be obtained in the variation of sur-
face roughness with spindle speed for both MMCs. The
strength of materials could be dominated by two factors
which are temperature and strain rate. For cutting Mg/
TiB, MMCs, the material strength and cutting force
would decrease due to the thermal softening of the ma-
terial at spindle speed from 20,000 to 40,000 rpm.
However, the strength of materials would increase with
strain rate during fast cutting speed. It was found that
the strain strengthening becomes more dominant than
thermal softening when spindle speed increased from
40,000 to 60,000 rpm. During cutting Mg/Ti MMCs,

Source of variation Degree of Sum of square Mean of square F value P value % Contribution
freedom (x1073) (x1073)

n 2 18.094 9.047 10.87 0.01 33 %

a, 1 15.794 15.794 18.97 0.005 29 %

f 3 12.079 4.026 4.84 0.048 22 %

nand a, 2 0.624 0.312 0.37 0.702 1 %

nand f, 6 6.776 1.129 1.36 0.36 12 %

f-and a, 3 1.397 0.466 0.56 0.661 3%

Error 6 4.994 0.832

Total 23 59.757
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Table 6 ANOVA for surface roughness of Mg/Ti MMCs

Source of variation Degree of freedom Sum of square Mean of square F value P value % Contribution
(x107%) (x107%)

n 2 8.146 4.073 9.06 0.015 19 %

a, 1 20.709 20.709 46.06 0.001 49 %

f 3 5.64 1.88 4.18 0.064 13 %

nand a, 2 5.269 2.634 5.86 0.039 12 %

n and f; 6 1.677 0.279 0.62 0.711 4 %

f.and a, 3 1.225 0.408 091 0.491 3 %

Error 6 2.698 045

Total 23 0.045363

strain strengthening might play the dominant role in
determining strength of the material. Mg/Ti MMCs
may present greater strain rate sensitivity than Mg/
TiB, and other aluminium-based MMCs. Lower level
of spindle speed and feed per tooth therefore should
be selected to minimise the cutting force while improv-
ing the machined surface quality. However, it is impor-
tant to note that, the feed per tooth should not be small-
er than the minimum uncut chip thickness otherwise
cutting edge size effect would cause ploughing action
governing the cutting process, which would deteriorate
surface generation. Size effect will be discussed in the
next section.

Figure 7 shows the comparison in the variation of cutting
force with feed per tooth between Mg/TiB, and Mg/Ti MMCs
at constant depth of cut of 150 pum, spindle speed of 40,
000 rpm. The cutting force for the Mg/Ti MMCs is much
higher than that for Mg/TiB,. This can be attributed by the
aforementioned chip adherence effect.

The mechanistic model proposed by Budak et al. [32] was
utilised to determine the cutting constants and to generate the
simulated cutting force during the micro-milling of Mg/TiB,

-
[N} =
- 3 3
T T
| .

Average Cutting Force, F (N)
2
(4]

051
025+ —e—Mg/Ti 1
—4—Mg/TiB2
0 . . . .
0 1 2 3 4 5

Feed Per Tooth, ft (um/tooth)

Fig. 7 The influence of reinforcement material on average cutting force
at spindle speed: 40,000 rpm, depth of cut: 150 um

and Mg/Ti MMCs. The average cutting force in the X, Y
direction was determined as shown in Egs. (1) and (2).

— (Nay. A Na, A oe
F,. = 8—‘ [Kc(2@—sin2@) + K,.cos2D|— > [KiecosD + K, sin2]
T

-
m D

(1)

— N N
F,= {gi"fz [Kcc0s2D—K . [28—sin2D]| + 2—[:: [~Kesin@ + K,ecos2®]}

0 "

x : cross feed direction;  y : feed direction

(2)

Where N is number of flutes of endmill, K, and K. are the
cutting constants contributing to shearing action, K, and K.
are cutting constants contributing to the ploughing action, & is
tool rotation angle, f is the feed per tooth, a,, is the axial depth
of cut (edge contact length). For the full slot milling, the entry
and exit angle are & ,=0 and & .= 180°, respectively. When
above conditions are applied to Egs. 1 and 2, the average
forces per tooth pass can be obtained as follows:

— Na Na

Fy= _TpKrcfz_—pKre (3)
T

— Na Na

F,= +—4P Kif, + TP K (4)

As a result, the value of cutting constants (K., K,
K., K;.) can be obtained by fitting above equations into
average cutting force curve with feed per tooth.

Extra set of experiments (first experiment) on Mg/TiB,
MMCs with feed per tooth of 3 and 4 um/tooth, depth of cut
0f 300 um and spindle speed 0f 40,000 rpm were conducted to
perform the verification. The comparison between the simu-
lated and measured cutting force in feed and normal direction
are shown in Fig. 8. The prediction force shows a good agree-
ment with the measured force for Fx at both levels of feed per
tooth. In terms of the maximum cutting force, the error of
prediction cutting force is 34 % in Fx and 45-65 % in Fy
at 3 and 4 um/tooth. The difference in the maximum value of
measured cutting forces generated from two tool pass in each
period can be attributed to the non-uniformity existing in the
geometries of two cutting edges.

@ Springer



2174

Int J Adv Manuf Technol (2016) 87:2165-2178

(2)

Simulated forces VS Measured forces

3 T T
Simulated force
25k Measured force | |
K\ \
2+ \ 4
=
>
w151 v 1
g 1 | !
k] !
2 1y || “ I
5 V\} | ) |
05F ! 1
/ \
I I !
of 4
05

L L L L L L L L
0 200 400 600 800 1000 1200 1400 1600

Tool rotation angle (degree)

1800

(©)

35

Simulated forces VS Measured forces

Simulated force
Measured force

251 B

15F

Cutting force, Fx (N)

05

0 1 1 1 1 1 1
0 200 400 600 800 1000 1200
Tool rotation angle (degree)

1 1
1400 1600 1800

Fig. 8 Comparison of simulated and experimental measured cutting
force for machining Mg/TiB, MMCs at depth of cut: 300 um, spindle
speed: 40,000 rpm; feed per tooth: 3 um/tooth a cutting force in cross

3.4 Size effect
3.4.1 Mechanism of cutting edge radius size effect

Although macro machining and micromachining can be
considered kinematically similar, there are a number of
fundamental differences existing between them. With the
decreasing of uncut chip thickness which is dimensionally
close to the cutting edge radius of the cutting tool, size
effect becomes a dominant factor that leads to a transition-
al regimes associated with intermittent shearing and
ploughing during the machining [33]. The material could
be ploughed off, and elastic deformation would become
the dominant cutting regime when the uncut chip thick-
ness is below a critical value, chip may not be formed
during each tool path which would deteriorate the surface
[34-36] (as illustrated in Fig. 9). Essentially, the size ef-
fect can lead to a negative effect on the cutting process
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such as higher cutting force, premature tool breakage, and
worse machined surface quality.

Specific Cutting Energy Vs Feed Per Tooth
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Fig.9 Specific cutting energy of Mg/TiB, and Mg/Ti MMCs obtained at
spindle speed: 40,000 rpm, depth of cut: 200 um
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In this study, the investigation of size effect was carried out
according to two aspects which are specific cutting energy and
surface morphology, and the value of minimum chip thickness
for such materials were determined.

3.4.2 Specific cutting energy

Specific cutting energy can be defined as the energy
consumed in removing a unit volume of material. The
specific cutting energy for each material is calculated
through expression (5), where Fx and Fy are the cutting
force component in X and Y direction, v, is the cutting
speed in m/min, V., is removed chip volume, ¢. is the
cutting time.

te
U, = VC/ V Fx? + F)?dt (5)
0

Vrem

Figure 9 shows the variation of the specific cutting
energy with feed per tooth for Mg/TiB, and Mg/Ti
MMCs at a spindle speed of 40,000 rpm and a depth
of cut of 200 um. Size effect can be observed according
to the non-linear decrease of the specific cutting energy
with feed per tooth. As illustrated in Fig. 9, as the ratio
of feed per tooth to the cutting edge radius increases,
the specific cutting energy decreases rapidly, and transits
to a stable value at the feed per tooth between 1 and
2 um/tooth. The high specific cutting energy at small
feed was attributed to that the material undergo an elas-
tic deformation and deformed material fully recovers to
its original position, as a consequence an uneven distri-
bution of stress is caused by the interaction of work-
piece and cutting tool. A transition for the specific cut-
ting energy approaching to a stable value is expected at
where the feed per tooth is close to the critical uncut
chip thickness. Finally, when the feed per tooth is larger
than the critical chip thickness, the material deforms
plastically by shearing, and continuous chips are
formed. In addition, by comparing these two materials,
it can be reported that much more energy is required to
cut Mg/Ti MMC than Mg/TiB, when the feed per tooth
is below the critical value. This leads to a worse ma-
chined slot edge for Mg/Ti MMCs with more burrs as
shown in Fig. 10.

3.4.3 Machined surface morphology

Observation of machined surface in Fig. 10 revealed that
for both Mg/TiB, and Mg/Ti MMCs, various types of
surface defects were formed during machining. Severe
top burr formation, worse surface and large area of cracks
were observed on the slot edges and machined surfaces at

small feed per tooth of 0.15 and 0.3 pm/tooth (example
are Fig. 10a, b, e, f, k). The burr formed during machin-
ing process considerably affect not only the dimensional
accuracy and functionality of produced product but also
tool wear due to the size of burr approaching to half of
slot width at small feed per tooth. However, the amount
of burrs on the slots and cracks formed decreases when
the feed per tooth increases from 0.3 to 0.8 pm/tooth, and
a machined surface without burrs and surface defects was
obtained at feed per tooth of 0.8 (example are Fig. 10d,
h, j). The materials toward the cutting direction was
squeezed and therefore deformed plastically at small feed
per tooth when ploughing took place instead of shearing
action. Then partial of fractured materials remained at slot
edges and burrs were formed.

The results shows an excellent agreement with the
findings that higher forces incurred in small feed per
tooth due to size effect may result in high value of
surface roughness as well as the worse surface quality.
It can also be seen from Fig. 10 that the material in the
same position was cut more than once, which results in
overlapping tool marks generated on the surface and
indicates that the material was elastically ploughed off
due to the size effect. Therefore, based on all the work
done in this paper the minimum chip thickness for cut-
ting Mg/TiB, and Mg/Ti MMCs can be determined as
0.8 pm and the ratio of minimum chip thickness and
cutting edge radius is approximately as 53 %, which is
relatively large than that of pearlite (20 %) and ferrite
(35 %) steel [35].e

By comparing the two Mg MMCs, more top burrs on
slot edges and worse surface quality with evenly distrib-
uted crack on the surface were found Mg/Ti MMC. As
the reinforcement material, titanium and its alloy exhibit
low thermal conductivity, high ductility and adhesion.
These characteristics and strain hardening of composite
materials lead to adhesion and high burr formation dur-
ing micromachining. Meanwhile, the thermal softening
of both matrix and reinforcement materials caused by
high temperature also facilitate this phenomenon. As a
result, large and continuous burr was formed along the
slot edges.

As MMCs materials are more brittle than the mono-
lithic metals, it is very sensitive to impact at the mo-
ment which the material and tool come into contact,
therefore the uncut chip thickness starts from zero and
gradually increases to the maximum, so less burrs were
formed at the up milling side according to Fig. 10b, g,
h. Additionally, it can be seen from Fig. 10f that a more
defective slot edge could be generated at down milling
side compared to that at up milling side. The cutting
direction and the tool feed direction is opposite in both
up and down milling; therefore, the characteristics is

@ Springer



2176

Int J Adv Manuf Technol (2016) 87:2165-2178

fz= 0.15pm

(a) _Tool feed.  ~
d‘i(ection

(b)

Mg/Ti

Tool
rotating

100pm
a7 * direction

Up milling
side

Down milling

Mg/TiB,

(k) Overlapping tool

marks

/

Large area of cracks

Fig. 10 SEM micrographs of micromachined slots for Mg/TiB, MMCs
and Mg/ Ti MMC:s at spindle speed: 40,000 rpm depth of cut: 200 um a
and e feed per tooth: 0.15 um/tooth; b and f feed per tooth: 0.3 um/tooth;

different in surface and burr formation in the up milling
and down milling [37].

4 Conclusions

A comprehensive study on micro-machinability of
magnesium-based metal matrix composites reinforced with
nano-sized titanium (Ti) and titanium diboride (TiB,) was
performed by micro-end milling process using AlTiN-coated
carbide end mills. The effect of reinforcement materials and
volume fraction on the tool wear and its mechanism was stud-
ied. The cutting force was analysed and a mechanistic model
as established. Additionally, the machined surface were
characterised in terms of the surface morphology and surface
roughness. Also, the size effect was investigated and mini-
mum chip thickness was obtained according to specific cut-
ting energy and surface morphology. The following conclu-
sions can be drawn from this work:

*  Chip adhesion effect was found to be more evident during
the machining of MMCs with nano-sized Ti particles
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when compared to TiB, particles, due to the ductile struc-
ture of matrix (Mg) and reinforcement material (Ti).
Consequently, high cutting force, worse surface and more
burrs were induced. Coating peeling off was observed in
the machining of Mg/TiB, MMCs. Both high mechanical
and thermal load can be characterised as the main factors
that contribute to this phenomenon. Moreover, it is found
that the severity of coating peeling off would increase with
the increase of volume fraction of reinforcements.

* The cutting force would increase with the depth of
cut and feed per tooth which is larger than the min-
imum chip thickness. An approximate two times
larger cutting force was obtained in the machining
of Mg/Ti MMC compared to that for Mg/TiB,. The
surface roughness would rise with the increase of
feed per tooth and spindle speed, but the trend with
depth of cut were opposite on cutting two MMCs.
Based on the ANOVA, the spindle speed and depth
of cut has significant influence on surface roughness.

*  The minimum chip thickness is determined to be 0.8 um
which is 53 % of the cutting edge radius in this experi-
ment. Essentially, for machining Mg/Ti and TiB, MMCs
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feed per tooth under minimum chip thickness is not
recommended.

The Mg/TiB, MMCs exhibit better machinability com-
pared to Mg/Ti MMCs in terms of surface morphology.
More burrs could be found at slot edges after machining
Mg/Ti MMCs. Up milling side could generate slot edges
with better quality and less burrs in machining of Mg/Ti
MMCs.
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