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Abstract

High flexibility of the micro-milling process compared to nontraditional methods has led to its growing application in
manufacturing complex micro-parts with tight tolerances and high accuracies. However, difficulties such as tool deflection,
size effect, and tool wear limit the application of micro-milling. In this regard, the role of laser-assisted machining (LAM)
is highlighted to prevent mentioned issues through reduction of machining forces and providing the possibility for using
higher feeds. Ti6Al4V as a hard-to-machine material is chosen as the workpiece material. Unlike traditional LAM, Ti6Al4V
parts were structured using a picosecond laser before micro-milling. The influence of laser structuring at different structure
densities on the reduction of machining forces was analyzed at two feeds of 10 and 50 pm/tooth at a constant cutting speed
of 35 m/min. A remarkable reduction in cutting forces was observed at both feeds. Additionally, the role of structure density

in cutting force reduction is highlighted.

Keywords Micro-milling - LAM - Cutting forces - Structure density

1 Introduction

Demands for the fabrication of micro-parts with high accuracies
are considerably high. Several nontraditional methods can be
introduced for this purpose. However, most of them have limita-
tions in manufacturing complex three-dimensional geometries for
a wide range of materials. Alternatively, micro-milling with great
flexibility can be used. Compared to nontraditional approaches,
the micro-milling process can produce three-dimensional free-
form features with micro-level accuracy. However, the imple-
mentation of micro-milling faces some challenges. A high length
to diameter ratio leads to low stiffness of micro-milling tools and
increases the probability of tool deflection and the risk of tool
breakage. To eliminate this issue, the uncut chip thickness should
be reduced for decreasing cutting forces. This could cause poor
surface qualities associated with the size effect. Additionally, the
reduction of chip thickness increases the machining times and
consequently reduces the machining efficiency. Moreover, tool
wear is another frequent issue that arises in the micro-milling
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process. Manso et al. [1] observed that the cutting forces increase
with the growing flank wear, particularly at a feed per tooth
fz=2 um/tooth and different rotational speeds 30,000 rpm and
46,000 rpm at micro-milling of H13 tool steel. Oliaei and Karpat
[2] also confirmed the increasing cutting force with tool wear.
Based on tool wear and cutting force results, they highlighted the
tool deflection and tool breakage through finite element simula-
tion analysis at the micro-milling Stavax stainless steel.

To tackle mentioned issues in micro-milling, laser-assisted
machining (LAM) is introduced as a promising method,
particularly for difficult-to-cut materials such as hardened
steel, titanium alloys, and nickel-based superalloys. In this
process, commonly, the workpiece is locally preheated
using a focused laser beam ahead of the cutting location.
This eases the cutting of the material because of the deg-
radation of mechanical properties through material soften-
ing. Many researches have been conducted to investigate
the influence of this type of LAM on the machinability of
different materials. Singh and Melkote [3] introduced laser-
assisted micro-machining (LAMM) method in the micro-
grooving process. The experiments were conducted for H-13
mold steel (42 HRc) with a micro-grooving tool made up
of tungsten carbide (WC) coated with TiAIN with cutting
width 300-500 pm. The influence of LAMM on the cutting
force and the groove depth was studied. Thermal softening
induced by laser heating led to up to a 17% reduction in the
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thrust force. The accuracy of the groove depth was improved
due to the lower thrust force. The reduction in cutting force
through LAM was also reported by Kumar and Melkote [4].
They compared the capability of machining process between
LAMM and conventional micro-milling process of a hard-
ened tool steel (A2 tool steel with 62 HRc) by tungsten car-
bide square end mills (coated TiAIN, tool diameter 180 pm,
and two flutes). They reported a maximum reduction of 69%
for resultant peak forces. They found out that the decrease
of specific cutting energy highlights the increasing share of
cutting through shearing rather than plowing and enhanc-
ing process efficiency. As a result of a reduction in cutting
force, tool wear was also reduced. Rajagopal et al. [5], who
implemented LAM in Ti6Al4V for the first time, found that
the material softening contributes to a considerable force
reduction, low tool wear, and the possibility for increas-
ing material removal rate. Apart from the influence of force
reduction through LAM on tool life, Shelton and Shin [6]
reported the achievement of a finer surface roughness (up to
37% reduction of the roughness parameter from Ra=0.28 um
to Ra=0.17 um) using LAMM in slotting operation of AISI
316 at feed rate 50 m/min(using two flute tungsten carbide
end mills with 100 um diameter). This result was attributed to
less tool deflection and vibration as a result of a reduction in
thrust force. However, LAMM has led to increasing surface
roughness in the case of Ti6Al4V. They also did a longtime
experiment (4-mm-long slots for AISI 316 at a feed rate of
50 mm/min and depth of cut 10 pm) and recorded acoustic
emission (AE) for conventional micro-milling and LAMM.
They reported that AE_; (root mean square of AE) signal
reduces by 75% using LAMM. Moreover, the increase in AE
signal in LAMM was approximately four times less than that
for the conventional micro-milling. Due to the positive cor-
relation between AE and cutting forces, it can be concluded
that LAMM has a remarkable influence on reducing cutting
forces, followed by less tool wear and longer tool life. It was
also indicated that the AE signals reduced for both Ti6Al4V
and AISI 316 in LAMM. Jeon and Pfefferkorn [7] did an
investigation regarding the micro-milling of aluminum 6061-
T6 and steel 1018 using two-flute carbide end mills with a
diameter of 300 um. When cutting aluminum 6061-T6, the
reduction in average thrust and cutting forces accounted
for 36% and 39%, respectively. In the case of steel 1018,
the average thrust and cutting forces reduced by 56% and
32%, respectively. They also mentioned that the reduction of
specific cutting energy (39% and 32% for aluminum 6061-
T6 and steel 1018, respectively) provides a possibility for a
significant increase of feed rate and enhancing productivity.
Ding et al. [8] modeled mechanically and thermally the laser-
assisted micro-milling of difficult-to-cut materials (Ti6Al4V,
Inconel 718, and stainless steel AISI 422). For validation of
modeling, several experiments were conducted with two-flute
tungsten carbide end mills (tool diameter ranging from 100 to
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300 pm). According to their results, the built-up edge (BUE)
can be reduced or even eliminated using LAMM through
proper heating of the workpiece material. Using a 2D FEM
model embedded with the strain gradient constitutive models,
a reduction in workpiece flow stress (about 20-25%) was
reported as the temperature increases from 250 to 450 °C
that can justify the reduction of cutting forces in LAMM.
Apart from LAMM’s remarkable advantages in reducing
specific cutting energy and cutting forces, the improvement
of machinability using LAMM with respect to burr forma-
tion was also evaluated. As an example, Kumar and Melkote
[4] reported reducing burr formation in LAMM of hardened
tool steel (A2 tool steel with 62 HRc) using laser spot smaller
than tool diameter. Shelton and Shin [9] indicated LAMM’s
great potential in reducing considerable burr formation in the
side cutting of Inconel 718 and Ti-6Al-4 V.

As mentioned, preheating the workpiece area in front of
the tool leading to reduction of material strength and sof-
tening of the material along the cutting path is the com-
mon method in LAMM. Apart from the advantages of this
approach in improving the machinability, the controlling of
the process to prevent undesired changes in material proper-
ties and heat-affected zone (HAZ) for the machined surface
is a challenging task limiting the application of common
LAMM [10]. In addition, the applicability of the LAMM
process is limited to the dry machining due to utilizing a
focused laser beam ahead of the tool during the process
[11]. Dargusch et al. [12], who evaluated the most common
cutting tools with different coating types, reported a higher
tool wear rate for all cutting tools using LAM. Moreover,
the dry machining process results in BUE that considerably
increased in the case of LAM. Bermingham et al. [13] also
reported that the diffusion is the dominant mechanism of
the tool wear in thermally assisted machining (TAM), and
diffusive wear leads to pulling out of the large section of
tool material through removing BUE. Moreover, Xia et al.
[14] explained that the short distance between laser spot and
tool is required in LAMM that may lead to tooling thermal
expansion that is followed by changing the actual depth of
cut and reduction of accuracy. They proposed laser-induced
oxidation assisted micro-milling (LOMM), particularly for
micro-grooving with a high depth to width ratio. Using a
nanosecond laser, the oxidation of the Ti6Al4V surface
was carried out. Subsequently, the loose oxide layer was
removed through micro-milling (using an end-mill tool with
a diameter of 500 um) with reduced cutting forces. However,
a loose oxide layer and a relatively dense sub-layer with
micro-cracks and residual oxide were formed on Ti6Al4V
alloy. In another study concerning the LOMM for titanium
alloy, Xia et al. [15] reported a 50-65% cutting force reduc-
tion compared to the conventional micro-milling process.
Low tool wear and burr formation were also observed in
LOMM. The application of LOMM for the WC-20%Co
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material was studied by Guolong et al. [16]. As reported,
the micro-machinability of the WC-20%Co material with
respect to milling forces (in cutting and thrust directions)
was enhanced through laser-induced oxidation. Hao et al.
[17] introduced the nanosecond laser micro-milling to fab-
ricate an S-shaped high aspect ratio micro-groove on copper.
In the proposed method, the material is removed by a nano-
second pulsed Yb: glass fiber laser. Subsequently, less quan-
tity of excess material was removed by the micro-milling
process. Improvement of surface roughness, low tool wear,
and low burr formation were reported. As an alternative
for conventional LAMM, Kadivar et al. [18] also utilized
ultrashort pulse laser in the structuring of the workpiece
surface (austenitic stainless steel X5CrNil8-10) before the
micro-milling process. As reported, the normal and tangen-
tial forces could be reduced by 70% and 50%, respectively,
compared to the conventional micro-milling process. The
application of the novel laser structuring of the workpiece is
not limited to the micro-milling process. Azarhoushang et al.
[19] presented the laser structuring of the workpiece using
an ultrashort pulsed laser in the grinding of silicon nitride
(Si3N4). They showed a remarkable reduction of normal
and tangential grinding forces (64 and 78%, respectively)
compared to conventional grinding.

The laser structuring before machining allows using
a coolant and does not limit the process to dry cutting.
Additionally, the results from the mentioned studies show
a great potential of this approach in improving machina-
bility and reducing subsurface damage. So, the evaluation
in the applicability of this approach is also demanded for
different materials. In this regard, the current investigation
is allocated to study the application of laser structuring
using a picosecond laser in micro-milling of titanium alloy
Ti6Al4V. Firstly, it aims to see how considerable the role
of laser structuring in improving machinability concern-
ing cutting forces is. Secondly, the influence of structure
density on force reduction that has not been addressed in
previous studies is investigated. Additionally, different fac-
tors leading to force reduction in this process are discussed.

2 Experimental setup

Ti6Al4V was selected as the objective material. The chemical
composition of Ti6Al4V is provided in Table 1. In this study,
the employed titanium alloy was produced by the extrusion
process.

The parts were structured using a Yb:YAG picosecond
laser (Tru-Micro5050 from Trumpf) with repetition frequency
of 400 kHz. To do the laser structuring with the maximum
material removal rate (MRR), the maximum laser power
P; =50 W was selected. Then, several tests were conducted at
different laser scan speeds (ranged from 1 to 800 mm/s) and
constant power P; =50 W. At laser scanning speeds below
vy, =200 mm/s, excessive melting of workpiece material (due
to the rather high laser intensities) occurred. However, at laser
scanning speeds above v, =200 mm/s, cold ablation predomi-
nates. Therefore, v; =200 mm/s was considered as a border.
For the structuring of the workpiece before the machining pro-
cess, the structure depth should be adjusted in which not to
exceed the radial depth of cut (¢, =300 pm) at the machining
process. After some preliminary experiments, the number of
laser passes is set to 80. After structuring the workpiece with
P; =50 W and v; =200 mm/s and 80 laser passes, a consider-
able accumulated melt was observed on the generated channel
that led to considerable tool wear. Afterwards, the laser scan
velocity was increased to v, =600 mm/s for significant reduc-
tion of melting at laser structuring as well as prevention of tool
wear. Eventually, the recommended laser parameters were set
to P; =50 W, v; =600 mm/s, and the number of laser scan 80.
Figure 1 indicates the experimental setup for laser structuring
of the parts. The distance between the laser scan lens and the
workpiece surface is 100 mm, and the nominal laser diameter
spot is 80 pum.

In the current study, a simple linear pattern was selected for
the structuring of the workpiece. Then, the structure density
was adjusted by changing the distance between two succes-
sive structure lines. Ti6Al4V parts were structured at different
structure densities, as indicated in Fig. 2. Accordingly, 100,
200, 300, and 500 um were selected for the line gap between
structure lines. Moreover, Fig. 3 provides 3D images of struc-
tured parts at different line gaps. Additionally, a structure
depth of 200 um was obtained after laser structuring, and the
generated profile is shown in Fig. 4.

Since the laser beam energy follows the Gaussian distribu-
tion, a variation in ablation regions can be expected. According
to Fig. 5a, a considerable ablation occurred at the center of the
structure line (region 1). In this region, a significant amount of
laser energy is absorbed by the material that can be followed
by melting and vaporization and explosive boiling (phase
explosion) as frequently mechanism of material removal at
USPL. In region 2, the removed material through melting is
condensed and deposited. In region 3, the melt sputter particles
are deposited on the outer area of the structure line. An EDS

Table 1 Chemical composition

) Chemical composition (wt%)
of Ti6Al4V [20]
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Fig. 1 Setup for laser structur-
ing of Ti6AI4V parts

analysis of the structured line was carried out at three different
regions (button, side, and out of the structure), and the results
are summarized in Fig. 5b. Accordingly, a dramatic increase in
the percentage of oxygen can be seen from region 1 to region
3. This shows that the deposited material particularly at region
3 is considerably oxidized. Moreover, a reduction in percent-
age of pure titanium is observed from region 1 to region 3. In
region 3, no nitrogen was quantified. For other material ele-
ments, no remarkable change is detected.

The micro-milling tests were carried out using a high-
precision 5-axis CNC machining center (KERN Pyramid
Nano). The width of cut, a,, axial depth of cut, a,, and
cutting speed, v,, were kept constant and equal to 0.3 mm,

Fig.2 Structured parts at dif-
ferent structure densities with
different line gaps. (a) 100 um.
(b) 200 pm. (¢) 300 um. (d)
500 um
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1 mm, and 35 m/min, respectively. The feed per tooth, f,,
was a varying parameter. Table 2 summarizes input param-
eters. In this study, the sidewall of the samples was micro-
milled through the down milling strategy with a three flutes
micro-end milling tool (WN 3142 R-N — made by com-
pany Giihring, PVD coating TiAIN, shaft DIN 6535-HA/
HB) with 1.8 mm diameter under a wet condition (utiliz-
ing oil as coolant lubricant). Using the mentioned tool,
the machining process is carried out in chip thicknesses
of 7.4 ym and 37.3 pm for f, =10 ym/tooth and f, =50 um/
tooth, respectively, that are in the range of chip thicknesses
in the micro-machining processes. Figure 6 presents the
experimental setup. The extruded Ti6Al4V parts were in
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Fig.3 3D images of structured
parts at different structure densi-
ties with different line gaps

Line gap 100 pm

Line gap 300 pm

a block form. A piezoelectric dynamometer measured the
cutting forces (type 9256C2 from Kistler Company with
Eigen frequencies 4 kHz, 4.8 kHz, and 4.6 kHz in x-,
y-, and z-direction, respectively, and the measuring area
between —250 N and 250 N in all directions) with a sam-
pling frequency of 300 kHz. The dynamometer calibration
parameters are summarized in Table 3.

For a better comparison between micro-milling of struc-
tured and nonstructured parts, half of the workpiece surfaces

Fig.4 Laser-structured profile

Line gap 200 pm

Line gap 500 um

was laser structured. Therefore, the cutting forces in x and
y directions for both (structured surfaces and nonstructured
surfaces) were measured for each test. The x and y directions
denote milling direction and normal direction (perpendicular
to milling direction), respectively. Additionally, the tests were
randomly carried out, and each test was repeated minimum
two times. For repeating the test, a new tool was always used,
and after each test, the condition of the tool was checked. Two
characteristics of the force signals were considered for analy-
sis of the cutting force in x and y directions. First, the peaks
of the force signals for both F, and F, were collected, and then
an average value was calculated. Second, the average value
was calculated throughout the entire signal in the contact time
between tool and workpiece. These two values (obtain from
the entire signal and peaks of the signal) were further used to
compare the machining of structured and nonstructured parts.

Concerning the influence of laser structuring on the lead
time, at f, =10 um/tooth, the lead time increase approxi-
mately accounted for 80-400% at structure densities with
line gaps ranged from 100 to 500 um. Obviously, the increase
in structure density leads to an increase in the lead time. At
f,=50 pm/tooth, the range of lead time increase is between
400 and 2000% depending on the structure densities.

3 Results and discussion

As explained, the current investigation is allocated to study
how considerable is the influence of laser structuring on
the machinability of titanium alloy materials with respect
to cutting forces. Figure 7 summarizes the experimental
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Fig.5 (a) SEM image from

the top view of the structured a
part. (b) Weight percentage of

various material elements at

different regions
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results for micro-milling of laser-structured parts with line
gaps of 100, 200, 300, and 500 um at two different feeds of
10 and 50 pm/tooth. The orange and red dash lines denote
the average values from the peak and entire force signal,
respectively, at the micro-milling of nonstructured parts.
The gray and green points indicate the average values from
the peak and entire force signal, respectively, at the micro-
milling of structured parts. Accordingly, the reduction in
both values of the force at x and y directions can clearly
be observed at f,= 10 um/tooth and f, =50 um/tooth. This
highlights the effectiveness of laser structuring in reducing
cutting forces in micro-milling Ti6Al4V as a hard-to-cut
material. With respect to the reduction in the peak of the
force signal, it can be concluded that the laser structuring,
which removes some amount of the material prior to
machining, has led to the reduction in maximum chip
thicknesses during the micro-milling process. Eventually,
this contributed to less peak forces. A decrease in the entire
force signal highlights that in addition to maximum chip
thicknesses, the chip volume in the contact time between
tool and workpiece was also influenced by the structuring of
the part. Due to an increase in the structure density through
reduction of line gap from 500 to 100 um, a decrease in
cutting forces (in x and y directions and for peak and entire
of the force signal) is observed at both feeds. According

Table 2 Experimental parameter

Cutting speed v, Feed per tooth f, Width of cuta, Axial depth of
(m/min) (um/tooth) (mm) cut a, (mm)
35 10 and 50 0.3 1
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to the trend lines highlighted by gray and green colors, a
logarithmic relation between line gaps and cutting forces
(F, and F)) can be detected. An increase in the line gap
(or decreasing structure density) resulted in a logarithmic
increase in cutting forces (F, and F,). The higher the
structure density, the more material would be removed
from the workpiece surface through laser structuring before
machining. Therefore, this leads to a higher reduction in
maximum chip thicknesses as well as chip volumes in the
contact time between tool and workpiece. Therefore, a
higher force reduction with respect to peak and entire of
the signal is expected.

As mentioned, the cutting forces in two directions, x and
y, were measured. According to Fig. 6, the directions x and y
denote milling direction and normal direction (perpendicular
to milling direction), respectively. To compare the amount of
force reduction in these two directions, the percentage of force
reduction for the peak and entire force signal (in both direc-
tions) was calculated. According to Fig. 8, gray and orange
colors denote the percentage of force reduction for F, and
F\, respectively. Obviously, increasing the structure density
through reduction of line gap has led to an increase in the
percentage of force reduction for all force components (F,
and F y) at both feeds. As shown in Fig. 8a, b, the percent-
age of force reduction at f,= 10 pm/tooth in the x-direction
is considerable compared to that in the y-direction for both
the peak and entire of the signal at all structure densities. The
cutting tool impacts the laser-induced walls or structures in
the x-direction. These walls have significantly lower stiffness
compared to the nonstructured bulk material since there is no
material behind them (the bulk material barely supports these
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Fig.6 Experimental setup for
micro-milling test

structured filigree features). Therefore, the structure strength
against removing in the x-direction is expected to be lower than
that in the y-direction. Additionally, because of the domino
effect of the structures in the x-direction, occurring during cut-
ting and particularly at high structure densities, removing one
structured feature eases removing of the other features. Hence,
the cutting force in the x-direction is significantly reduced.
At f,=10 um/tooth, the entire signals show a higher percent-
age of force reduction than that for the peak of the signals,
particularly at line gaps of 100 and 200 um. This indicates
that the structuring of the part not only led to the reduction of
maximum chip thicknesses followed by decreasing peak sig-
nals but also reduced tremendously the volume of the material
that should be removed in the machining process. This is fol-
lowed by less chip thicknesses and, consequently, less forces in
the contact time between tool and workpiece. Another reason
behind the reduction of cutting force signal can be an induced
heat-affected zone in the vicinity of structures that was men-
tioned by Azarhoushang et al. [19] in the study of laser-assisted
grinding of silicon nitride.

In the case of f,=50 um/tooth, as shown in Fig. 8c, d,
higher force reduction for F, compared to that for F), can also
be observed for both peak and entire force signals. Again, the
reduction of force with respect to the entire signal is higher
than that for the peak of the signal. Compared to f,=10 pm/
tooth, force reduction for F ) is more pronounced. The
reduction in cutting force in the y-direction highlights the

Table 3 Dynamometer calibration parameters

Calibrated range  Sensitivity Linearity  Cross talk

N pC/N <+%FSO % %

F, 0...250 —2482 001 F,—F, 04F,—F,~14
F, 0...250 -1279 0.5 F,—F, 0.3F,—F,03
F,0...250 —2535 001 F,—F, 0.0F,—F, 0.6

probability of less tool deflection. Therefore, the laser struc-
turing of the parts provides the possibility of using higher
feeds with less tool deflections. For f,= 50 um/tooth, the per-
centage of force reduction is approximately as high as that
for f,=10 pum/tooth. This indicates the applicability of laser
structuring for machining with higher material removal rate.

In previous experiments, the radial depth of cut g, is set
to 300 um that is higher than the structure depth. Moreover,
some experiments with multiple passes and a, =50 um were
conducted to investigate the influence of removed material
using laser structuring throughout the structure depth on cut-
ting forces. At each pass, the cutting forces in the x and y
directions were measured. Figure 9a provides the schematic
of the process, which is conducted for 5 passes. Therefore,
the structure depth is reduced around 50 um after each pass.

Figure 9¢, d shows how the cutting forces (F, and F))
change after each pass. The gray and orange colors denote
the nonstructured and structured conditions, respectively.
Accordingly, the reduction of cutting forces is much pro-
nounced for the first pass. A decrease in the cutting forces
can also be observed for the next passes but is not as high
as that for the first pass. A nonlinear relation between struc-
ture depth and cutting forces can clearly be seen. After each
pass, some part of the material is removed, leading to the
reduction of structure depth. As shown in Fig. 9b, the per-
centage of force reduction for F, is higher than that for F,
at all passes. For all force components, the percentage of
force reduction decreases after each pass. This demonstrates
the influence of removed material volume by laser structur-
ing on the reduction of cutting forces. Figure 10 provides
the micro-milled surfaces related to five pass machining.
Accordingly, the structured area after each pass was reduced,
and the line gap between structures are constant and equal to
100 pm. Through structuring of the part, the chip thicknesses
during machining would be reduced that is accompanied by
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Fig.7 Influence of structure

3 flutes; ® =1.8mm (WN 3142 R-N, PVD-TIAIN, Schaft DIN 6535-HA/HB), Giihring

Down-milling; v, = 35 m/min; f,= 10 and 50 pm/tooth; a,= 1 mm; a,= 0.3 mm

density on reduction of cutting Milling Tool
forces in x and y directions. Workpiece Extruded Ti6AI4V
(a) F, at f,=10 um/tooth. (b)
F, atf,=10 pm/tooth. (c) F, Parameters
at f,=50 um/tooth. (d) F, at Cooolant il
=50 um/tooth
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a reduction in cutting forces. Therefore, a more structured
area results in more chip thickness reduction and conse-
quently less cutting forces. Thus, a reduction in structured
area after each pass led to increases in the chip thicknesses at
micro-milling of the next pass that is followed by decreasing
percentage of force reduction. After five passes, no sign of
structuring on the surface is detectable (see Fig. 10e).

In addition to the reduction of chip thickness through
laser structuring, leading to less cutting forces during the
machining process, the material alternation induced by laser
processing can also be considered as a source of force reduc-
tion. To study this issue, the laser-structured part was cross-
sectioned to do Vickers microhardness measurement.

Several tests (with HV0.05) were conducted at the base
material and in the vicinity of generated laser profile (HAZ)
as shown in Fig. 11. The average hardness value for HAZ and
base material accounted for 226 HV and 323 HYV, respectively.
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This indicates that the laser structuring led to approximately
30% reduction of the material hardness and consequently
eases cutting of the material. The reduction of microhardness
of Ti6Al4V in HAZ through a thermally based process was
also observed by Campo et al. [21] in the study concerning the
dissimilar friction stir welded lap joints between Ti6Al4V and
AISI 304. As reported, the equiaxed primary a in a matrix of
transformed f in HAZ was followed by a significant reduction
of microhardness due to a higher volume fraction of # com-
pared to that in the base material. Therefore, the cutting forces
in the micro-milling should be reduced through laser-induced
material alternation in addition to chip thickness reduction.
After several tests, the condition of the micro-milling
tool (for all three-cutting tooth) was analyzed using Keyence
microscope. According to Fig. 12, no remarkable tool wear
can be observed. However, an evaluation regarding the per-
formance of cutting tool for this type of LAMM requires
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Fig.8 Percentage of force
reduction for (a) peak of the
signal at f,= 10 pm/Zahn.
(b) Entire of the signal at
f,=10 um/Zahn. (c) Peak of
the signal at f, =50 pm/Zahn.
(d) Entire of the signal at
=50 um/Zahn

Fig.9 Influence of laser
structuring in multiple passes at
=10 um/tooth
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Fig. 10 Machined surface after. (a) Pass 1. (b) Pass 2. (c) Pass 3. (d) Pass 4. (e) Pass 5 (only feed marks are visible on the milled surface)

Fig. 11 Microhardness meas-

urement No Hardness (HV)
1 318
2 335
3 234
4 319
5 345
6 227
7 326
8 344
9 232
10 304
11 300
12 197

Fig. 12 Cutting tool after
micro-milling of laser-
structured parts
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further study. Moreover, the modeling of the process would
be highly beneficial to understand how the structuring
changes the chip thicknesses that are planned in the further
investigation.

4 Conclusion

In this study, the effect of laser structuring prior to micro-
milling on the machinability of Ti6Al4V with respect to
cutting forces was investigated. In this regard, the following
results have been obtained.

¢ A strong reduction of cutting forces for both F, and F,
by laser structuring the workpiece surface was observed.
Based on the entire signal in all experiments, force reduc-
tion in the x-direction (18.5-49% and 21-43% for feeds
of 10 and 50 um/tooth, respectively) was higher than that
in the y-direction (3.5-17% and 11-28% for feeds of 10
and 50 pm/tooth, respectively) that is associated with
the domino effect as well as the less structure strength
against removing in the x-direction. Based on the signal’s
peak, the higher cutting force reduction in x-direction
compared to that for y-direction was also observable.

e The micro-milling of structured parts with different
structure densities indicates that the structure density
plays a crucial role in a force reduction. The structure
density was adjusted by changing the line gaps. A higher
reduction in cutting forces was achieved by increasing
the structure density through the decrease in line gaps. A
logarithmic relation between line gap and cutting forces
was found.

¢ A higher force reduction in the case of F, at f,=50 pm/
tooth (5-21% and 11-28% for peak and entire of the sig-
nal, respectively) compared to f,= 10 um/tooth (1-8%
and 3.5-17% for peak and entire of the signal, respec-
tively) highlights the reduction in the probability of tool
deflection through laser structuring, particularly for
higher feeds. With respect to F,, approximately same
percentage of force reduction at f, =50 um/tooth com-
pared to f, =10 um/tooth indicates the feasibility of this
approach for using higher feeds to obtain more material
removal rate.

e The force reduction is attributed to two main factors. The
amount of removed material through laser structuring
leads to decreasing the chip thicknesses in the micro-
milling process accompanied by less cutting forces.
In addition, the microhardness measurement indicates
that the laser-induced material alternation led to a 30%
reduction of material strength by laser structuring and
consequently force reduction during the machining pro-
cess. The percentage of contribution of these two fac-
tors in the reduction of cutting forces is the subject of

the next investigation. Additionally, a study on changing
chip thicknesses through the structuring of the parts will
be conducted as a future investigation by modelling this
process.
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