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The use of titanium based alloys in aerospace and biomedical applications make them an attractive
choice for research in micro-machining. In this research, low speed micro-milling is used to analyze machinabil-
ity of Ti-6Al-4V alloy as low speed machining setup is not expensive and it can be carried out on conventional
machine tools already available at most machining setups. Parameters like feed per tooth, cutting speed and
depth of cut are selected as machining variables and their effect on burr formation is analyzed through statistical
technique analysis of variance to determine key process variables. Results show that feed per tooth is the most
dominant factor in burr formation (81 % contribution ratio). The effect of depth of cut was found to be negligi-
ble. It was also observed that micro-milling at optimum process parameters showed minimum burr formation. In
terms of burr formation, as compared to high speed machining setup, better results were achieved at low speed

machining setup by varying machining parameters.

Micro-machining is a process used for manufacturing minia-
turized parts and features (Jaffery et al., 2016). Demand for
highly precise and accurate micro components is rising day
by day in the industries such as biomedical, aerospace, auto-
motive and electronics (Chae et al., 2006; Jaffery et al., 2016;
Kuram and Ozcelik, 2013). This miniaturization technology
will provide micro systems to improve health care, quality of
life and economic growth in such applications as micro chan-
nels for shape memory alloy “stents”, sub-miniature actua-
tors and sensors, fluidic graphite channels for fuel cell appli-
cations, lab-on-chips and medical devices (Chae et al., 2006;
Jaffery et al., 2016). There are a few unconventional machin-
ing processes which could be used to produce micro scale
components such as focused ion beam cutting (Kuram and
Ozcelik, 2013), micro-laser machining, micro-forming and
micro electro-discharge machining (micro EDM) (Ucun et
al., 2013) but these machining processes have limitations ei-
ther because of producing two dimensional (2-D) microstruc-

tures or high costs of manufacturing/setup cost (Kuram and
Ozcelik, 2013; Ucun et al., 2013). Other than these machin-
ing processes, micro-milling is another non-traditional ma-
chining technique which is capable of fabricating miniatur-
ized three dimensional (3-D) complex parts/features (Ali et
al., 2012; Ozel et al., 2011; Thepsonthi and Ozel, 2013). Al-
though micro-milling is considered better than other non-
traditional machining operations in terms of high material
removal rate, process flexibility, low set up cost and produc-
ing complex shapes but it is also accompanied with some
problems such as burr formation, low surface quality, unpre-
dictable tool breakage and rapid tool wear (Ozel et al., 2011;
Thepsonthi and Ozel, 2013). Therefore, many factors such
as tool vibration (Jaffery et al., 2016; Thepsonthi and Ozel,
2012), subsurface plastic deformation (Jaffery et al., 2016)
and material microstructure (Thepsonthi and Ozel, 2012)
which are not taken into consideration at macro-level be-
come significant at micro level (Thepsonthi and Ozel, 2013)
so, it becomes difficult to obtain desired results in micro-
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Schematic of macro and micro-milling process (adapted from Schaller et al., 1999).

milling than that of macro-milling (Thepsonthi and Ozel,
2012, 2013). Micro-milling becomes much more difficult
when hard to cut materials are used for manufacturing such
as Ti-6Al-4V titanium alloy (Thepsonthi and Ozel, 2013). Ti-
6Al-4V is known by the name “workhorse” of the titanium
industry as it accounts for more than 45 % of actual titanium
usage (Jaffery et al., 2016). It is widely used in biomedical
(medical implants) (Thepsonthi and Ozel, 2012), aerospace
(turbine blades, aerospace fasteners) (Thepsonthi and Ozel,
2012) and automotive (connecting rods, engine and exhaust
valves) (Wagner and Schauerte, 2007) and marine industry
(Ezugwu and Wang, 1997) due to its high strength to weight
ratio (Bajpai et al., 2013; Ezugwu and Wang, 1997; Jaffery
et al., 2016; Kim et al., 2014; Mhamdi et al., 2012; Thepson-
thi and Ozel, 2012), property to withstand high temperature
(Ezugwu and Wang, 1997; Mhamdi et al., 2012), biocompat-
ibility (Jaffery et al., 2016; Kim et al., 2014; Thepsonthi and
Ozel, 2012) and corrosion resistance (Ezugwu and Wang,
1997; Kim et al., 2014; Mhamdi et al., 2012; Thepsonthi
and Ozel, 2012). On the other side there are properties which
make it difficult to cut material such as low thermal conduc-
tivity (Ezugwu and Wang, 1997; Kim et al., 2014; Mhamdi
et al., 2012; Thepsonthi and Ozel, 2012), high chemical re-
activity (Ezugwu and Wang, 1997; Mhamdi et al., 2012) and
low elastic modulus (Ezugwu and Wang, 1997). Syed Hu-
sain Imran Jaffery observed that tool wear increases during
the machining of Ti-6Al1-4V alloy due to high chemical reac-
tivity of titanium with cutting tool material and low thermal
conductivity which leads to tool fracture as most of the heat
generated goes into the cutting tool (Jaffery and Mativenga,
2009).

Micro-milling seems to be a scale down machining opera-
tion of macro-milling but there are differences between these
processes. In micro-milling, diameter of cutting tool (D)
used is less than 1 mm while in macro-milling it is greater
than 1 mm (Ali et al., 2012; Ducobu et al., 2009; Jaffery et al.,
2016; Mian et al., 2010; Ozel et al., 2011). In micro-milling,
tool breaks quickly while in macro-milling tool wears grad-
ually. Fracture of micro tools occur as stresses go beyond the
strength of tools due to increase in cutting forces with the
dulling of cutting edges (Tansel et al., 1998, 2000).

In macro-milling feed per tooth (f;) is many times larger
than cutting tool edge radius (re) and in micro-milling feed
per tooth is close to cutting tool edge radius (see Fig. 1)
(Chae et al., 2006). Aamer Jalil Mian estimated minimum
chip thickness (#,) in different materials by analyzing acous-
tic emission (AE) signals and found that for Ti-6Al-4V al-
loy, the value of minimum chip thickness ranges between 19
and 27.5 % of cutting tool edge radius (Mian et al., 2011a).
Another researcher reported that the value of minimum chip
thickness is between 5 and 38 % of cutting tool edge radius
(Ducobu et al., 2009). Mohammad Yeakub Ali suggested that
depth of cut is the most critical parameter to find out min-
imum chip thickness and to avoid tool fracture (Ali et al.,
2012).

Figure 2 shows there are four situations that take place dur-
ing the process of micro-milling. When depth of cut (a,)
is smaller than cutting tool edge radius or minimum chip
thickness either rubbing or burnishing occurs and no chip is
formed (see Fig. 2a and b) (Jaffery et al., 2016). If the value
of depth of cut reaches close to cutting tool edge radius or
minimum chip thickness but still less than the edge radius of
the cutting tool, ploughing starts. Ploughing is a phenomenon
in which cutting takes place with negative effective rake an-
gle or workpiece slightly deforms due to shearing of material
(see Fig. 2¢) (Ducobu et al., 2009; Jaffery et al., 2016). Once
depth of cut becomes greater than the cutting tool edge radius
then there is change of rake angle from negative to positive
and actual cutting occurs (see Fig. 2d) (Jaffery et al., 2016).

Mechanical machining is always accompanied by burr for-
mation either it is macro-machining or micro-machining. De-
burring in macro-machining is easy as compared to micro-
machining. In micro components, deburring may destroy del-
icate micro features as well as it can damage the workpiece.
Moreover, cost of deburring process is very high as it requires
complex assembly operation (Kim et al., 2014; Mian et al.,
2010). Therefore, it is undesirable to use deburring process to
remove burr and the recommended approach would be to se-
lect the appropriate machining parameters and tool geometry
to reduce burr formation (Thepsonthi and Ozel, 2012).

Syed H Imran Jaffery statistically analyzed the effect of
feed rate (below and above cutting tool edge radius), cutting
speed and depth of cut on burr formation in micro-machining
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Figure 2. Micro-milling tool workpiece interaction (adapted from
Jaffery et al., 2016).

of Ti-6Al-4V and found that feed rate was the most contribut-
ing factor causing burr formation and residual effects were
more significant when feed rate was selected below edge ra-
dius (Jaffery et al., 2016). Tugrul Ozel investigated the effect
of cBN coated tools on burr formation and surface roughness
in micro-milling of Ti-6Al-4V by varying process parame-
ters and found that increasing feed rate reduced burr forma-
tion and cBN coated tools showed less burr formation than
uncoated tools (Ozel et al., 2011). Vivek Bajpai performed
micro-milling experiments on Ti-6Al1-4V alloy and observed
that size of side exit burr was larger among all other burr
types. It was also found that increase in chip load, cutting
speed and depth of cut results in better surface finish (Ba-
jpai et al., 2013). Aamer J. Mian conducted micro-milling
experiments on AISI 1005 steel and AISI 1045 steel and de-
termined that best surface finish was achieved when feed rate
was just close to cutting tool edge radius (Mian et al., 2010).
Gandjar Kiswanto studied the effect of machining parameters
on surface roughness and burr formation in the micro-milling
of Aluminum alloy 1100 and found that surface roughness
increased by increasing feed rate and also concluded that in
order to reduce the burr formation up milling cutting strat-
egy should be used as down milling cutting strategy produces
bigger and wavier burrs (Kiswanto et al., 2015). Kiha Lee in-
vestigated burr formation in micro-milling of aluminum and
copper and found that for micro-milling tool, exit and en-
trance burr was bigger in size than macro milling, consider-
ing burr size to chip load ratio (Lee and Dornfeld, 2002).
Kiha Lee also explained that tool wear relates with burr
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height and it is proportional to feed rate. Size effect also plays
an important role in burr formation and with the increase in
edge radius of the cutting tool larger burrs are produced (Lee
and Dornfeld, 2005). Aamer Jalil Mian conducted micro-
milling experiment on NiTi alloy and found that feed rate
to undeformed minimum chip thickness is the most criti-
cal factor in reducing burr root thickness. At high values of
chip load, cutting starts earlier as compared to low unde-
formed chip thickness, as a consequence of this, ploughing
effect becomes less pronounced (Mian et al., 2011b). Ravi
Lekkala analyzed the burr formation in micro end milling
of Aluminum and Steel using experimental and theoretical
techniques and reported that either in down milling or up
milling, burr height increases with the decrease in number
of flutes and cutting tool diameter and burrs formed in the
case of stainless steel were larger than aluminum (Lekkala
et al., 2011). Sinan Filiz investigated micro-machinability of
copper 101 and found that feed rate is directly proportional
to surface roughness and inversely proportional to burr for-
mation and cutting speed is directly proportional to burr for-
mation and at higher feed rates the process is dominated by
shearing which results in decrease in burr formation as com-
pared to ploughing (Filiz et al., 2007). Fengzhou Fang sug-
gested that after defining cutting and other machine param-
eters; tool sharpness and undeformed chip thickness are the
most critical factors to determine burr height (Fang and Liu,
2004).

The review of literature shows that burr formation in
micro-machining of different materials has been studied ex-
tensively and most of the research done on micro-milling of
Ti-6Al-4V alloy is in the region of high speed machining
(10000-90 0000 rpm) (Bajpai et al., 2013; Chen et al., 2012;
Jaffery et al., 2016; Jaffery and Mativenga, 2009; Kim et al.,
2014; Ozel et al., 2011; Thepsonthi and Ozel, 2012, 2013).
However, no research has been reported on micro-milling of
Ti-6Al-4V alloy below 10 000 rpm. The reason for this is that
high speed machining setup provides better surface finish,
high material removal rate and reduced cutting forces (Bajpai
etal., 2013; Jaffery et al., 2016; Jaffery and Mativenga, 2009;
Thepsonthi and Ozel, 2012, 2013). On the other hand, low
speed machining setup is not expensive and can be carried
out on conventional machine tools already available at most
machining setups. Moreover, researchers have reported that
in high speed micro-milling of Ti-6Al1-4V, burr formation is
more effected by change in feed per tooth rather than cutting
speed (Jaffery et al., 2016; Ozel et al., 2011; Thepsonthi and
Ozel, 2012, 2013). Therefore, using carbide tools for micro-
milling of Ti-6Al-4V, this study aims to find out effect of crit-
ical machining parameters namely, feed rate, depth of cut and
low/conventional cutting speed below 10000 rpm (Bajpai et
al., 2013) on burr formation and use statistical technique to
find out best combination of key process variables (KPVs) to
minimize burr formation.

Mech. Sci., 9, 231-243, 2018



Chemical composition of Ti-6Al-4V (wt %).

Ti \'% Al Cr Cu Fe Mn

89.4 430 6.15 0.0027 0.0045 0.0510 0.0055

The material selected for experimentation is Ti-6Al-4V alloy.
It is an alpha-beta (o 4 B) titanium alloy. This alloy com-
prises both alpha and beta phases with alpha phase ranges
between 60 to 90 % and beta phase 10 to 40 % at room tem-
perature. Alpha phase consists of hexagonal closed packing
(HCP) structure that remains stable from room temperature
while beta phase is characterized by body centered cubic
structure (BCP) which keeps it stable from room tempera-
ture to melting point. There are stabilizer elements adding
them would increase the transformation temperature of al-
pha and beta phase and therefore the stability of respective
phase (Mhamdi et al., 2012). For example, adding aluminum,
carbon, oxygen and nitrogen would increase the stability of
alpha phase on the other side adding vanadium, molybde-
num, manganese, chromium and iron would increase stabil-
ity of beta phase (Banerjee and Williams, 2013; Machado
and Wallbank, 1990; Zhecheva et al., 2005).

The chemical composition, mechanical properties and
physical properties are given in the Tables 1, 2 and 3 respec-
tively.

The tests were conducted using a FANUC MV-1060 conven-
tional speed machining center. Figure 3 shows experimental
setup. Relative motion between micro end-milling tool and
workpiece was controlled by FANUC 0i-MC motion con-
troller. The tools used during micro-milling experiments of
Ti-6Al-4V were ultrafine tungsten carbide tools (North Car-
bide Tools). The average edge radius of micro tools was
found to be 4.0 um with standard deviation of 0.5 um. The
dimensions of the block that was mounted on fixture were
10x20x 10 mm. Three independent runs for each experiment
were run to estimate error variance. Experimental conditions
are outlined in Table 4.

Micro-milling experiments were designed based on
Taguchi’s Design of Experiments. The array selected was L9
orthogonal array with three factors and three levels. Three
independent factors of feed per tooth, cutting speed and
axial depth of cut were considered. Syed H. Imran Jaffery in
his research found that residual effects were more significant
when feed per tooth was selected below tool edge radius

Experimental Setup (1) Spindle; (2) Micro end mill; (3)
Workpiece; (4) Machining vise; (5) Magnified view of tool and
workpiece.

(Jaffery et al.,, 2016). Therefore, to minimize the effect
of residual effects feed rate was selected above tool edge
radius between 8 and 12 umtooth™!. In literature, reported
cutting speed varies between 16 mmin~! (10000 rpm) and
141 mmin~! (90000 rpm) (Bajpai et al., 2013; Chen et al.,
2012; Jaffery et al., 2016; Jaffery and Mativenga, 2009;
Kim et al., 2014; Ozel et al., 2011; Thepsonthi and Ozel,
2012, 2013). While this research focuses on machining
below the reported minimum cutting speed or in the range
of conventional cutting speed below 10000 rpm. Therefore,
cutting speed was selected between Smmin~! (3183 rpm)
and 10mmin~! (6366 rpm). For every tool, according to
its diameter, there is recommended value of ap to be used.
According to Niagara Cutter (Cutter, 2018):

For tool diameters 1/8” (3.18 mm) and under

ap = Diameter of tool x (0.25 to 0.05)

Diameter of tool used = 0.5 mm @))
minimum a, = 0.5 x 0.05 = 0.025mm = 25 um
maximum a, = 0.5 x 0.25=0.125mm = 125um

Therefore, in this research depth of cut was selected between
25-125 um. Process parameters and level details are given in
Table 5.

The spindle revolutions per minute (N) and feed speed
(V¢) can be determined using the Egs. (2) and (3) respec-
tively.

\%
N = —— (Jaffery et al., 2016) )
T x D
Vi= f x N x z (Jaffery et al., 2016) 3)



Mechanical properties of Ti-6Al-4V.

Tensile Strength  Yield Strength ~ Poisson’s Ratio  Elastic Modulus ~ Shear Modulus ~ Hardness Brinell
(MPa) (MPa) (GPa) (GPa) (HB) max
> 895 > 828 0.31 105-120 41-45 334

Physical properties of Ti-6Al-4V.
Density  Melting Point  Thermal Conductivity — Specific Heat Capacity = Co-eff of Thermal Expansion
(gem™) 0 W(mK)~h (oo™ 0-500°C™! (ummeC)™h
4.43 1674 6.7 0.5263 9.7

Experimental Conditions.

Workpiece Ti-6Al1-4V (Grade 5)

Milling Tool Two flute Tungsten Carbide micro end mill
Tool diameter 500 um

Helix angle 30°

Cutting Fluid  Dry Cutting

Length of cut 10 mm

Milling Type  Full immersion

Process Parameters.

Process Parameter Level 1 Level2 Level 3
fz (umtooth™1) 8 10 12
Ve (mmin~1) 5 75 10
ap (um) 50 75 100

Corresponding values of revolutions per minute and feed
speed are listed in Table 6.

In micro-milling different types of burrs such as top burr, exit
burr, entrance burr and bottom burr are formed depending on
direction of cutting and tool-workpiece interaction (Aurich
et al., 2009; Kiswanto et al., 2015). Exit burr and side burr is
the burr which remains attach to the surface machined by mi-
nor cutting edge of the tool and major cutting edge of the tool
respectively (Aurich et al., 2009). Top burr is the burr which
remains attach to the top surface of workpiece (Aurich et al.,
2009). During micro-milling process, chips generated move
upward along the rake face of the cutting tool and the mate-
rial that is in contact with the chips and workpiece pulls apart
under large tensile stress. A part of this deformed material re-
mains attach to the top surface and not taken away with the
chips as a result of this top burrs are initiated (Chen et al.,
2012). Figure 4 illustrates how top burr width is measured
and it can be described as horizontal length of burr from

Top burr width

f——

N

| — Top burr

Channel wall

=’

Top burr width measurement (adapted from Thepsonthi
and Ozel, 2012).

groove wall (Thepsonthi and Ozel, 2012). Table 6 shows re-
sults in the form of Taguchi orthogonal L9 array. Figure 5
shows burr formation on down milling and up milling side
during micro-milling and it can be seen that size of burr is
larger at down milling side. This is due to the fact that veloc-
ity of localized cutting edges on the side of up milling side
would always be greater than on the side of down milling,
therefore causing larger burrs to form on down milling side as
also observed by Syed H Imran Jaffery (Jaffery et al., 2016).
To account for worst case scenario down milling side burrs
were taken into consideration. Maximum value of top burr
width was measured for each run and to measure that scan-
ning electron microscope (SEM) was utilized.

After obtaining results of top burr width using SEM, ANOVA
was used for statistical analysis of results. ANOVA is a sta-
tistical technique used to assess the significance of process
parameters on output responses. This was performed by com-
puting the sequential sum of squares (SS 4) for each parame-
ter using the Eq. (4).



Taguchi orthogonal array (L9 array) for micro-milling of Ti-6Al-4V.

Sr.  Process Parameters N Top Burr Width (down-milling side) (um)

V¢ (mm min~!)

No- 4 (umtooth™) Ve mmin™))  ap (um) @M  punl Run2 Run3 Ave  SD
1 8 5 50 5093 3183 29.15 30.67 34.12 3131 255
2 8 7.5 75 7639 4774 2346 2586 2728 2553 193
3 8 10 100 101.85 6366 2055 24.14 2634 2368 292
4 10 5 75 63.66 3183 2351 2605 29.15 2624 2.82
5 10 7.5 100 9549 4774 1732 2259 25.16 21.69 4.00
6 10 10 50 12731 6366 1875 19.85 22.11 2024 171
7 12 5 100 7639 3183 923 1098 1263 1095 1.70
8 12 7.5 50 11458 4774 929 1267 1436 12.11 258
9 12 10 75 15278 6366 9.09 10.18 11.64 1030 1.28

ANOVA table for significance and contribution ratio of parameters (feed, speed and depth of cut).

Source df SS  MSS =SS/df F-ratio p-value  Significance CR (%)
Sz (um tooth~1) 2 1196.32 598.16 86.64 < 0.0010 Significant 81
Ve (mmin~1) 2 104.70 52.35 7.58 0.0040  Significant 6
ap (um) 2 29.87 14.93 2.16 0.1410  Non-significant 1
Res 20 138.07 6.90 12
Total 1468.96 100
N 2
3 0 2T
ssa=>" AL 71 Ross, 1998) )
i1 N ,

Where A is the process parameter, n is the total number of
runs at a particular level, i is the level, T is value of response
at each run, j is the number of run, N is the total number of
runs. Total sum of squares (SSt) can be found using Eq. (5).

= N
g o
= = N (Zl Tj)?
= Tool Rotation = SSt=> T2~ ]_T (Ross, 1998) 5)
g a j=1
=] >
] =, Sequential sum of squares of error (SS.) can be found using
Eq. (6).
z
SSe =SSt — D _SS; (Ross, 1998) (6)
i=A
} A small value of F'-test ratio for a given parameter shows its
AN low impact on the outcome and vice versa. A p-value is the
SEM HV: 20.0 kV wo:1503mm | |\ ;) | 4y | | vEGA3TESCAN probability that a test would fail. A p-value less than 0.05
EL (5 %) tells that there are 5 % chances that test would fail or

95 % chances that test would succeed. The percentage con-
tribution of each parameter can be computed using Eq. (7).

Burr formation at down milling and up milling
side during micro-milling of Ti-6A1-4V (f, =8 pmtoothfl , Ve=

7.5mmin~!

,ap =75um). SS—( MSSRes
r %CR = ( fs ;( Res) x 100 (Ross, 1998) (7
T
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Main effects plots for top burr width with respect to machining parameters (feed, speed and depth of cut).

ANOVA was carried out to measure impact of parameters
on burr width. From Table 7 it can be observed that feed
per tooth is the most significant parameter contributing 81 %
causing top burr formation and cutting speed is another pa-
rameter that is significant with contribution ratio of 6 %
which shows that it has almost 93 % less impact on top burr
as compared to feed per tooth. Each point in the main effects
plot (see Fig. 6) shows mean or average top burr width for a
particular level of feed rate, cutting speed and depth of cut.
The CRs are comparable with a previous research in which
similar analysis was conducted on Ti-6Al-4V alloy at high
speed machining setup (Jaffery et al., 2016). From Fig. 6, it
can be seen that top burr width decreases with the increase in
feed per tooth. Researchers have reported similar outcomes
from high speed micro-milling of Ti-6Al-4V alloy and found
inverse relationship between feed rate and burr formation and
concluded that feed per tooth is the most significant parame-
ter influencing top burr formation (Jaffery et al., 2016; Kim et
al., 2014; Thepsonthi and Ozel, 2013). It is due to the fact that
at lower feed per tooth, ploughing effect is more pronounced
and material deforms plastically to form larger burrs (Kim et
al., 2014).

The ratio of feed rate to cutting tool edge radius ( f;/re) is
also important in determining process performance whereby
decrease in the value of feed per tooth below the cutting tool
edge radius or grain size of the workpiece material would af-
fect the material flow, chip formation and material deforma-

tion (Mian et al., 2011c¢). Taking cutting tool edge radius into
consideration, Fig. 7a and b show the main effect plot cre-
ated between f,/re ratio and top burr width using data from
experiments and Syed H. Imran Jaffery (Jaffery et al., 2016)
respectively. By looking at burr formation trend in Fig. 7b
it can be observed that when the value of feed per tooth is
close to the value of edge radius or three times the value of
edge radius, burr formation shows a downward trend. Burr
generation increases when f/r. is larger than 3 because be-
low edge radius rubbing phenomenon is dominant and actual
cutting takes place after the passage of several passes when
the actual undeformed chip thickness crosses the threshold
value for cutting to take place. When f /r. is greater than 3,
the ploughing action gives way to cutting leading to an in-
crease in burr size. Ploughing action is expected to continue
for value of f, /re greater than 1 due to the formation of built-
up edge and increase in the effective edge radius during the
cutting process.

Comparing Fig. 7a and b, the region of f,/r. (2.0 to 3.0)
from Fig. 7a lies within the region of Fig. 7b (0.9 to 3.0) and
trend of burr formation with respect to feed rate is in confor-
mance with the research conducted by Syed H. Imran Jaffery
(Jaffery et al., 2016). Moreover, it can also be concluded that
to reduce burr formation in micro-milling of Ti-6Al-4V, feed
per tooth should be in the range of one to three times of cut-
ting tool edge radius either it is high speed machining or low
speed machining.
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Main effect plot between f;/re and top burr width (a) data from experiments; (b) data from Syed H. Imran Jaffery (Jaffery et al.,
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Main effects plot between V. and top burr width (data from Jaffery et al., 2016).

Main effects plots (see Fig. 6) for cutting speed and depth
of cut also show a downward trend which means increase in
cutting speed and depth of cut reduces the burr width. These
result are comparable with the findings of research where
similar analysis and experiments were performed on Ti-6Al-
4V opting high speed machining (Bajpai et al., 2013; Jaffery
et al., 2016; Kim et al., 2014; Thepsonthi and Ozel, 2013).
Increase in cutting speed is accompanied by decrease in cut-
ting force (Jaffery and Mativenga, 2009; Pathak et al., 2013)

and as cutting speed decreases contact time of tool with the
chip is reduced.as a result less heat is transferred into the
chip and more heat is transferred into the tool tip (Rosemar
et al., 2013). Temperature in the shear zone is expected to
rise at higher cutting speeds but the friction between the tool
rake face and chip is reduced thereby reducing the welding
phenomenon between chip and workpiece and heat genera-
tion at the tool chip interface (Prasad, 2009) as a result re-
duction in burr formation takes place. While it is also pos-
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WD: 15.22 mm
View field: 843 pm Det: SE 200 pm

SEM HV: 20.0 kV VEGA3 TESCAN

:

Figure 9. Minimum top burr width (f; = 12pmtooth_1, Ve =
10mmin~!, @, = 100 um).

sible to minimize burr width by further increasing V. (see
Fig. 8) but this research aims to carry out micro-machining
below 10000 rpm using conventional machining setups that
are more easily available and inexpensive as compared with
high speed machining setup. In terms of depth of cut, at high
depth of cut surface temperature decreases and most of the
heat generated goes into the chips. To absorb more heat larger
chips are produced which ultimately results into less burr for-
mation (Prasad, 2009).

3.3 Confirmation test

From main effects plot it can be seen that setting feed per
tooth, cutting speed and depth of cut at high levels yielded
minimum top burr width. So, a validation test was carried out
for burr width selecting optimal levels of parameters. A sum-
mary of machining parameters and experimental results cor-
responding with best and worst operating conditions is given
in the Table 8.

It is evident from presented results that optimum condi-
tions yield best results as compared to the initial results re-
ported in Table 6. Figure 9 shows negligible burr at optimum
conditions and Fig. 10 shows maximum burr.

4 Conclusions

Identifying KPVs is very important to enhance product qual-
ity and at the same time productivity which ultimately leads
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Figure 10. Maximum top burr width (f, =8 umtooth™!, V. =
5mmin~!, ap =50 um).

to less manufacturing costs. The impact of machining param-
eters in micro-milling is not as same as in macro-machining.
This is due to fact that feed rate is almost of the same order as
edge radius of the cutting tool. In this paper, KPVs (feed per
tooth, cutting speed and depth of cut) were varied to study
their impact on burr formation in detail. ANOVA technique
was applied on measured outputs to investigate the main ef-
fect of machining parameters on burr formation.

1. Machining at optimum conditions gave best outcome in
the form of minimum burr on the edges of slot.

2. It is clearly evident that reduction in burr formation in
micro-milling of Ti-6Al-4V can be effectively achieved
by using low speed machining setup at optimal condi-
tions instead opting for expensive high speed machining
setup.

3. At 95 % confidence level, feed rate was found to be the
most significant factor contributing towards burr forma-
tion with contribution ratio of 81 %.

4. Reduction in burr formation can be achieved by select-
ing feed per tooth in the range of 1-3 times of edge
radius either it is low speed or high speed machining
setup.

5. Cutting speed is another control factor affecting burr
formation during micro-milling process and its contri-
bution was found to be 6 % which is 75 % less than feed
rate contribution.

Mech. Sci., 9, 231-243, 2018



Experimental results at optimum conditions.

Optimal Process Parameters Experimental Results
Function

T idth
fz (um tooth_l) Ve (m min_l) ap (um) op burr width (um)
Ave. error
Minimum top burr width 12 10 100  6.78 2.53
Maximum top burr width 8 5 50 31.31 2.55

6. The impact of depth of cut was negligible (1 % contri- No data sets were used in this article.

bution ratio).

7. The contribution of residual effects was found to be
12 %. This is due to many noise factors i.e. subsur-
face plastic deformation, tool vibrations, chatter, mate-
rial separation and strain hardening.



MSS
df

Diameter of cutting tool (mm)
Feed per tooth (um tooth™!)
Cutting tool edge radius (um)
Minimum chip thickness (um)
Depth of cut (um)

Cutting speed (m min~")
Feed speed (mmmin~")
Revolutions per minute (rpm)
Number of flutes

Sum of squares

Mean sum of squares

Degree of freedom

CR
Avg.
SD
EDM
2-D
3-D
AE
KPVs
a+p
HCP
BCP
SEM

Contribution ratio (%)
Average

Standard Deviation

Electro Discharge Machining
Two Dimensional

Three Dimensional

Acoustic Emission

Key Process Variables
Alpha-beta

Hexagonal Closed Packing
Body-centered Cubic Packing
Scanning Electron Microscope
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