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Abstract

In this research, micro-milling of Ti-6Al-4V has been carried out in the conventional ma-
chining range. The influence of key machining parameters, including feed rate, cutting
speed, depth of cut, and cooling conditions, was statistically analyzed in relation to burr
width and height on both the up-milling and down-milling sides. The feed rate, followed
by cutting speed were found to be the most influencing factors affecting burr width with
collective contribution of 89.06% in up-milling and 92.67% in down-milling. The depth of
cut and cooling condition had negligible impact on burr width. Burr height was mostly
affected by depth of cut and feed rate, whereas cutting speed and cooling condition had no
impact on burr height. The combined contribution of depth of cut and feed rate to burr
height was 77.36% in up-milling and 73.95% in down-milling.

Keywords: micro-milling; Ti-6Al-4V; precision and conventional machining; burr width;
burr height; statistical analysis; ANOVA

1. Introduction

Micro-milling has gained recognition as an advanced machining method suitable
for fabricating complex three-dimensional (3D) microscale components and intricate fea-
tures [1]. Compared to other unconventional machining processes, micro-milling is typ-
ically favored due to advantages such as higher material removal rates, greater process
adaptability, lower initial setup expenses [1], and the capability to fabricate highly detailed
geometries [2]. Nevertheless, micro-milling is accompanied by certain limitations, notably
burr formation, compromised surface finish, accelerated tool deterioration, and sudden,
unpredictable tool failure [1,3]. Micro-milling poses substantial difficulties when machining
materials that are challenging to cut, such as the titanium alloy Ti-6Al-4V [3]. The alloy
Ti-6Al-4V is extensively acknowledged as the primary alloy within the titanium industry,
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primarily due to its balanced mechanical characteristics and broad applicability across
diverse fields [4], accounting for more than half of total titanium consumption [5]. However,
despite its beneficial attributes, the machining of this alloy is complicated by factors such
as its low thermal conductivity, elevated chemical reactivity, reduced elastic modulus, and
significant hardness at higher temperatures [6].

Mechanical machining, regardless of whether it occurs at the macro or micro scale,
inevitably produces burrs. Nevertheless, deburring becomes notably more problematic
in micro-machining than in macro-machining contexts. Specifically, in micro-scale com-
ponents, the deburring operation carries a significant risk of damaging the component or
negatively affecting delicate micro-scale features. Moreover, the deburring process can
substantially raise costs due to the complexity and intricacy involved in handling and
assembling micro-sized parts [7]. Thus, the implementation of deburring methods for burr
removal is typically discouraged. A more effective alternative involves optimizing the
machining parameters and refining tool geometry to proactively reduce burr formation [8].

Numerous studies have examined how parameters such as feed per tooth (f,), cutting
speed (V,), and tool edge radius (r.) influence burr formation in micro-milling operations.
Lee and Dornfeld [9] studied the impact of feed rate, cutting speed, and tool edge radius
on micro-milling burr formation, concluding that burr height increases with higher feed
rates but can be minimized through optimized combinations of feed rate and cutting
speed. Similarly, Imran et al. [4] determined that the feed rate was the predominant factor
influencing burr formation during micro-milling of Ti-6Al-4V. Specifically, they found that
burr formation became more predictable when feed rate exceeded tool edge radius, whereas
lower feed rates introduced greater variability due to factors such as tool vibrations and
material elastic recovery. Thepsonthi and Ozel [8] concentrated their research efforts on
optimizing machining parameters to mitigate burr formation and improve surface finish.
Their findings indicated that elevated feed rates and higher spindle speeds effectively
improved surface quality, while axial depth of cut (4,) had the most substantial influence on
burr formation. Kim et al. [7] further explored the mechanisms of burr reduction, revealing
that increased spindle speeds help in decreasing burr sizes, whereas exceeding specific
feed rate thresholds altered the underlying material removal mechanisms, thus reducing
burr formation. Rehman et al. [10] identified the feed rate as the most influential parameter,
having approximately 81% of contribution in burr formation, whereas the depth of cut
was found to have negligible influence. Additionally, they reported that compared to
high-speed setups, low-speed machining offered superior control over burr sizes when
machining conditions were properly adjusted.

The influence of different milling methods and cooling strategies on burr formation
and surface integrity during the micro-milling of Ti-6Al-4V has been thoroughly explored
in existing research. Kiswanto et al. [11] reported that employing an up-milling strategy
was more effective for minimizing burr formation, while down-milling generally resulted
in larger, irregular, and more wavy burrs. Lekkala et al. [12] observed that increasing the
number of tool flutes effectively lowered burr height for both up-milling and down-milling
processes. Zheng et al. [13] investigated the effects of Minimum Quantity Lubrication
(MQL) in micro-milling of Ti-6Al-4V. Their research demonstrated that MQL substantially
enhances tool longevity by minimizing tool wear. Additionally, compared to dry milling
conditions, MQL contributed to improved surface quality through the mitigation of cutting
vibrations and reduction in surface roughness, establishing it as a superior method for
the micro-milling of titanium alloys. Consistent with these findings, Vazquez et al. [14]
also reported that applying MQL along the feed direction notably decreased both burr
formation and tool wear.
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Previous literature highlights multiple factors influencing burr formation during
micro-milling of titanium alloys, specifically Ti-6Al-4V. These key factors include feed
rate, tool edge radius, choice of milling method, tool coatings, and lubrication strate-
gies. Considering the practicality and cost-effectiveness of conventional speed machining
equipment, this study aims to perform a statistical analysis on how principal machining
parameters—namely feed rate, cutting speed, and depth of cut—affect burr width and
height in both down-milling and up-milling processes, under dry, MQL and wet cool-
ing conditions. The primary goal is to identify the parameters significantly influencing
burr formation.

2. Materials and Methods
2.1. Workpiece Material

The material selected for experimental analysis is grade 5 titanium alloy (Ti-6Al-4V).
This alloy is characterized by a dual-phase microstructure consisting of alpha («) and beta
(B) phases. Typically, at room temperature, the alpha phase constitutes approximately
60-90%, while the beta phase accounts for around 10-40%.

2.2. Experimental Setup

Micro-milling experiments were carried out using a Yida MV-1060 CNC milling
center under three different cooling conditions: dry, MQL and wet, as depicted in
Figure 1. The experimental workpiece dimensions were 10 mm x 20 mm x 50 mm
(length x width x height). An Olympus DSX1000 digital microscope was utilized to mea-
sure and evaluate the burr width and height in the machined slots. To assess experimental
reliability, each test was performed twice, with the maximum burr width and height values
recorded per run and subsequently averaged for analysis. The micro-milling experiments
were performed with ultrafine tungsten carbide micro-end mills having a diameter of
500 um. The micro tools exhibited an average measured edge radius of 3.5 um with a
standard deviation of 0.5 um.

Figure 1. Experimental setup illustrating machining under dry, MQL, and wet cooling conditions.
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2.3. Design of Experiments

The micro-milling experiments were organized using the Taguchi Design of Experi-
ments (DOE) approach, applying an L9 orthogonal array to structure the trials. This experi-
mental design featured four independent variables, each evaluated across three different
levels. The primary variables considered were feed per tooth, cutting speed, axial depth
of cut, and cooling condition. The specifics of the machining parameters, along with their
respective levels are given in Table 1.

Table 1. Machining parameters, their levels and values.

Machining . Cooling

Parameter f= (um/tth) Ve (m/min) ap (um) Condition
Level 1 8 25.135 50 Dry
Level 2 10 36.131 75 MQL
Level 3 12 47.127 100 Wet

3. Results and Discussion

This section presents the measured burr results along with their statistical analysis
performed using the analysis of variance (ANOVA) method.

3.1. Burr Measurement

The average burr width and height were calculated, and the findings are arranged
according to the Taguchi orthogonal L9 array, as shown in Table 2. Figure 2 defines the
three linear descriptors extracted from every slot. Burr width is the plan-view distance
between the two most protruding burr tips and was obtained directly from the calibrated
2-D micrograph. Because height cannot be resolved from a single view, a three-dimensional
surface map of each slot was reconstructed within the microscope’s software (Figure 3b).
The triangle was translated incrementally along the slot until the vertical leg reached an
absolute maximum; this value was recorded as burr height for that machining condition.
This approach ensures that the tallest burr, rather than the widest—is captured. Addition-
ally, Figures 4 and 5 show the measured burr width and height for both the up-milling and
down-milling sides of some of the machined slots.

Table 2. L9 array with process parameters and responses.

Burr Width (um) Burr Height (um)
Test f= Ve a, (um) Cooling N Vi
(um/tth)  (m/min) 7 F Condition ~ (rpm) (mm/min)  Up- ~ Down- = Up- — Down-
Milling  Milling  Milling  Milling
1 8 25.135 50 Dry 16,000 256 32.747 32.901 11.045 15.401
2 8 36.131 75 MQL 23,000 368 25.387 27.126 12.712 15.511
3 8 47.127 100 Wet 30,000 480 23.349 24.580 13.498 18.176
4 10 25.135 75 Wet 16,000 320 19.749 27.258 13.922 18.755
5 10 36.131 100 Dry 23,000 460 13.222 21.951 15.074 21.319
6 10 47.127 50 MQL 30,000 600 15.827 21.230 11.050 16.704
7 12 25.135 100 MQL 16,000 384 13.396 17.616 17.159 23.236
8 12 36.131 50 Wet 23,000 552 11.154 14.078 12.485 17.902
9 12 47.127 75 Dry 30,000 720 8.934 13.118 14.998 18.791
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Figure 2. Burr measurement of machined slot (not to scale). Adapted from [15].

Observation method: BF
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Figure 3. Burr height measurement using digital microscope: (a) 2D view; (b) 3D view.
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Figure 4. Measurement of burr width using digital microscope: (a) up-milling; (b) down-milling.

Zoom: 1.4x
Total magnification: 400x
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(b)

(a)

Figure 5. Measurement of burr height using digital microscope: (a) up-milling; (b) down-milling.

3.2. Application of ANOVA
After measuring the top burr width and height, a statistical analysis was performed in

Minitab software (version 22.1) using ANOVA technique. The impact of each parameter was
evaluated by examining the F-test ratios; a larger F-value suggests greater significance of the
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parameter, whereas a smaller F-value indicates lesser importance. Furthermore, p-values
were assessed to determine the statistical significance of each factor, with a threshold of 0.05
(5%) typically used as a reference. A p-value lower than 0.05 implies a statistically significant
parameter, with only a 5% probability of test error, thus corresponding to a 95% confidence
level. Moreover, the contribution ratio (CR), representing the percentage contribution of
each parameter to the overall variance, was calculated using the Equation (1) [16], and
ANOVA results are reported in Section 4.

SS — (DoF x MSSges)

%CR =
%oC 557

x 100 (1)

where:

55—Sum of squares;
DoF—Degrees of freedom;
MSSg,s—Mean square of residuals;
5St—Total sum of squares.

4. Discussion
4.1. Burr Width (Up-Milling and Down-Milling)

The ANOVA results (Tables 3 and 4) show feed per tooth as the primary factor influ-
encing burr formation in both up-milling and down-milling, with CR of 76.74% and 74.71%,
respectively. Cutting speed follows as the second most influential parameter, having a
CR of 12.32% (up-milling) and 17.96% (down-milling). Depth of cut and cooling condi-
tions demonstrate minimal impact. The main effects plots (Figure 6) indicate a consistent
decrease in burr width as feed per tooth increases, aligning with prior studies. At lower
feeds, chip thickness nears the cutting-edge radius, causing ploughing rather than effective
shearing and increasing burr formation [10]. Higher feeds shift the cutting mechanism to
efficient shearing, reducing lateral material displacement [7]. Cutting speed also influences
burr width, exhibiting a reduction in burr size as the cutting speed is increased. Higher
cutting speeds elevate the material’s strain rate, facilitating cleaner separation of chips and
thus decreasing the likelihood of burr formation [17]. Although statistically insignificant
(CR: 3.07% in up-milling; 0.86% in down-milling), the depth of cut demonstrates a down-
ward trend in burr width in up-milling, attributed to better heat dissipation through the
formation of larger chips, which in turn helps to minimize burr formation [10]. Cooling
conditions, despite low CR (0.01% and 0.25% for up- and down-milling, respectively),
show reduced burr formation under wet conditions, as coolant reduces friction and cutting
temperatures, thus mitigating burr formation [17].

Table 3. Burr width analysis using ANOVA—up-milling.

Sequential Adjusted  Adjusted

Factor DoF SS SS MSS F-Value  p-Value Significance CR (%)
f= (um/tth) 2 801.49 801.49 400.75 43.97 0.000 Significant 76.74
V¢ (m/min) 2 128.69 128.69 64.35 7.06 0.014 Significant 12.32
ap (um) 2 32.02 32.02 16.01 1.76 0.227 Non-significant 3.07
Cooling Condition 2 0.14 0.14 0.07 0.01 0.992 Non-significant 0.01
Error 7 82.02 82.02 9.11 7.85
Total 17 1044.37 100.00
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Table 4. Burr width analysis using ANOVA—down-milling.
Sequential Adjusted  Adjusted R o
Factor DoF SS SS MSS F-Value  p-Value Significance CR (%)
f= (um/tth) 2 542.47 542.47 271.24 54.10 0.000 Significant 74.71
Ve (m/min) 2 130.40 130.40 65.20 13.01 0.002 Significant 17.96
ap (um) 2 6.28 6.28 3.14 0.63 0.556 Non-significant 0.87
Cooling condition 2 1.83 1.83 0.91 0.18 0.837 Non-significant 0.25
Error 7 45.12 45.12 5.01 6.21
Total 17 726.10 100.00
Main Effects Plot for Burr Width (um) - Up-milling Main Effects Plot for Burr Width (um) - Down-milling
Data Means Data Means
554 fz (um/tth) Ve (m/min) ap (um) w Cooling Condition S0 fz (um/tth) Ve (m/min) ap (um) |Cooling Condition
3
* \ 215 .\.\
241 \1\ \\‘\ .
221 \\\ ﬂ\ 250 \\ \\
& 201 \ .\ [ s *\ \, —
g ) ‘\ \\ ‘\\‘ jl S 2s \\ \\ *—e._ Si g 3
\ Y R ‘ \ ™
© 3 . B 200 \ %
N \‘\ ‘ \II'
. .\\ 175 \I
‘ 150 “
e % R EE ® = 5§ 8 10 12 2515 3em 4z S0 75 w00 1 2 3
(a) (b)
Figure 6. Main effects plot illustrating the influence of process parameters on burr width (um):
(a) up-milling; (b) down-milling.
4.2. Burr Height (Up-Milling and Down-Milling)

The ANOVA findings (Tables 5 and 6) demonstrate that depth of cut and feed per
tooth significantly affect burr height in both up- and down-milling, with 4, being the most
critical factor. Conversely, cutting speed and cooling conditions lack statistical significance
in either configuration. Contribution ratios confirm the prominence of a, and f. (Figure 7),
accounting for 53.82% and 23.54% in up-milling, and 43.38% and 30.57% in down-milling,
respectively. The increased burr height at higher a, and f; results from greater material en-
gagement, enhancing plastic deformation and lateral flow at the tool exit [17,18], consistent
with prior research [19]. Although cutting speed shows minimal statistical significance
(CR: 2.99% in up-milling, 3.61% in down-milling), an overall trend of decreased burr height
with rising speeds is evident. This trend relates to thermal softening at elevated cutting
speeds, reducing required cutting forces and subsequent plastic deformation, aligning with
findings by Ezugwu and Wang [20].

Table 5. Burr height analysis using ANOVA—up-milling.
Sequential Adjusted  Adjusted s o
Factor DoF SS Ss MSS F-Value  p-Value Significance CR (%)
fz (um/tth) 2 18.55 18.55 9.28 5.60 0.026 Significant 23.54
V¢ (m/min) 2 2.36 2.36 1.18 0.71 0.516 Non-significant 2.99
ap (um) 2 42.42 42.42 21.21 12.80 0.002 Significant 53.82
Cooling Condition 2 0.56 0.56 0.28 0.17 0.846 Non-significant 0.72
Error 7 14.92 14.92 1.66 18.93
Total 17 78.81 100.00
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Table 6. Burr height analysis using ANOVA—down-milling.
Sequential Adjusted  Adjusted R o
Factor DoF SS SS MSS F-Value  p-Value Significance CR (%)
f= (um/tth) 2 41.46 41.46 20.73 6.17 0.021 Significant 30.57
Ve (m/min) 2 4.90 490 245 0.73 0.509 Non-significant 3.61
ap (um) 2 58.84 58.84 29.42 8.75 0.008 Significant 43.38
Cooling Condition 2 0.19 0.19 0.09 0.03 0.972 Non-significant 0.14
Error 7 30.25 30.25 3.36 22.30
Total 17 135.64 100.00
Main Effects Plot for Burr Height (um) - Up-milling Main Effects Plot for Burr Height (um) - Down-milling
Data Means Data Means
fz (um/tth) Ve (m/min) ap (um) Cooling Condition [ fz (um/tth) Ve (m/min) ap (um) Cooling Condition _|
» 211 ’
15 ’ // /
/ / 55
.r/ / //. ;’
144 / / /
C / \ i’ — . / \
g » -~ / e g / /
25 // i / = / e fi e
18 ™~ /
J J/ / b #
/
2 ) }‘ » // /
+ i/
+
(a) (b)

Figure 7. Main effects plot illustrating the influence of process parameters on burr height (um):
(a) up-milling; (b) down-milling.

Cooling conditions have a negligible effect on burr height, as reflected by flat main
effects plots and non-significant ANOVA results (CR = 0.72% for up-milling; 0.14% for
down-milling). This minimal influence is attributed to burr formation being primarily
governed by mechanical factors, such as cutting forces and material deformation. The
slight reduction observed under wet cooling likely results from enhanced lubrication and
reduced thermal and frictional stresses at the tool-workpiece interface.

5. Conclusions

This study examined the influence of four critical machining parameters, feed per
tooth, cutting speed, depth of cut, and cooling condition, to evaluate their effect on burr
formation. Statistical analysis using the ANOVA method was employed to identify the
significance and contribution to burr formation. The key findings from the analysis are
summarized below:

e Feed rate, followed by cutting speed, emerged as the most significant factors influ-
encing burr width, contributing a combined 89.06% in up-milling and 92.67% in
down-milling. In contrast, the depth of cut and cooling condition had a minimal
influence on burr width. Burr height, however, was primarily affected by the depth
of cut and feed rate, while cutting speed and cooling condition showed negligible
impact. The combined effect of depth of cut and feed rate accounted for 77.36% of the
variation in burr height during up-milling and 73.95% during down-milling.
Overall, feed rate was identified as the most influential parameter governing burr
width, whereas depth of cut had the greatest impact on burr height. Therefore, precise
control of these two parameters is crucial for minimizing burr formation in micro-
milling operations.
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