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Abstract
This study investigates the influence of laser surface texturing on tool wear evolution, thermal behavior, and cutting forces 
in high-feed milling of Inconel 718. Comparative analyses were conducted between the non-textured and laser-textured 
inserts under identical milling conditions. Wear progression was evaluated, revealing that the crater wear and localized 
notch formation dominate in both cases due to severe thermo-mechanical loading of the interrupted cutting. While both 
inserts exhibited similar qualitative wear evolution; however, the laser-textured inserts demonstrated reduced wear inten-
sity and a more distributed wear along the rake and flank faces. Additionally, it was shown that the surface texturing 
significantly amplified the effective flank surface area by approximately a factor of ten, improving convective heat dis-
sipation. The infrared thermography confirmed a substantial reduction in maximum cutting temperature (from ~ 379 °C to 
~ 326 °C) for the textured inserts, indicating improved thermal management. Furthermore, the cutting force measurements 
reveal a more stable force evolution for the laser-textured tool, with reduced growth in axial and radial components, 
correlating with the corresponding flank and notch wear. These findings demonstrated that the laser texturing effectively 
modified the wear progression, thermal load, and could stabilize cutting performance.
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per tooth, and axial depth of cut [3]. Experimental investi-
gations further revealed that, compared to conventional face 
milling, HFM can achieve higher material removal rates 
with comparable or even reduced cutting forces when pro-
cess parameters were properly optimized [4]. However, the 
changing force orientation and intermittent cutting condi-
tions in HFM introduce complex thermo-mechanical load-
ing on the cutting edge, necessitating a more comprehensive 
evaluation of tool performance [5]. Recent researches on 
HFM have progressively shifted from individually force-
based assessments toward a multi-criteria evaluation that 
simultaneously considers cutting forces, temperature evolu-
tion, surface integrity, and tool wear behavior [6]. Although 
HFM reduces average cutting forces, localized stress con-
centrations may still occur at the cutting edge due to high 
feed rates and small contact lengths [7]. Thermal analyses 
indicate that the reduced chip thickness in HFM does not 
necessarily imply lower cutting temperatures, as intense 
plastic deformation and frictional heating remain concen-
trated near the rake face [8]. Furthermore, surface finish in 
HFM is strongly influenced by tool deflection especially at 
elevated feed rates. These findings underline that the full 

1  Introduction

High-feed milling (HFM) process characterized by a small 
entering angle, typically below 20°enables the machining of 
very high feed per tooth while maintaining a limited unde-
formed chip thickness through the chip-thinning effect [1]. 
This kinematic configuration redistributes the cutting load 
predominantly into the axial direction, thereby reducing 
radial forces and improving process stability, particularly 
in low-stiffness tool–workpiece systems [2]. In HFM, force 
generation is highly dependent to insert nose radius, feed 
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potential of HFM can only be utilized if tool–chip interac-
tion and heat generation are effectively controlled [9]. This 
is very important for high strength materials like Inconel 
718 where its high strength at elevated temperatures, pro-
nounced work-hardening tendency, and low thermal con-
duction, all of which promote extreme thermo-mechanical 
loads at the cutting edge. During milling, the cyclic engage-
ment of the cutting edge induces repeated thermal shocks, 
which accelerate flank wear, notch wear, and edge chipping, 
thereby limiting tool life [10]. The strong chemical affin-
ity between nickel-based alloys and tool materials further 
intensifies adhesion and diffusion wear mechanisms, espe-
cially under dry or insufficient coolant conditions [11]. In 
addition to rapid tool degradation, the surface integrity of 
Inconel 718 is highly sensitive to cutting conditions, caus-
ing microstructural alterations in the subsurface layer [12]. 
Consequently, a parameter optimization alone is insufficient 
to ensure both acceptable tool life and surface quality in 
milling of such alloys [13]. To address these challenges, 
various approaches have been proposed, including high-
pressure coolant, cryogenic cooling, advanced tool coat-
ings, and modified cutting strategies, aiming to reduce 
temperature and friction at the tool–chip interface [14, 15]. 
Beside these approaches, laser surface texturing of cutting 
tools has gained increasing attention as a mean of tailoring 
tribological conditions without altering tool geometry [16]. 
Laser micro-textures generated on the rake face reduce the 
real contact area, facilitate chip flow, and lower frictional 
forces, resulting in reduced cutting temperatures and crater 
wear [17]. Laser texturing of the flank face suppress chip 
adhesion and stabilize wear progression by modifying con-
tact pressure distribution at the tool–workpiece interface 
[18]. Despite promising results in turning and conventional 
milling, the application of laser texturing to indexable high-
feed milling inserts has been remained unexplored, particu-
larly for simultaneous texturing of rake and flank faces and 
its combined effect on cutting forces, thermal loads, sur-
face integrity, and tool life when machining Inconel 718. 
Laser surface texturing is a surface engineering technique 
that employs a focused laser beam to generate micro- and 
nano- features [19]. In contrast to conventional mechanical 
methods such as micro fly-cutting [20] or chemical textur-
ing methods, the laser texturing enables non-contact mate-
rial removal with high repeatability, making it particularly 
suitable for tribological functions [21]. The underlying 
removal mechanism relies on ablation depending on laser 
parameters such as pulse duration, wavelength, fluence, and 
repetition rate, which directly govern texture morphology 
and integrity [22]. Ultrashort pulse lasers are capable to fab-
ricate textures with minimum thermal damages and require 
no post-processing [23]. Utilizing ultrashort pulse lasers can 
generate stable micro-grooves, dimples, and hybrid patterns 

with excellent dimensional fidelity even on hard tool mate-
rials [24]. Moreover, multi-axis laser machining enables 
the alignment of laser incidence with curved or inclined 
surfaces, overcoming the intrinsic limitations of two-
dimensional texturing approaches. These capabilities are 
particularly relevant for cutting tools with complex insert 
geometries, where functional surfaces extend beyond flat 
rake faces into curved flank and edge regions. The applica-
tion of laser texturing to cutting tools has been extensively 
investigated as a strategy to modify tool–chip tribology and 
improve machining performance [25]. In milling operation, 
laser-textured rake faces have been shown to reduce friction 
coefficients, stabilize chip flow, and lower cutting forces 
[26]. Several researchers report that micro-textures act as 
micro-reservoirs for lubricants, thereby mitigating adhesion 
and built-up edge formation [27]. In addition, flank-face 
texturing has been demonstrated to alter contact pressure 
distribution and delay the onset of flank wear, particularly 
under dry and minimum quantity lubrication conditions. 
These benefits are especially pronounced in milling due to 
the inherently interrupted nature of the process, which peri-
odically exposes the cutting edge to dry conditions [28]. 
This is more critical in HFM, where cutting edges experi-
ence high mechanical loads combined with short engage-
ment times. By texturing the cutting tools for aggressive 
milling regimes, the micro-patterns can reduce peak cutting 
forces and dampen force oscillations associated with inter-
mittent engagement [29]. It was also observed that textured 
cutting edges can promote more uniform wear evolution, 
reducing catastrophic edge failure in high-feed conditions 
[30]. However, most existing studies are limited to planar 
texturing of the rake face and conventional milling inserts, 
leaving the texturing of the curved surface of an insert not 
investigated. Based on the literature review, several gaps 
can be identified that motivate the present study. First, prior 
to this study, the laser-texturing investigations on cutting 
tools was predominantly limited to flat, two-dimensional 
surfaces, whereas the current work uses five-axis laser pro-
cessing to texture both rake and flank faces across the entire 
curved geometry of indexable inserts. In addition, in this 
study a coating process was applied to the textured inserts 
after laser process. The use of femtosecond laser texturing 
facilitates the coating process without any post-process-
ing, thereby establishing a robust and industrially scalable 
methodology. A comparative analysis in this study showed 
that while both non-textured and laser-textured inserts 
experienced similar wear behavior, while the laser-textured 
inserts exhibited lower wear intensity but more evenly dis-
tributed wear. The texturing significantly enhanced heat 
dissipation and reducing maximum cutting temperature. 
Additionally, the textured tools demonstrated more stable 
cutting forces.
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2  Experimental Procedure

2.1  Laser texturing setup

Laser surface texturing of the indexable inserts was con-
ducted using a five-axis laser machine (+ GF+ Machining 
Solutions GmbH (currently United Machining Germany 
GmbH) (Fig.  1-a). The complex three-dimensional geom-
etry of high-feed milling inserts, characterized by inclined 
rake faces, curved flank surfaces, and non-planar edge tran-
sitions, requires full spatial beam control to ensure accurate 
positioning of the laser textures. This also includes position-
ing of laser textures at the very close vicinity of the cutting 
edge. Prior to laser texturing, the inserts were mounted in a 
tool holder and aligned using a touch probe inside the laser 
machine for an accurate positioning. The radial runout and 
concentricity were verified via dial gauge measurements, 
ensuring that rotational positioning errors remained neg-
ligible during multi-axis motion (Fig. 1-b & c). The laser 
texturing process which was conducted before the coating 
employed femtosecond laser pulses, where material removal 
is governed predominantly by non-thermal ablation. The 
utilized laser parameters (Table  1) therefore ensures high 
geometric consistency of micro-features while preserving 
subsurface material not thermally damaged.

For the rake face, the laser textures’ orientation was 
selected to achieve perpendicular to the cutting edge. This 
enabled tailored groove orientation aligned with antici-
pated chip flow direction, thereby influencing chip sliding 
behavior.

2.2  Workpiece material and milling setup

The workpiece material investigated in this study was Inco-
nel 718 (Harald Pihl Co.) The sample blocks with dimen-
sions of 80 × 50 × 200  mm³ were prepared for long-length 
experiments. Each experimental condition was repeated for 
up to 28 passes (5600 mm) to ensure a consistent wear pro-
gression and stable thermo-mechanical loading history. The 
milling parameters were adopted within the inserts’ manu-
facture recommendation range. All milling experiments 
were carried out on a GF+ Mill S 400 U milling machine 
under flood emulsion. The cutting forces were recorded 
using a Kistler multi-component dynamometer (model: 
9256C1) mounted beneath the clamping fixture as shown in 
Fig. 2, enabling real-time acquisition of force components 
in the feed, normal, and axial directions. The raw force 
signals were subsequently subjected to post-processing to 
extract mean force values over the sequence of 28 passes.

Indexable tungsten carbide inserts (Zermet Zers-
panungstechnik GmbH & Co. KG, Germany) with an 

Table 1  Laser parameter
P: Average power (W) 8
λ: Wavelength (nm) 523
f: Frequency (kHz) 200
Ep: Pulse energy (µJ) 0.04
Vs: Scanning speed (mm/s) 1500
d: beam spot size (mm) 0.012
lf: focal distance (mm) 100
tp: Laser pulse width (fs) 260

Fig. 1  (a) Five-axis laser machine, (b) laser texturing of the rake face and (c) laser texturing of flank face
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outer diameter of 12 mm with a hardness ≥ 66 HRC were 
employed for high-feed milling tests. All experiments were 
conducted using a shoulder-milling strategy under constant 
cutting parameters, summarized in Table 2. All tools shared 
identical geometry to ensure that variations in performance 
could be attributed exclusively to laser textures.

For each insert, the milling was performed up to 28 
passes. This controlled progression enabled a systematic 
evaluation of wear and cutting force development. The dif-
ferences between non- and laser-textured inserts, including 
the presence of a negative chamfer, are depicted in Fig. 3. 
The shown chamfer confirms a consistent edge preparation 
geometry, which is critical for mechanical stability and load 
distribution during high-feed milling.

The non-textured insert serves as the baseline for evalu-
ating the surface texturing on the machining performance. 
In Fig. 3-d, a hill-shaped micro-pattern was introduced 
within the defined flank region. The micro-features were 
arranged in zigzag rows with controlled spacing. This 
choice of the laser texture is closely related to the char-
acteristics and efficiency of the laser machining process. 
Specifically, the hill texture is produced by scanning 
the laser beam along predefined line paths at relatively 
high scanning speeds (1500 mm/s). In contrast, the fab-
rication of other textures e.g. a “dimple” texture would 
require the laser to dwell at thousands of stationary points, 

significantly increasing the overall laser processing time. 
Therefore, the laser processing efficiency was an impor-
tant factor in selecting the hill texture. A second consider-
ation was related to thermal effects. In the case of dimple 
textures, the stationary laser–material interaction can lead 
to increased local heat accumulation due to multiple-pulse 
ablation, resulting in more pronounced thermal damage as 
the number of pulses muss be increased for deeper tex-
ture depths. In contrast, the line-scanning approach used 
to generate the hill texture involved shallower ablation 
depths (per pulse), combined with rapid beam movement 
and high scanning repetition. This enabled better heat dis-
sipation and more effective control on thermal damage. 
Another important factor was the undercutting material 
behavior during the milling process. For dimple textures, 
the closed geometry can substantially increase the likeli-
hood of material clogging within the dimples. In contrast, 
the hill texture provides open, interconnected microchan-
nels (compared to other texturing methods e.g. micro fly-
cutting with very limited depth and geometry [20]), which 
facilitate coolant flow during milling and reduce the risk 
of the clogging. Moreover, the interconnected channels of 
this texture were advantageous for subsequent coating pro-
cesses after laser texturing, as they promote coating pen-
etration into the microchannels and quarantines adhesion 
due to increased surface area.

Insert ID Edge Preparation / Surface Condition Coating Grade Substrate Grade
1 Negative chamfer AlTiN9M K10F
2 Negative chamfer + Laser texturing AlTiN9M K10F
Milling parameters
vc = 50 m/min ap = 0.25 mm fz = 0.03 mm ae = 7.05 mm vf=796 mm/min
Coolant Aquatec 7560

Table 2  Insert specifications and 
milling parameters

 

Fig. 2  Experimental setup for milling Inconel 718
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The tool wear evaluation was carried out using an optical 
microscope (Keyence VHX-7000). Upon completion of the 
16 and 28 passes, the inserts were investigated to measure 
wear.

3  Results and discussion

3.1  Tool wear

Figure 4 presents the wear evolution of a high-feed milling 
insert without laser texturing after 16 and 28 milling passes. 
A clear progression of wear can be observed between the two 
passes. The dominant wear mechanism on the rake face is 
crater wear, caused by material removal in the chip–tool con-
tact zone. In addition, a localized notch formation is visible 
near the depth-of-cut line. The increase in wear size from 16 
to 28 passes indicates progressive thermal–mechanical load-
ing during interrupted high-feed milling. Figures  4-b & d 
illustrate the same progression for the second cutting edge of 
the insert. A comparable wear pattern is observed, suggesting 
relatively balanced load distribution between the two cutting 

edges. The minor visible differences between the edges may 
be attributed to slight radial runout after mounting the insert 
in the holder, or to possible misalignment between the tool 
holder and spindle system. The axial flank faces are shown 
in Figs.  4-e and g for the cutting edge 1, and in Figs.  4-f 
and h for the cutting edge 2. In addition to the flank wear, 
the corresponding notch wear is also apparent from the flank 
perspective. The progression of notch wear between 16 and 
28 passes is clearly distinguishable.

Figure 5 shows the wear evolution of the laser-textured 
insert under identical milling conditions. These textures are 
oriented perpendicular to the cutting edge and therefore par-
allel to the chip flow direction during machining. The pres-
ence of these surface textures introduces multiple functions 
at the tool–chip interface. First, the textured geometry con-
tributes to friction reduction between the chip and the rake 
surface, due to the empty spaces created by laser texturing. 
Second, the textures act as micro-channels that facilitate 
improved penetration and transport of cutting fluid toward 
the primary cutting zone. Third, the texture assists in guid-
ing chip flow and reducing excessive adhesion between the 
chip underside and the tool surface.

Fig. 3  . Illustration of laser texturing on (a) on flank face (b) magnification of laser texturing, (c) rake face without laser texture and (d) laser 
texturing on rake face
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The progression of wear from 16 to 28 passes remains 
clearly observable, and the dominant mechanism on the 
rake surface continues to be crater wear, accompanied in 
some regions by localized notch formation. While the over-
all wear trend is comparable to that observed for the refer-
ence insert, differences in wear magnitude can be identified 
on both the rake and flank faces. Figures 5-e to h display the 
axial flank faces of both cutting edges after 16 and 28 passes. 
In addition to the flank wear development, the laser texture 
features on the flank surface remains visible, demonstrating 

structural persistence under cyclic mechanical loading. 
Although the wear progression pattern is qualitatively simi-
lar to that of the non-textured insert shown in Fig.  4, the 
quantitative differences of flank wear and notch magnitude 
are evident. These variations indicate that the texturing mod-
ifies the thermo-mechanical interaction at both the rake and 
flank interfaces, even though the fundamental wear remain 
consistent. In contrast, the laser-textured insert exhibits a 
reduced distributed wear pattern along the rake face, sug-
gesting modified chip–tool interaction. These observations 

Fig. 5  Wear progression of the laser-textured insert after 16 and 28 passes. (a, b) rake faces of cutting edge 1; (c, d) rake faces of cutting edge 2; 
(e, f) flank face of cutting edge 1; (g, h) flank face of cutting edge 2

 

Fig. 4  Wear progression of the non-textured insert after 16 and 28 passes. (a, b) rake faces of cutting edge 1; (c, d) rake faces of cutting edge 2; (e, 
f) flank face of cutting edge 1; (g, h) flank face of cutting edge 2
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imply that surface texturing does not change the fundamen-
tal wear modes but influences their spatial evolution and 
intensity, potentially affecting long-term tool performance.

Figure 6 presents the mechanical engagement behavior 
of the insert under high-feed milling. In this figure, the tra-
jectory of an individual cutting edge is illustrated by the 
blue helical paths. The spacing between successive heli-
cal lines corresponds exactly to the feed per tooth, fz , in 
the milling process. This spiral path represents the periodic 
nature of engagement and disengagement experienced by 
each cutting edge during the process. Correspondingly, each 
edge undergoes a thermal cycle within every revolution, 
heating during engagement and cooling during disengage-
ment, highlighting the inherently interrupted nature of the 
milling process. In Fig. 6-b, a magnified view of the tool–
workpiece interaction plane is provided. Upon the initial 
contact between the cutting edge and the uncut material, the 
undeformed chip thickness increases progressively. When 
the cutting edge reaches approximately the midpoint of its 
engagement arc, the undeformed chip thickness reaches its 
maximum value, which corresponds to the highest mechani-
cal and thermal loading. The principal cutting force compo-
nents are illustrated by orthogonal red arrows, representing 
the dominant force directions acting on the cutting edge.

Due to the reduced depth of cut and modified lead angle 
geometry, the high-feed milling enables significantly higher 
feed per tooth values. This geometric characteristic consti-
tutes one of the primary reasons for the increased produc-
tivity associated with high-feed milling tools. Figure  6-c 
presents a bottom-view perspective of the insert and the 
trajectory of the cutting edge, as if observed from within 

the workpiece material. From a thermal standpoint, heat 
generation within the engagement zone arises primarily 
from tool–chip friction and plastic deformation of the chip 
in the primary shear zone. This phase represents the period 
of intense a mechanical and consequently, thermal loading. 
However, immediately upon leaving the engagement zone, 
the cutting edge experiences the cooling phase. During dis-
engagement, the flank face, which in this study is intention-
ally laser-textured, becomes exposed to air convection. As a 
result, the flank face texturing functions as a complementary 
mechanism for enhancing heat dissipation during the disen-
gagement phase.

3.2  Effect of Surface Area Amplification after laser 
texturing

Laser surface texturing can reduce tool–chip friction, 
enhance lubrication and control contact interactions at the 
tool–chip interface [31, 32]. However, its potential as a 
thermal management strategy via surface area amplification 
on the flank surface has been remained underexplored. By 
increasing the flank surface area, the convective heat dis-
sipation during non-cutting intervals can be enhanced. To 
investigate the heat dissipation, the texture dimensions are 
required to extract the formulation. The geometrical pro-
jection of the laser-textured zone on the flank face forms a 
trapezoidal area (shown in Fig. 3-a). The projected area is 
calculated as:

Aproj = (a + b)
2

h� (1)

Fig. 6  Mechanical engagement of cutting edge (a) cutting tool -workpiece demonstration, (b) trajectory of a cutting edge corresponding to feed 
per tooth ( fz) and (c) progress of undeformed chip thickness
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Which yields to Aproj = 3.5146mm2. This projected area 
serves as a baseline reference of the flank surface before 
the laser texturing. Figure  3-b shows the regular micro-
features on the textured region, with measured spacings of 
px = 49.77µ m, py = 57.95µ m which results in a unit cell 
area of Acell = 2884.17µ m2. Thus, the estimated number 
of the micro-features within the textured region is:

N = Aproj

Acell � (2)

To quantify the real surface amplification resulting from 
the micro-textures, assuming each micro-feature behaves 
as a simple cylinder of radius R ≈ 50 µ m and height 
H ≈ 165µ  as shown in Fig.  3-b, the additional surface 
area per feature is:

Acyl = 2π RH � (3)

Thus, total real surface:

Areal = Aproj + N (Acyl)� (4)

The real surface ratio becomes:

surfampli = 1 + 2π RH

Acell
� (5)

Th calculation resulted approximately to surfampli ≈ 10.  
This value corresponds to the surface amplification 
( surfampli) by laser texturing as the micro-features sig-
nificantly alter effective surface heat exchanging. There-
fore, a textured area results in a considerable increase in 

heat dissipation during the cooling phase of cutting. By 
increasing the effective surface of the flank face by a factor 
of 10, the available interface for heat exchange during the 
disengagement phase is substantially expanded. Since the 
convective heat transfer is directly proportional to surface 
area, the amplified geometry enhances heat dissipation dur-
ing each tool rotation. This cyclic heat dissipation is intensi-
fied over thousands of revolutions, contributing to reduced 
temperatures in the cutting zone. To concrete this idea, it is 
necessary to measure the temperatures during the milling 
process. Figure 7 illustrates the experimental configuration 
employed for the thermal measurement. By applying an 
anti-reflective spray with a higher emissivity, the reflectiv-
ity of the metallic surfaces is significantly reduced, allowing 
the thermal camera (ImageIR 8300-InfraTec GmbH, Ger-
many) to capture the actual temperature distribution of the 
tool and workpiece surfaces.

Figure  8 presents thermal images obtained during the 
milling, illustrating the temperature distribution in the 
vicinity of the cutting zone. The thermal map is displayed 
using a color scale, allowing a qualitative visualization 
of the heat generation and dissipation during material 
removal. To enable a reliable comparison, the tempera-
tures were quantitatively evaluated in defined regions of 
interest, namely near the cutting zone and in the evacuated 
chips (measured inside the yellow-color boxes in Fig. 8). 
These measured values are now reported and directly 
compared between both test conditions. As expected, the 
highest temperature levels are concentrated in the immedi-
ate vicinity of the tool–workpiece interaction zone where 
chip formation occurs. This region exhibits a maximum 
temperature of about 379 °C. These elevated temperatures 
originate from the combined effects of a chip formation 

Fig. 7  Setup for thermal imaging (a) Milling machine and thermal camera, (b) & (c) surface preparation prior to thermal imaging
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and frictional sliding along the tool–chip interface. The 
localized thermal concentration in this region is typical 
for machining of Inconel 718 due to the alloy’s relatively 
low thermal conductivity, which promotes heat accumula-
tion in the cutting zone. Above the cutting region, a verti-
cal thermal conduction can be observed extending along 
the tool shank. This elongated thermal pattern indicates the 
heat conduction path from the cutting edge toward the tool 
body, demonstrating how a portion of the generated heat 
is transported away from the cutting zone through the tool 
body. Figure 8-b presents a representative infrared thermo-
graphic image using a laser-textured insert. The maximum 
recorded temperature of about 326 °C. The recorded tem-
perature values in this region are significantly lower than 
those observed for non-textured inserts, confirming that the 
laser texturing participates in reducing accumulated heat at 
the cutting zone. Another noticeable feature in the thermal 
image is the presence of several localized hot spots around 
the cutting region. These spots are associated with the chips 
being ejected from the cutting zone. As chip evacuation is 
more efficient for textured inserts, they often carry a sub-
stantial portion of the generated heat. As a result, the laser-
textured insert could potentially facilitate heat dissipation 
more efficiently than the non-textured insert. Regarding the 
magnitude of the white area (temperature above 350˚) near 
the cutting zone in Fig. 8-a and -b, the thermal camera has 
a fixed position, as shown in Fig.  7. Because the cutting 
insert is rotating, the camera captures images at different 
angular positions of the insert. It is highly probable that the 
image in Fig. 8-b was captured at a position that provides 
better visibility of the cutting engagement area (a frontal 
image captured from both cutting edges in one frame) com-
pared to the image in Fig. 8-a. It was attempted to capture 
both images at the exact same angular position; however, 

due to the high rotational speed of the cutting tools and 
complexities in working with the thermal camera, this was 
practically impossible. As the temperatures reported for 
both the structured and non-structured tools are the average 
values calculated by the camera software. Therefore, the 
larger white area in Fig. 8-b does not imply higher tempera-
tures for the laser-structured insert.

3.3  Cutting Forces

Monitoring cutting forces provides direct insight into the 
modified tool–workpiece interaction induced by surface 
texturing, as the force components reflect changes in con-
tact mechanics, frictional behavior, and load distribution, 
thereby serving as critical performance indicators. Figure 9 
illustrate the quantified cutting forces and tool wear. In 
Fig.  9-a, the flank wear and notch formation follow rela-
tively steep increase. Both flank and notch exhibited a more 
pronounced increase with milling length. The cutting force 
components show a similar gradual evolution throughout 
the machining process. The tangential force component 
Fy , which represents the dominant cutting force compo-
nent, remains relatively stable. The axial and radial force 
components ( Fz  and Fx) follow comparable tendencies, 
where Fz  exhibiting slight upward tendency observable 
in the fitted trend during the run-in phase that correlate 
with the progressive wear of the cutting edge. The corre-
lation between wear development and the increase in cut-
ting forces observed can be attributed to the enlargement of 
the contact region between the worn flank surface and the 
newly generated workpiece surface. As the flank wear land 
increases, the frictional interaction at the tool–workpiece 
interface is intensified as well, leading to a gradual increase 
in the required cutting forces.

Fig. 8  Infrared thermographic image during milling of Inconel 718 (a) insert without laser texturing and (b) insert with laser texturing
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Figure  9-b presents the evolution of cutting forces 
and tool wear for laser-textured inserts. Corresponding 
to the laser-texturing, the development of flank wear was 
decreased throughout the milling, while the notch height 
was considerably increased. This behavior could be attrib-
uted to a weakening of the cutting edge caused by the laser 
texturing on both the rake and flank faces. Since the textures 
were located close to the cutting edge, they may reduce the 
effective edge-supporting material and create local stress 
concentrations. Under the repeated mechanical and thermal 
loading of milling, these weakened regions are more sus-
ceptible to edge micro-chipping and localized cracks at the 
depth-of-cut line of the insert. Consequently, the notch for-
mation becomes more pronounced, even though the overall 
flank wear remains moderate. After the initial cutting stage, 
the flank wear was increased gradually. A similar tendency 
was observed in the cutting force component of Fz , where 
the dominant tangential force Fyremained comparatively 
stable over the entire machining time. The axial and radial 
force components ( Fz  and Fx) showed only limited varia-
tion, suggesting that the effective cutting geometry remains 
relatively stable despite progressive wear. This behavior 
indicates that the application of laser texturing provides 
a relatively balanced wear progression during the milling 
operation. This suggests that the laser texturing modify the 
tool–chip interaction by altering local contact conditions 
and frictional behavior along the cutting edge.

4  Conclusion

This study demonstrated that femtosecond five-axis laser tex-
turing is a feasible approach for producing micro-textures on 
the complex three-dimensional geometry of indexable high-
feed milling inserts, on both the rake and flank faces. The 
generated micro-features exhibited high geometrical consis-
tency and remained structurally stable even after prolonged 
interrupted milling experiments, confirming the robustness of 
the proposed texturing method for industrial cutting inserts. 
Subsequently, milling experiments were conducted on Inco-
nel 718. Compared with non-textured inserts, the textured 
inserts exhibited more stable wear progression and lower 
cutting forces. Thermal assessment indicated that the laser-
generated textures modified the local tribological conditions 
at the tool–chip interface, reducing temperatures near the 
cutting zone. The results further support the proposed ther-
mal dissipation effect of flank-face texturing in the high-feed 
milling process, where the texture substantially increased the 
effective heat exchange area by a factor of 10 compared to the 
non-textured insert. Thermographic observations, together 
with force measurements, suggest that flank texturing can act 
as a complementary thermal management strategy.
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