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Abstract

Hardened steels are extensively used in the automotive, acrospace, and medical industries due to their hardness and wear
resistance and simultaneously high toughness. However, these properties present significant challenges in micro-milling,
leading to rapid tool wear, poor surface quality, and substantial burr formation. Refining machining parameters, including
cutting speed, feed rate, and milling strategies, is essential to enhance part quality and reduce post-processing efforts. This
study first investigates machining parameters to minimize surface roughness and burr formation in micro milling of 60
HRC hardened steel, followed by the development of a CNC deburring method for the complete removal of burrs from
edges. Experiments incorporated trochoidal micro milling for slot creation and roughing, followed by a detailed evalu-
ation of cutting speed, feed per tooth, and milling strategies (down-milling vs. up-milling) during micro finishing. The
results indicate that micro down milling at an optimal cutting speed of 80 m/min and a feed per tooth of 6 um achieved
the best surface quality (Sa=0.85 um), which is approximately 50% lower than the surface roughness obtained from the
initial trochoidal milling- while also minimizing burr formation. To further refine the process, a polyurethane-bonded SiC
polishing tool was employed in the same CNC center immediately after micro milling, completing the deburring process
via top micro polishing. This optimized approach enhances production efficiency and sustainability in machining hardened
steel, offering a viable solution for high-precision applications.
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1 Introduction

Micro milling has emerged as a critical method for manu-
facturing micro components with high precision and com-
plex geometries, particularly in the production of molds and
dies used in the medical, automotive, and aerospace indus-
tries [1-3]. This process enables the fabrication of intricate
features with precise tolerances. However, the micro mill-
ing process encounters significant challenges when machin-
ing hardened steels like AISI D2 (DIN 1.2379) [4]. While
these steels offer exceptional hardness, wear resistance, and
proper toughness making them essential for applications

< Bahman Azarhoushang
bahman.azarhoushang@tf-pr.uni-freiburg.de

Institute for Advanced Manufacturing (KSF), Furtwangen
University, Furtwangen, Germany

Department of Microsystems Engineering (IMTEK),
University of Freiburg, Freiburg, Germany

Published online: 13 November 2025

subjected to high mechanical and thermal stresses, their
properties pose difficulties for machinability, particularly at
the micro scale, where intricate dynamics come into play
[5-7].

A key challenge in micro milling hardened steels lies in
the interplay between material properties and scale effects.
When the undeformed chip thickness becomes compa-
rable to the cutting-edge radius, ploughing dominates over
shearing, leading to increased cutting forces, degraded sur-
face finish, and accelerated tool wear [7-10]. Balazs and
Takacs showed the critical role of tool geometry and mate-
rial properties in influencing cutting forces, emphasizing
that increasing the feed per tooth reduces ploughing while
improving surface quality, although this comes at the cost of
increased tool stress and wear [11]. Additional experimen-
tal results also indicate that achieving a balance between
feed per tooth and cutting speed is essential for optimizing
machining performance and reducing size-effect-induced
inefficiencies [12—14].
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In addition to these material removal challenges, burr
formation is a persistent issue in the micro milling of hard-
ened steels [15]. Burrs not only compromise dimensional
accuracy and surface quality but also necessitate additional
post-processing steps, which increase production costs.
Researchers have shown that burr formation is highly sensi-
tive to machining parameters, including feed rate, cutting
speed, and milling strategies. For example, Sun et al. dem-
onstrated that burr widths could be reduced significantly
by fine-tuning radial and axial depths of cut, particularly
for ductile materials like stainless steel [16]. Furthermore,
Gomes et al. explored the role of tool rigidity and cutting
length on burr formation and surface quality, investigating
the impact of tool design and machining conditions [17].

Deburring is an essential step in the micro milling pro-
cess. While burr formation depends on machining param-
eters and tool design, its removal is crucial for maintaining
the functionality and quality of precision components. Tra-
ditional manual deburring methods are labor-intensive,
time-consuming, and inconsistent, making them unsuit-
able for modern manufacturing. CNC deburring systems
in machining centers can provide a consistent and efficient
solution, improving productivity and reducing manual inter-
vention. When applied directly after micro-milling, flexible
abrasive polishing tools can effectively remove burrs and
edge residues without damaging the surrounding surface.
This method enables simultaneous surface smoothing and
controlled edge rounding, thereby eliminating the need for
separate manual or mechanical deburring stages [10, 18,
19]. Recent developments, such as polyurethane-based
flexible abrasive tools introduced by Cho et al. [20], have
demonstrated excellent adaptability to complex geometries,
minimizing surface irregularities while maintaining dimen-
sional accuracy. Brinksmeier et al. [21] further emphasized
the potential of abrasive polishing tolos, particularly pin-
type and wheel-type configurations, for precision finishing
of structured surfaces, showing that parameters such as con-
tact pressure and relative velocity strongly influence mate-
rial removal and final surface roughness.

Furthermore, the micro milling process is highly sensi-
tive to tool deflection and run-out, which are amplified at
smaller scales. Tool deflection, caused by the high forces
acting on a micro tool, can distort the intended geometry
of the part. Similarly, tool run-out can cause uneven cutting
and lead to premature tool failure. These issues demand pre-
cise control of machining parameters, such as cutting speed,
feed rate, and depth of cut, as well as optimized tool design
to mitigate adverse effects [22, 23].

This study investigates the micro milling of hardened
steel with a hardness of 60 HRC, addressing key challenges
in the process. Utilizing ceramic-coated carbide micro mill-
ing tools and advanced strategies, such as trochoidal milling
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for initial slot creation, the study examines the impact of
cutting speeds, feed per tooth values, and milling strate-
gies on burr formation and surface quality during micro
side finishing. Additionally, an innovative CNC deburring
approach, using a polyurethane-bonded SiC polishing tool,
is used directly after micro milling to improve machining
quality and efficiency. In contrast to conventional multi-step
deburring or hybrid finishing methods, the present work
introduces a CNC-based post-polishing process integrated
within the same machining center, enabling fully automated
in-situ deburring immediately after micro-milling. The nov-
elty of this study lies in this process integration and opti-
mization of cutting and polishing parameters to achieve
burr-free edges and superior surface quality in hardened
steel components while maintaining high process efficiency.

2 Materials and methods

In this study, AISI D2 (DIN 1.2379) hardened steel with a
hardness of 60 HRC was selected as the workpiece material.
AISI D2, a high-carbon, high-chromium tool steel presents
significant challenges in machining due to its hardness and
abrasion-resistant properties. The experiments were con-
ducted on a 5-axis GF Mikron MILL S 400 U machining
center, with the machining setup and workpiece arrangement
illustrated in Fig. 1. Initial slots with dimensions of 5 mm
in length, 1.2 mm in width, and 1 mm in depth were created
using a trochoidal milling strategy, chosen for its ability to
minimize heat generation and tool wear while maintaining
stable cutting conditions [24, 25]. A ceramic-coated carbide
tool with a diameter of 0.8 mm and two cutting edges was
utilized for this operation. The objective of this study was to
produce a 1| mm-deep slot while investigating the effect of
different axial depths of cut (0.025 mm, 0.1 mm, and 1 mm)
on the trochoidal milling process to identify optimal condi-
tions for slot formation. These specific depth values were
selected from preliminary trials to represent low, medium,
and high material removal scenarios, respectively, thereby
enabling a precise evaluation of their influence on surface
integrity and machining time.

Following the roughing process and initial slot creation,
micro side milling was implemented to enhance surface
quality and reduce burr formation in the side surfaces of
slots. This step was performed using a new carbide tool with
the same coating, but with four cutting edges to improve
finishing efficiency. To achieve the desired surface quality
within the slot and minimize burr formation at the edges,
cutting speeds of 50, 80, and 100 m/min, feed per tooth val-
ues of 2, 4, 6, and 8 um/tooth, and milling strategies (down
and up milling) were tested, as detailed in Table 1. Regard-
ing the selection of cutting parameters, the tested ranges of
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Fig. 1 (a) Experimental setup for
conducting micro milling and
polishing tests, and (b) overview
of micro milling, and polishing
procedures

©AS24B01 (isF

Table 1 Experimental micro milling parameters and conditions

B el ™ ™ = =]

WP Material Machine Tool Slot Dimension a, a, Direction \A f,
Process [mm)] [mm)] [um] [m/min] [um/
tooth]
hardened steel micro trochoi- ceramic-coated ~ L5*W1.2*T1 0.025 25 up milling 40 6
AISI D2 (DIN dal milling carbide micro 0.01
1.2379) hardness milling tools 1
=60 HRC micro side (9.08mm) cut- 1 10 up milling 50 6
milling ting edges: 2&4 0
100
80 2
4
6
8
down milling 50 6
80
100

cutting speed and feed per tooth were determined based on a
combination of prior literature on micro-milling of hardened
steels, tool manufacturer recommendations, and prelimi-
nary experimental trials conducted to ensure stable cutting

without tool breakage. These conditions were selected to
cover the practical operating window for the tool geometry
and material used, allowing evaluation of their influence on
surface roughness and burr formation.
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Since side milling alone could not fully remove burrs,
a top polishing operation was performed immediately after
milling within the same CNC machining center. This polish-
ing process utilized a polyurethane-bonded silicon carbide
(SiC) polishing mounted pins with a diameter of 1 mm at a
cutting speed of 50 m/min with a feed rate of 100 mm/min.
Various axial depths of cut were explored during polishing
to ensure the complete removal of residual burrs while pre-
serving the integrity of the machined features.

Burr investigation was conducted using an optical micro-
scope (KEYENCE, VHX 7000) with a maximum magni-
fication of 2500X. Additionally, surface topography and
roughness were analyzed using a confocal microscope (psurf
from NanoFocus) to assess the quality of the machined slots
and evaluate the effectiveness of the finishing processes.
The forces were recorded using a Kistler 9256C1 three-
component piezoelectric dynamometer mounted under the
workpiece, with signals acquired through a Kistler 5070 A
charge amplifier and processed via DynoWare software. The
maximum milling forces components, as captured by Kistler
dynamometer, were analyzed and denoised using MATLAB
software. Subsequently, the average of maximum forces and
their standard deviations were derived.

3 Results and discussion
3.1 Trochoidal slot micro milling

The trochoidal milling strategy was employed for the initial
slot creation, with the objective of achieving a slot depth
of 1 mm while evaluating three different axial depths of
cut (ay): 0.025 mm (40 passes), 0.1 mm (10 passes), and
1 mm (single pass). To ensure consistency across trials,
key machining parameters, including feed per tooth, cut-
ting speed, and tool geometry, were maintained constant,
as determined from preliminary investigations. The radial
depth of cut (a,) was set to 25 um, the feed per tooth (f,) to
6 um, and the cutting speed (v,) to 40 m/min.

The confocal images presented in Fig. 2(a) reveal that the
surface generated with an a, of 0.025 mm exhibits signifi-
cantly improved smoothness compared to the other condi-
tions. In contrast, the surface produced with an aj of I mm is
characterized by pronounced irregularities, including peaks
and valleys, indicative of inferior surface quality. The inter-
mediate condition, a, of 0.1 mm, results in a moderately
irregular surface morphology. These findings are further
confirmed by the areal surface roughness parameter (Sa) in
Fig. 2(b), where the surface generated with a, = 0.025 mm
resulted the lowest roughness value (Sa=1.2 pm), followed
by 1.72 um for a, = 0.1 mm, and 2.2 pm for a, = I mm.

The improved surface quality observed at lower ap values
can be attributed to the reduced tool engagement and lower
cutting forces per pass, which mitigate plastic deformation

Process Micro trochoidal milling
Tool Ceramic-coated carbide micro milling tool, @ 0.8 mm, 2 cutting edges
Workpiece Hardened steel (AISI D2), hardness = 60HRC
Parameters Trochoidal milling: a,=0.025 mm, a, = 0.025 (40 times), 0.1 (10 times), 1 mm, f, = 6 um\tooth, v.= 40 m/min
Coolant Emulsion
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Fig.2 Confocal microscopy images of the initial trochoidal micro-milled surfaces at depths of cut of 0.025, 0.1, and 1 mm ((a—c)) and correspond-
ing surface roughness parameter (Sa) (d) as a function of depth of cut in micro-milling
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and tool deflection effects. Conversely, at higher a, values
(e.g., 1 mm), the increased material removal rate results in
elevated cutting forces, greater tool deflection, and machin-
ing instability, ultimately leading to poorer surface integrity.

The machining time required to create a slot with dimen-
sions of 5x1.2x 1 mm using trochoidal micro-milling was
evaluated at varying axial depths of cut. For an axial depth
of cut (a,) of 0.025 mm, the machining time was approxi-
mately 76 min, necessitating 40 passes to reach the target
depth. In contrast, increasing a, to 0.1 mm reduced the num-
ber of passes to 10, consequently lowering the machining
time to 7.6 min. The shortest machining time of 1.9 min was
achieved with an ap of 1 mm, which required only a single
pass.

Although the smallest a, (0.025 mm) leads to the high-
est surface quality, the associated excessive machining time
makes it impractical for efficient material removal. Given
that this phase is primarily intended for roughing, with sur-
face quality being further enhanced in the subsequent finish-
ing stage, an a, of 0.1 mm was selected for the remainder of
the experiments as a compromise between surface integrity,
tool wear and machining efficiency.

3.2 Side milling

3.2.1 Surface quality

Figure 3 presents confocal images of the micro side-milled
surface along with the corresponding Sa for various f, val-

ues. All tests were conducted with a, = 10 um, a, = 1 mm,
v, = 80 m/min and up milling strategy. Among the tested

values, the best surface quality is achieved at f, = 6 um/
tooth, with Sa of 1.05 pm. The confocal images in Fig. 3(a)
for this condition reveal fewer and less pronounced peaks
and valleys, indicating a more uniform surface.

At lower feed per tooth values, such as f, = 2 um/tooth,
surface quality deteriorates, yielding the highest Sa value of
1.78 um. This decline is attributed to the tool’s cutting-edge
radius (4 um) being larger than the feed per tooth, causing
a transition from shearing to ploughing, increasing mate-
rial deformation, and degrading the surface finish. For f, =
8 um/tooth, the Sa value increases slightly to 1.23 um, as
higher feeds introduce vibrations that lead to a decline in
surface quality. The intermediate result at f, = 4 um/tooth,
with Sa value of 1.29 um, represents a transition between
suboptimal and optimal cutting condition.

In summary, for micro side milling with the used tool in
this study, an f, of 6 um/tooth optimally balances efficient
material removal and high surface quality. Deviating from
this condition results in increased surface roughness due
to transitions in cutting mechanics or instability during the
milling process.

Figure 4(a, b) presents confocal images of micro side-
milled surfaces along with the corresponding Sa values for
various v, values in up and down milling, respectively. All
tests were conducted with a, = 0.01 mm, a, = 1 mm, and f,
= 6 um/tooth. The results indicate that down milling consis-
tently produces better surface quality than up milling across
all cutting speeds. Confocal images confirm that surfaces
generated by down milling exhibit lower peaks and valleys,
corresponding to 15-20% lower Sa values compared to up
milling at identical cutting speeds.

Process 1- Micro trochoidal milling
2- Micro side milling (up milling)
Tool Ceramic-coated carbide micro milling tool, @ 0.8 mm, 2 and 4 cutting edges
Workpiece Hardened steel (AISI D2), hardness = 60HRC
Parameters Trochoidal milling: a,= 0.025 mm, a, =1 mm, f,= 6 pm\tooth, v.= 40 m/min
Side milling: a,=0.01mm, a,=1mm, f,= 2, 4, 6, 8 um\tooth, v.= 80 m/min
Coolant Emulsion
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Fig. 3 Confocal microscopy images of micro side-milled surfaces at feed per tooth values of 2, 4, 6, and 8 pm/tooth ((a—d)) and corresponding
surface roughness parameter (Sa) (e) as a function of feed per tooth in micro-milling
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Process 1- Micro trochoidal milling
2- Micro side milling (up and down milling)
Tool Ceramic-coated carbide micro milling tool, @ 0.8 mm, 2 and 4 cutting edges
Workpiece Hardened steel (AISI D2), hardness = 60HRC
Parameters Trochoidal milling: a,=0.025 mm, a, =1 mm, f,= 6 um\tooth, v.= 40 m/min
Side milling: a,=0.01 mm, a,= 1 mm, f,= 6 umitooth, v.= 50, 80, 100 m/min
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Fig. 4 Confocal microscopy images of micro side-milled surfaces at cutting speeds of 50, 80, and 100 m/min: (a—¢) up-milling and (d—f) down-
milling conditions. (g) Surface roughness parameter (Sa) corresponding to different cutting speeds in micro up- and down-milling

Fig. 5 Cutting forces in various

; R Process 1- Micro trochoidal milling
fiuttmg S.fl’feds in micro up and 2- Micro side milling (up and down milling)
own miting Tool Ceramic-coated carbide micro milling tool, @ 0.8 mm, 2 and 4 cutting edges
Workpiece Hardened steel (AISI D2), hardness = 60HRC
Parameters Trochoidal milling: a,= 0.025 mm, a, =1 mm, f,= 6 pm\tooth, v.= 40 m/min
Side milling: a,=0.01mm, a,=1 mm, f,= 6 pm\tooth, v.= 50, 80, 100 m/min
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8
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Among the tested conditions, the optimal surface qual-
ity in down milling occurs at v, = 80 m/min, with Sa value
of 0.85 um. At a lower cutting speed of 50 m/min, surface
quality is only slightly worse, with an 8% increase in Sa,
suggesting stable cutting dynamics in this range. However,
at v, = 100 m/min, surface quality deteriorates signifi-
cantly, with a 32% increase in Sa compared to 80 m/min.
This reduction is attributed to increased thermal and runout
effects, which destabilize the cutting process and introduce
surface irregularities.

The superior performance of down milling over up mill-
ing can be explained by the direction of chip formation and
material flow. In down milling, the cutting forces push the
tool into the material, minimizing deflection and achieving
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smoother surfaces. In contrast, up milling involves forces
that lift the tool, increasing deflection and leading to a
rougher surface.

This trend is also evident in the force measurements
presented in Fig. 5, which illustrates the cutting forces at
different cutting speeds and milling strategies. The cutting
force behavior closely follows the trend observed in surface
roughness. At cutting speeds of 50 m/min and 80 m/min, the
cutting forces in both up and down milling remain nearly
identical, with minimal differences. However, at 100 m/
min, a noticeable increase in cutting force is observed. The
cutting forces diagram in Fig. 5 reflect the underlying chip
formation mechanisms that govern both surface integrity
and burr evolution. Under stable conditions at 50 m/min
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and 80 m/min, the nearly identical force profiles indicate a
steady shearing action with uniform chip segmentation and
limited lateral material flow, which explains the smoother
surfaces obtained in these regimes. However, the force
increase observed at higher cutting speeds signifies intensi-
fied thermal-mechanical interaction at the tool-workpiece
interface, promoting partial ploughing and material adhe-
sion along the edge.

3.2.2 Burr formation

Figure 6(a, b) presents microscopy images of burrs formed
after micro-milling and histograms depicting average burr
height and width for various f, values in up micro mill-
ing. The results indicate that the smallest burr dimensions
are achieved at f, = 4 and 6 pm/tooth, with burr heights of
1.57 pm and widths of about 9 pum, respectively. Increasing
f, to 8 pm/tooth leads to a rise in burr dimensions, with aver-
age burr height reaching 5 um and average width increas-
ing to 15 pm. This increase is attributed to higher material
removal rates, resulting in greater cutting forces and uncon-
trolled material flow along the edges. Similarly, at f, =2 um/
tooth, burr height and width are larger than at 4 and 6 pm/
tooth. This is due to the tool’s cutting-edge radius exceeding
the feed per tooth, causing ploughing instead of shearing,
increasing material deformation, and leading to excessive
burr formation.

Figure 7(a, b) presents optical microscopy images of burr
formation at the edges of milled surfaces under different
cutting speeds and milling strategies (up and down mill-
ing), along with the corresponding average burr height and
width. At v, of 80 m/min, the smallest burr dimensions are
observed: 1.3 um in average height and 7.5 um in average

width for down milling, compared to 1.57 um and 8.5 pm,
respectively, for up milling. Across all cutting speeds, down
milling consistently yields better results than up milling,
producing smaller burrs due to reduced tool deflection and
controlled material flow.

While the difference in burr height between 50 and 80 m/
min is minimal, average burr height increase at v, of 100 m/
min, particularly in up milling. This trend is evident in the
microscopy images, where the burrs at v, of 100 m/min in
up milling are larger, indicating unstable cutting conditions
including higher cutting temperature, more plastic defor-
mation and tool deflection. Similarly, burr width follows
this pattern: the difference between up and down milling is
smallest at 80 m/min, while at 50 and 100 m/min, the varia-
tions become more pronounced, showing increased instabil-
ity and material deformation at suboptimal speeds.

The optimal parameter set for micro side milling of hard-
ened steel, which provides the best surface quality and the
lowest burr dimensions, consists f, of 6 um, v, of 80 m/min,
and down milling as the preferred strategy.

3.2.3 Deburring

Figure 8 shows the microscopic images (400X magnifica-
tion) of the edges of the milled surfaces after top polishing
using a polyurethane-bonded SiC polishing pin (®1 mm)
at different axial depths of cuts. Achieving burr-free but
sharp edges (without edge rounding) after milling is criti-
cal in many industries to ensure functionality, precision, and
quality. The deburring and polishing process, as indicated
in Fig. 1(b), was performed directly in the CNC machine.
As seen in Fig. 8, using an a; of 0.05 mm effectively
removes all burrs from the edges, leaving the surface clean

Process 1- Micro trochoidal milling

2- Micro side milling (up milling)
Tool Ceramic-coated carbide micro milling tool, @ 0.8 mm, 2 and 4 cutting edges
Workpiece Hardened steel (AISI D2), hardness = 60HRC

Parameters Trochoidal milling: a,= 0.025 mm, a, =1 mm, f,= 13 umitooth, v.= 90 m/min

Side milling:

Coolant Emulsion

a,=0.01mm, a,= 1 mm, f,= 2, 4, 6, 8 um\tooth, v.= 80 m/min

(e)
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Fig. 6 Microscopic images of burr formation in micro-milling at different feed per tooth values of 2, 4, 6, and 8 pm/tooth: (a—d). (e) Average burr

height and width corresponding to various feeds per tooth in micro-milling
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Process 1- Micro trochoidal milling

2- Micro side milling (up and down milling)
Tool Ceramic-coated carbide micro milling tool, @ 0.8 mm, 2 and 4 cutting edges
Workpiece Hardened steel (AISI D2), hardness = 60HRC
Parameters Trochoidal milling: a,= 0.025 mm, a, =1 mm, f,= 13 pm\tooth, v.= 90 m/min

Side milling: a,=0.01 mm, a,= 1 mm, f,= 6 ym\tooth, v.= 50, 80, 100 m/min
Coolant Emulsion

@__ 20
. , g = Up Milling
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Fig. 7 Microscopic images of burrs formed after micro-milling at different cutting speeds of 50, 80, and 100 m/min: (a—¢) up-milling and (d—f)
down-milling. (g) Average burr height and (h) average burr width corresponding to various cutting speeds in micro up- and down-milling

Fig. 8 microscopy images of the Process 1- Micro trochoidal milling
edges of milled slots after deburr- 2- Micro side milling (down miling)
ing using different axial depths 3- Micro polishing (top polishing)
of cut (a) 0.05 mm, (b) 0.01 mm : : : e :
and (¢) 0.2 mm in micro-top Tool Ceramic-coated carblde. micro m'llllng'tool. @ 0.8 mm, 2 and 4 Cutting Edges,
polishing Polyurethane-bonded SiC polishing pin (®1 mm)
Workpiece Hardened steel (AlISI D2), hardness = 60HRC
Parameters Trochoidal milling: a,=0.025 mm, a, =1 mm, f,= 13 pm\tooth, v;= 90 m/min
Side milling: a,=0.01 mm, a,= 1 mm, f,= 6 um\tooth, v;= 80 m/min
Top polishing: a,=0.25 mm, a,=0.05, 0.1, 0.2 mm, v = 100 mm/min, v.= 50 m/min
Coolant Emulsion
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and well-defined without any visible deterioration and edge
rounding. The polishing action is more controlled, focus-
ing on burr removal without excessive abrasion. However,
increasing the a, to 0.1 mm results in slight rounding of
the edges, indicating the onset of edge deterioration of the
workpiece. At an a, of 0.2 mm, the edges exhibit significant
deterioration, characterized by excessive rounding and a
complete loss of sharp definition.

The deterioration observed at higher a, values can be
attributed to increased contact pressure and aggressive
material removal, which over-polishes the edges and dam-
ages their geometry.

To provide a quantitative assessment of these effects,
the average edge rounding radii were measured as 30 pm,
54 um, and 66 pum for polishing depths of 0.05 mm, 0.1 mm,
and 0.2 mm, respectively. These results confirm that higher
axial polishing depths intensify edge rounding due to greater
tool-workpiece contact and abrasive interaction. The pol-
ishing depth of 0.05 mm therefore represents the optimal
condition, achieving complete burr removal while maintain-
ing sharp, well-defined edges and minimizing dimensional
alteration of the slot geometry.

A comparison with other reported micro-deburring meth-
ods further highlights the efficiency of the proposed CNC-
based post-polishing process. For instance, Kumar et al.
[26] investigated ultrasonic-assisted abrasive micro-deburr-
ing, where complete burr removal required approximately
10 s for soft materials such as aluminum and copper, and
3—6 min for hard-to-cut materials including Ti-6Al-4 V and
bearing steel. In contrast, the present method achieves com-
plete deburring of hardened steel (60 HRC) within a few
seconds per edge directly inside the CNC machining center,
without the need for external ultrasonic or fluidic systems.
The removal mechanism in this study is based on controlled
mechanical micro-abrasion using a polyurethane-bonded
SiC polishing tool, which preserves edge geometry and
ensures high surface uniformity. This integrated approach
therefore offers significant advantages in process automa-
tion, geometric accuracy, and cycle-time reduction com-
pared with existing hybrid or ultrasonic-assisted techniques.

4 Conclusion

This study addressed challenges in the micro-milling of
hardened steel, specifically AISI D2 with hardness of 60
HRC, focusing on minimizing burr formation and enhancing
surface quality. Initial slots were machined using trochoidal
micro-milling strategy, followed by an evaluation of micro-
finishing parameters to determine the optimal conditions for
achieving superior surface quality and minimal burr dimen-
sions. Additionally, an innovative CNC deburring method

was introduced, integrating polyurethane-bonded SiC pol-
ishing tools within a CNC machining center immediately
after milling, resulting in burr-free micro slots. The key
findings of this study are summarized below.

- Trochoidal milling with a, of 0.1 mm was identified
as the most efficient roughing strategy, providing an opti-
mal balance between machining time and surface qual-
ity. Although lower a; value (e.g., 0.025 mm) resulted in
improved surface finish, it significantly increased machin-
ing time, making the process less practice.

al for efficient manufacturing.

— The best surface quality (Sa=0.85 um) and minimal
burr dimensions (average burr height=1.3 pum, average
burr width=7.5 um) were achieved at v, of 80 m/min, f,
of 6 um, and down micro milling. Deviations from these
parameters, whether lower or higher feed per tooth and
cutting speeds, led to deteriorated surface quality and
increased burr formation due to alterations in cutting
mechanics and process instability.

— Down milling consistently produced better results than
up milling across all cutting speeds, resulting smoother
surfaces and smaller burrs due to reduced tool deflection
and improved material flow. Moderate feed per tooth of
4—6 pm minimized burr height and width, while lower
(2 pm/tooth) or higher feed rates (8 pm/tooth) result-
ed in larger burrs due to ploughing effects or process
instability.

— A polyurethane-bonded SiC polishing tool with a, of
0.05 mm effectively removed burrs without causing edge
deterioration. However, increasing a, to 0.1-0.2 mm led
to edge rounding and damage.

The integration of deburring within the CNC machining
process improved process consistency, minimized manual
intervention, and ensured high-quality edge finishes, facili-
tating sustainable production in automotive, acrospace, and
medical industries.

4.1 Future work

Future work will focus on extending the proposed CNC-
based post-polishing approach to other difficult-to-machine
materials such as titanium alloys and stainless steels to
evaluate its general applicability. Further investigations will
include optimization of polishing tool geometry, grit size,
and process parameters to reduce cycle time while main-
taining edge sharpness. In addition, the integration of real-
time monitoring and feedback control for burr detection and
adaptive polishing will be explored to develop a fully auto-
mated and intelligent deburring system suitable for high-
precision micro-manufacturing environments.
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