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This study investigates the creation of textures on polycrystalline diamond (PCD) cutting tools using femtosecond
laser processing and evaluates the influence of these textures on the turning of AA2011-T4 aluminum alloy. Four
types of linear textures with varying orientations and dimensions were developed, and their quality was assessed
through 3D profilometry and energy-dispersive spectroscopy (EDS). The turning tests evaluated the surface
roughness of the machined workpiece, material adhesion on the tool, and the effect of incorporating solid
lubricant microparticles (MoSz) into the textures. The results indicate that femtosecond laser texturing was
effective, causing no thermal damage or graphitization of the PCD. During machining, textures oriented
perpendicular to the cutting edge reduced aluminum adhesion and lead to better surface finish. In contrast,
textures parallel to the cutting edge intensified material anchoring, increasing the risk of tool structure failure.
The use of MoS: decreased material retention within the textures, facilitated chip evacuation, and contributed to
improved machining performance. The greatest reduction in roughness (49 %) was observed for larger
perpendicular textures combined with MoS2. Additionally, larger textures demonstrated superior performance by
promoting chip segmentation and reducing thermal effects. The results demonstrate that femtosecond laser
texturing is a viable technique for optimizing the performance of cutting tools in the turning of aluminum alloys,
enhancing the surface quality of the machined part, and reducing tool wear.

1. Introduction

Surface texturing refers to the creation of topographical patterns
capable of altering the interaction of the surface compared to a flat,
smooth one, such that its presence can enhance the tribological perfor-
mance of the system in which the surface participates. When applied to
cutting tool surfaces, textures can modify the tribological phenomena at
the workpiece/chip-tool interface, thereby influencing tribological
performance and chip formation behavior [1].

Several methods are available for producing textures on tools, each
with its own advantages and disadvantages. With technological ad-
vancements, some methods have been refined and made more cost-
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effective, becoming predominant for this purpose. As noted in the re-
view by Machado et al. [2], two methods have emerged as the most
prevalent for producing textured tools in recent years: Electrical
Discharge Machining (EDM), accounting for 19 % of all articles
reviewed during the evaluated period (2018-2021), and Laser (Light
Amplification by Stimulated Emission of Radiation), representing 65 %.
Samad et al. [3] also suggest that ultrashort pulse lasers are a significant
trend for tool texturing due to their high repeatability without damaging
the textured surface.

Laser machining is a non-conventional process where chip genera-
tion is minimal, with material being removed in the form of vaporized
matter. The principle behind most lasers involves an orbital electron of
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an atom or molecule jumping to a higher energy level upon absorbing a
quantum of energy. Upon returning to its natural state, this energy is
released as light with photon energy lower than that absorbed by the
electron. Consequently, laser emission exhibits a highly defined wave-
length (monochromatic), high collimation, and high phase coherence
among photons.

The choice of lasers has gained popularity due to their advantages in
texture production, such as high precision and reproducibility. In the
context of micromachining, diverse types of lasers are available for
different applications. Excimer lasers are more suitable for working with
polymers and ceramics, while Nd:YAG lasers are recommended for
marking and drilling. For micromachining metals, it is essential for the
laser to be pulsed, with pulse durations in the range of microseconds,
nanoseconds, or even shorter, as this parameter is directly correlated
with thermal and mechanical damage such as burrs, cracks, structural
changes [4,5].

A type of laser capable of micromachining while addressing these
concerns is the ultrafast pulsed laser, with pulses in the range of tens or
hundreds of femtoseconds (1 fs = 10 ~1%s). It can process a wide variety
of materials (metals, polymers, ceramics, semiconductors) without
causing significant thermal or mechanical damage to the workpiece. The
femtosecond laser is an ultrafast pulsed laser where heat transfer is so
insignificant that it can even cut explosive materials, as it does not
induce significant thermal exchange or shock waves to the point of
ignition [6]. Due to these characteristics, this laser has gained popularity
in research applications, industries, and even fields beyond engineering,
such as medicine. However, several other factors need to be considered
when choosing a laser, such as cost, reliability, processing capabilities,
and performance.

The ablation effect (for solid materials), typical of femtosecond la-
sers, involves energy in the range of 10 la102 wJ. When these types of
pulses are directed at the material, the duration of this incidence is
shorter than the vibrational period of the material’s ionic lattice.
Consequently, most of the pulse energy will be absorbed by the elec-
trons, heating them. However, before bond rupture occurs, lattice
heating may generate a small Heat-Affected Zone (HAZ), which can be
controlled and even minimized when the irradiation parameters are
appropriate for the material being processed [3].

Fork et al. [7] pioneered the application of ultrafast pulsed lasers to
polycrystalline diamond (PCD), using pulses of less than 0.1 ps. Since
diamond is a non-metallic material, the presence of free electrons on the
surface is due to the excitation of valence electrons caused by the laser’s
multiphoton ionization effect [8,9]. It is important to note that natural
diamonds are transparent and, as mentioned earlier, are challenging to
machines with conventional lasers. However, PCDs are opaque and,
along with their thermal properties, are favorable for laser machining.

Examples of parameters for machining PCD using femtosecond lasers
have been studied in articles such as [10,11]. Sotillo et al. [11], in their
work on producing linear textures, concluded that a high-frequency
laser (500 kHz) significantly reduces the graphitization effect
compared to lower frequencies (such as 5 and 50 kHz) and also improves
the Ra parameter on the sample surface. This conclusion was also
replicated in other studies [12], which conducted a similar investigation
but focused on dimple-type textures.

Although PCD is an extremely hard material, it also stands out for its
low electrical conductivity, characteristics that are irrelevant for laser-
based processes. In electrical discharge machining (EDM), the process
is hindered by the material’s low electrical conductivity. Unlike natural
diamonds, PCD contains a small amount of cobalt, which provides some
electrical conductivity, albeit low. In laser cutting, however, material
removal occurs through thermal melting and vaporization without me-
chanical contact, being influenced mainly by beam absorption and
thermal conductivity. This allows the cutting of materials regardless of
hardness or electrical conductivity, as long as the material effectively
absorbs the laser energy.

The ease of post-processing with femtosecond lasers proves to be an
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advantageous application of this type of laser. Other types of long-pulse
lasers can fuse debris within the textures, requiring more rigorous sur-
face cleaning methods, including, in some cases, micro-grinding [13].

One way to enhance the benefits of texturing in a cutting tool is the
simultaneous use of solid lubricants, which together can reduce the
loads required to shear the material from the workpiece. Several studies
have shown that solid lubricants in textured tools have had a significant
impact on improving friction and reducing cutting forces [14,15].

These types of lubricants possess lamellar microstructures with low
adhesion forces between them. These lamellae exhibit low resistance to
each other and shear easily, acting as an efficient lubricating film with a
relatively low coefficient of friction. A disadvantage is the low durability
of solid lubricants on the flat surfaces of cutting tools, but this can be
compensated for by combining their use with textured tools [16]. In this
way, the textures on cutting tools, along with their ability to store debris,
can accommodate solid lubricants. The mechanism, as described by
Feng et al. [17], operates as follows: the texture is initially filled with the
solid lubricant, and during the machining process, the heavier debris
from the chips gets trapped within the textures. Then, the solid lubricant
overflows, forming a lubricating film layer on the textured surface.

For groove-type textures, linear ones are more efficient for
machining with solid lubricants compared to patterned grooves [18]. In
dimple-type textures, efficiency lies in the formation of a discontinuous
lubricating film that helps reduce temperature [19]. However, accord-
ing to Sun et al. [20], the most effective method for working with solid
lubricants is with hybrid geometries (grooves and dimples). In the study
conducted by Gajrani et al. [21], which involved turning AISI 1040 steel,
it was found that in the presence of MoS: in the texture, the average
roughness value decreased by 2-11 %, and the average temperature
value decreased by 4-20 % compared to a texture without such filling.

In machining, aluminum is known for its high machinability,
allowing it to be machined at extremely high cutting speeds (up to 5
times higher than steel). However, it has a low modulus of elasticity (on
average 1/3 that of steel) and high ductility, which generates continuous
chips that strongly adhere to cutting tools [22]. Aluminum-copper alloys
(series 2XXX) are generally complex due to the considerable number of
additives used to increase corrosion or structural resistance and control
grain structure. They are characterized by good mechanical strength
(resulting from precipitation hardening that occurs after solution heat
treatment) and good machinability. The AA2011-T4 alloy is commonly
used in household appliance parts, automotive finishes, and artillery
components. Its hardness, due to heat treatment, is around 100 HV, and
its tensile and shear strengths are respectively 310 MPa and 190 MPa
[23]. For machining aluminum alloys, PCD is the most recommended
tool material due to its excellent hardness and low coefficient of friction
against this work material.

Thus, the main objective of the present work is to define suitable
femtosecond laser parameters for producing textures on PCD cutting
tools and to evaluate the feasibility of using distinct types of textures
during the turning of AA2011-T4 aluminum alloy. The turning evalua-
tion was conducted by measuring the roughness on the turned parts, a
key output variable for analyzing process quality, especially in finishing
operations on aluminum alloys. Additionally, the quality of the pro-
duced texture and the impact of using solid lubricant on the considered
textures will be observed.

2. Methodology
2.1. Texture production and evaluation

Studies such as those by Yang et al. [24,25] provide a clear corre-
lation regarding the influence of each texture parameter (size, distance
from the cutting edge, density, and depth) on machining, focusing solely
on dimple-type textures. In contrast, this project uses only groove-type
textures, following authors like Kang et al. [26], who indicated that
this is one of the best texture geometries for aluminum turning. Authors
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such as Wu et al. [27] even found an optimal relationship between width
and depth for groove textures, but in the context of carbon steel
machining.

Furthermore, linear grooves demonstrated the best performance for
solid lubricant action, as observed in the study by Orra e Choudhury
[18]. Regarding groove direction, there are discrepancies among
different authors. Kumar e Patel [28] and Grguras e Pusavec [29]
concluded that a more favorable direction for machining (in terms of
cutting forces) is parallel to the cutting edge (perpendicular to chip
flow), whereas in Su et al [30] study (which machined Ti6Al4V), the
conclusion was the opposite. However, it is worth noting that the ma-
terials studied by these authors are quite different, with the first two
machining high-carbon and chromium steel [28] and medium-carbon
structural steel [29], respectively, while the latter [30] machined
Ti6Al4V, meaning none worked with a material as ductile as aluminum.

After these observations, the need for further investigation became
evident. It is crucial to explore the effect of groove directions in
machining highly ductile materials and to determine the best di-
mensions for such textures. Articles that produced textures on PCD, such
as [30-32], highlighted that few studies on PCD tools venture into
producing textures beyond the dimensions already explored in other
works. The only exception found is the study by Ghosh e Pacella [33],
but for very small textures. Consequently, it is challenging to anticipate
a trend for optimal texture dimensions. Therefore, there is a need to
create textures with intermediate and/or larger dimensions compared to
those already studied in published works.

Although several studies in the literature have investigated PCD
textured tools for aluminum machining, most of them employ similar
texture dimensions (typically around 80 um in width and depth, with
spacings between 60 and 100 um). Based on a systematic review con-
ducted by the authors [2], it was identified that edge cases (the
boundaries of the dimensional range) remain underexplored. Therefore,
this work deliberately selected combinations representing the lower and
upper limits observed in the literature to assess potential behavioral
trends over a broader dimensional span.

It is important to note that the “texture dimension” factor in this
study encompasses four distinct geometrical parameters: groove width,
groove depth, inter-groove spacing, and the distance from the cutting
edge to the start of the textured region. This methodological grouping
was adopted to maintain a balanced number of geometrical and oper-
ational variables (cutting speed and lubrication), ensuring a feasible
experimental design while preserving the ability to analyze major ef-
fects. For studies aiming at precise geometric optimization, a complete
breakdown of these variables is advisable, enabling a robust factorial
analysis.

Authors such as [30,31], and [32], who also investigated textures on
PCD tools, employed groove-type textures with widths of 60 pm and
spacing close to 85 pm. This dimensional range has been extensively
explored in the literature. Therefore, in the present work, an effort was
made to go beyond the commonly studied values. Considering an in-
terval of approximately +40 pm around the referenced spacing, texture
sizes of 45 pm and 120 pm (rounded values) were selected. These di-
mensions have not yet been addressed in the literature and represent an
unexplored range. It is important to highlight that PCD tools are
expensive, and given the available resources, it was necessary to define
textures that would both extend beyond known references and offer
novelties. The results obtained in this study may help determine whether
there is an optimal texture size within this new range or whether such an
optimum lies beyond it. Thus, two types of textures were chosen: 45 and
120 um (depth equal to width), as these are intermediate values
compared to those used in similar investigations which also studied
cutting tools with PCD material [30-32].

The distance from the cutting edge where the textures begin is a
parameter rarely discussed in literature. Therefore, considering the
small area of PCD available on the surface of cutting tools and the
relatively low machining depth (2 mm), it was decided to produce all
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textures starting at 120 um from the cutting edge. This value approxi-
mates those found in the few studies where this dimension was
mentioned [31]. Additionally, it is a multiple of the selected values for
the texture width and spacing, facilitating the design and production of
textures. This ensures that the contact area between the chip and the tool
will certainly be within the textured surface region, considering the
expected chip-tool contact length, which is a function of machining
variables such as the depth of cut, the feed rate, and the rake angle of the
cutting tool.

In the same sense as the distance from the cutting edge variable, the
spacing of all grooves was set at 120 ym. The directions under investi-
gation are grooves parallel and perpendicular to the cutting edge. Thus,
four distinct types of textures were created on the rake surface of the
cutting tool, as described in Table 1.

The textures were produced using a femtosecond laser (ultrashort
pulses) of Ti:sapphire, model "Element PRO 400" from Femtolasers
Produktions GmbH, amplified by the "Femtopower Double 10 kHz"
system, also from Femtolasers. In addition to the base articles for
defining the dimensions of the textures, specific articles were studied for
selecting laser parameters in the production of textures on PCD [10,34,
35], which also helped to prevent the occurrence of graphitization on
the material. In pre-tests using PCD plates, the laser was properly cali-
brated. The laser beam was polarized, set with emission centered at
800 nm, a temporal width of 30 fs, maximum pulse energy of 200 uJ, and
a repetition rate of 10 kHz. For the machining process, the laser beam
was injected into a workstation model "PRJ0221-Femtolasers" from
Laser Engineering Applications, guiding the beam to the focusing lens.
In this system, the focal point remains stationary, and the sample is
moved by an Aerotech three-axis translation stage, series ANT130, with
a precision of approximately 10 nm. The movement programming is
conducted using the Mastercam 2018 - Mill software with a dedicated
post-processor for the laser system. When focused with an f = 20 mm
lens, the focal spot diameter is approximately 3.6 pm. Table 2 summa-
rizes the main parameters mentioned above.

The PCD diamond textures were evaluated through a multidisci-
plinary approach, combining different characterization techniques. The
chemical composition was analyzed through Energy Dispersive Spec-
troscopy (EDS) in a Scanning Electron Microscope (SEM), allowing
verification of the presence of elements indicative of graphitization. EDS
in SEM is a technique that uses the interaction of X-rays generated by an
electron beam with the sample to provide information about the
elemental composition of the material, allowing the identification of the
elements present with high precision, although quantitative analyses are
not exact. For this spectroscopy, 3 spectra were evaluated in different
regions of 3 cutting tools, for 2 batches of tools: smooth (non-textured)
and textured tools. A 3D profilometry was conducted using Mountain-
sMap software to verify the produced dimensions and ensure they
aligned with the expected average values consistent with the laser pre-
cision (focusing on depth, width, and spacing of the textures), enabling
detailed analysis of the topographic variations resulting from irradia-
tion. For width measurement, this was conducted at a depth of 15-20 %
of the total depth, considering the rounding of the groove edge. Finally,
structural integrity is examined with the aid of an optical and an elec-
tronic microscope, allowing the identification of possible cracks or fis-
sures generated by the efforts or vibrations during the turning process.

Table 1
Types of linear groove textures on PCD.

Texture Direction (relative to the cutting edge) Depth and Width (um)
PA45 Parallel 45
PE45 Perpendicular 45
PA120 Parallel 120
PE120 Perpendicular 120
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Table 2
Typical parameters of the femtosecond laser used to create
textures on PCD.

Parameter Value
Pulse width 30 fs
Wavelength 800 nm
Focal spot diameter 3.6 um
Maximum pulse energy 200 wJ
Pulse repetition rate 10 kHz

2.2. Application of solid lubricant on textures

The solid lubricant chosen for this project is molybdenum disulfide
powder (MoS:). The particles of this powder have diameters of up to 5
pm and a thickness of approximately 1 nm, allowing them to easily fill
the textures. The application of MoSz was initially performed using a
brush on the textures, followed by a mixture of sealant with additional
lubricant. It is important to note that before applying the lubricant, the
textures were cleaned to remove any debris, as recommended by Zal-
loum et al. [36] and Kononenko et al. [37]. The textures were cleaned
through brushing with bristles smaller than the width of the textures and
also by ultrasonic cleaning, which operates via cavitation bubbles.

The proportion of this mixture was the maximum dilution of the
powder that the sealant allowed for saturation without losing its con-
sistency (approximately 4 parts of sealant to 1 part of MoS2), optimizing
the desired effect. The applied sealant was OrbiVed337 silicone, with
resistance to temperatures up to 320°C.

Due to laboratory limitations, it was not possible to apply MoS: as a
coating fixed directly to the textured surface, which would be the ideal
solution for industrial applications. In this work, the strategy adopted
was to use silicone sealant as a medium to retain the MoS: powder
within the grooves, allowing the lubricant to remain embedded during
machining.

It is important to highlight that the primary objective of applying
MoS: in this study was not to reduce the friction coefficient between the
chip and the tool surface, but rather to prevent chip stagnation and the
anchoring effect of aluminum chips inside the textures (which is being
discussed in more detail in item 3.2). Aluminum is a highly ductile
material that deforms according to the tool’s surface geometry, allowing
the chip to penetrate and embed itself into the textured grooves. This can
generate substantial stress on the tool surface, potentially leading to
premature damage or failure.

The chosen ratio of 20 % MoS: to silicone is relatively high but re-
mains viable. Higher concentrations, such as 30-40 %, tend to
compromise the elasticity of the silicone matrix, increasing the risk of
cracking under continuous mechanical flexing [38]. Based on data from
similar composite materials (silicone matrices with solid lubricant
fillers), a concentration of 20 % MoS: is expected to reduce the coeffi-
cient of friction by approximately 40-60 %, depending on dispersion
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quality, which corresponds to an estimated friction coefficient of
approximately 0.3 [38].

Fig. 1 shows a rake face of a textured cutting tool with PE45-type
texture (depth and width of 45 pm). In the left image, the texture is
empty; in the center image, the texture contains only the solid lubricant;
and in the right image, the texture is filled with a mixture of lubricant
and sealant, the latter being the condition selected for this work.

2.3. Cutting parameters for turning

The cylindrical turning experimental tests were conducted in a CNC
lathe machine, model Multiplic 35D, manufactured by Romi S.A., with
variable spindle speed from 0 to 3000 rpm and 11 kW of power. The
aluminum workpieces were rigidly clamped using a chuck and sup-
ported at the opposite end with a tailstock to ensure stability during
machining.

For the experiments, a series of articles on turning aluminum with
textured tools were considered to determine possible cutting conditions
for this material. These studies analyzed aluminum turning using
groove-type textures on the rake face of the cutting tool [26,33,39-43].
During pre-tests, it was observed that a 15-second run is sufficient to
stabilize the cutting force and temperature parameters. Given the
negligible wear rate between PCD and aluminum, the test run was set to
15 s, with cutting speeds of 200 m/min and 400 m/min, on an aluminum
alloy AA2011 T4 bar with a diameter of 60 mm and a length of 600 mm.
The depth of cut and feed rate were set to 2 mm and 0.2 mm/rev,
respectively. These values are commonly used in industrial operations
and are close to those reported in the articles cited at the beginning of
this section.

The work material is an aluminum alloy AA2011-T4, composed of
aluminum (balance), copper (up to 6 %), iron (up to 0.7 %), silicon
(5-6 %), zinc (~0.3 %), and, in some cases (as in this study), small
amounts of lead and bismuth (0.9 % combined) to improve machin-
ability. The presence of Bi and Pb, insoluble elements that appear in the
matrix as globules, enhances machinability. The phases after solidifi-
cation and heat treatment consist of Al-Cu with Fe, Pb, and Bi (insoluble)
[44]. The T4’ designation indicates a thermal solution treatment (1-4 h
at 495°C - 530°C, followed by rapid cooling to room temperature in
water) and natural aging (4-5 days at room temperature). Its hardness is
95 HV, and its fatigue, tensile, and shear strengths are 75, 310, and
190 MPa, respectively [23].

The cutting tool material is polycrystalline diamond (PCD), which
exhibits significantly higher toughness compared to monocrystalline
diamond and is proportional to the grain size of the material [45]. A
limitation of PCD is its application at elevated temperatures: when
machining exceeds approximately 780°C (as typically occurs in
machining ferrous materials), PCD begins to graphitize. The main ad-
vantages of PCD as cutting tools for aluminum machining include
extended tool life (designed to operate for months), high-speed

i

100 um EHT = 20.00 kV

WD =10.0 mm Mag =

Signal A = SE1
300 X

Date :30 Sep 2021
Time :10:10:57

Fig. 1. From left to right, there is a sequence of solid lubricant application on the texture. Initially, without lubricant application, then filled with MoS2, and finally

with the mixture of sealant and lubricant.
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performance (capable of operating up to 10 times faster than carbide
tools at maximum efficiency and effectiveness), and superior surface
finish quality. The inserts are designated ISO CPGW120404F01N-0AA,
manufactured by Mapal. A special tool holder was used, and when an
insert is mounted, the following geometry is produced: side cutting edge
angle of —5°, final cutting edge angle of 15°, back rake angle of 6.5°, side
rake angle of 6.5°, and clearance angle of 4.5°.

The combination of PCD tools and aluminum machining does not
typically result in significant tool wear over time, as PCD is an extremely
hard material and aluminum is highly ductile. In fact, PCD tools are
specifically designed to operate for months in machining applications,
particularly when cutting non-ferrous materials like aluminum, as
highlighted by [45]. Given this exceptionally low wear behavior, con-
ducting tool life tests in this context would be inefficient and imprac-
tical, as it would require excessive amounts of material without offering
proportional insight [46].

Instead, the durability of the laser-textured surface is more directly
linked to the structural integrity of the PCD after irradiation. The laser-
produced grooves may act as stress concentrators and, under certain
machining conditions, initiate crack propagation that compromises the
tool’s integrity. Therefore, this study prioritized the evaluation of
whether the selected texture dimensions could structurally withstand
the imposed cutting parameters (cutting speed, feed rate, and depth of
cut), rather than focusing on progressive tool wear over time.

2.4. Analysis of surface roughness of the machined workpiece

Surface roughness analysis plays a fundamental role in evaluating
the quality of machined parts and optimizing the manufacturing pro-
cess. Roughness directly affects dimensional accuracy, wear, friction,
and lubrication, influencing the part’s performance in mechanical ap-
plications. During turning operations, factors such as cutting speed, feed
rate, and depth of cut determine the surface finish. Surfaces with
excessive roughness can compromise the part’s strength and increase the
need for rework, while excessively smooth surfaces may hinder lubri-
cant retention. Therefore, adjusting roughness based on the application
improves component durability and efficiency.

For each tested condition, three measurements were taken using the
Taylor Hobson S-128 profilometer, spaced 120° apart by rotating the bar
on each of the turned surfaces during the tests. The measurement was
carried out directly on the lathe, without handling the bar, in order to
avoid any alteration of the roughness of the machined surface. A
Gaussian filter (cut-off) of 0.8 mm, a field of 100 pm, and a measurement
path length (Lm) of 4 mm were employed. The analyzed parameters
were Ra, Rq, and Rz. Data processing was performed using the Taly-
Profile Lite software.

2.5. Statistical analysis

Given the number of available cutting edges, the tests were config-
ured using a fractional factorial design of type 24~ Table 3 details the
parameters of the conditions studied. To avoid interference from the

Table 3
Experimental design matrix for fractional factorial 2471,
Test Texture Texture Cutting Lubrication
Condition Direction Depth/ Speed (m/ Condition
Width (pm) min)
1 Parallel 45 400 Dry
2 Perpendicular 45 400 With MoS2
3 Parallel 120 400 With MoS:
4 Perpendicular 120 400 Dry
5 Parallel 45 200 With MoS:
6 Perpendicular 45 200 Dry
7 Parallel 120 200 Dry
8 Perpendicular 120 200 With MoS:
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order of results, the experiments were conducted randomly. A total of 8
distinct cutting conditions were tested, with 3 repetitions for each
condition, resulting in 24 trials. It is important to note that, in addition
to the combinations of tests listed in Table 3, smooth tools (without
textures) were also tested under the same machining conditions. It is
worth mentioning that the direction of the textures is referenced relative
to the cutting edge of the tool.

The experimental results were analyzed using Statistica® software,
with a confidence level of 95 %. Initially, an analysis of variance
(ANOVA) was performed to assess the significance of the parameters and
analyze the data obtained from the experiments. This made it possible to
generate a Pareto chart, which indicates the significance of each
parameter studied on the surface roughness of the workpiece.

For the analysis of the machined surface roughness, the parameters
Ra, Rq, and Rz were evaluated to compare smooth tools with the
textured ones. In the Pareto analysis for surface roughness, only the Ra
parameter is presented, as all roughness parameters followed the same
trend and proportion in the results.

3. Results and discussion
3.1. Tool texturing

The four types of textures were successfully produced on the rake
faces of PCD cutting tools, covering an area of approximately 10 mm?.
Fig. 2 illustrates these four types of textures. The primary cutting edge
used as a reference for turning is the edge located on the right side of the
images.

As observed in Fig. 2, the textures are almost free of debris, especially
for the 120 pm textures (types PA120 and PE120). As described in
Section 2.2, any debris was removed manually using a fine-bristle brush
and diamond paste. Additionally, it was verified that no cracks or fis-
sures were generated by the laser.

A profilometry analysis conducted on the textures of types PA45 and
PE45 revealed that the error in both depth and width of the texture
varied around +5 pm. The cross-sectional profile of the texture indicates
that they are not perfectly square; the width starts at the intended value
and tapers along the depth. At the maximum depth point (the intended
texture depth), the width measures approximately half the intended
width (Fig. 3).

Fig. 5 and Fig. 6 display the 3D textures generated from the profil-
ometry analysis. In these figures, the markings that originated the cross-
sectional cuts providing the graphs in the previous figures (Fig. 3 and
Fig. 4) are visible. They demonstrate the high quality of textures pro-
duced by the femtosecond laser. No debris is present in the analyzed
regions, and surface imperfections consist only of impurities originally
present in the PCD.

It is particularly noticeable in Fig. 6 that the texture depth increases
toward the end of the groove (last 0.5 mm), which is expected since, at
this point, the beam movement slows down, operating for a slightly
longer fraction of time. For textures with a depth of 45 um, this increase
was about 11 %, and for 120 um, it was 25 %. The amplitude curve of
the height profile (on the right side of the figure) indicates a significant
depth of up to 150 um. However, this occurs because the graph gener-
ated for this texture focuses on the region at the end of the groove. This
does not happen in Fig. 5 because, for the 45 um textures, the evaluated
region is relatively far from the end of the groove.

Using Energy-Dispersive X-ray Spectroscopy (EDS) coupled with a
Scanning Electron Microscope (SEM), a detailed analysis of the poly-
crystalline diamond (PCD) material was performed before and after
femtosecond laser irradiation.

To evaluate potential structural changes in the PCD due to femto-
second laser exposure, the material samples were divided into two
groups: one analyzed before laser irradiation and the other after.
Femtosecond laser irradiation, known for its ability to induce localized
changes in materials, was applied under controlled conditions, and its
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Fig. 2. Types of textures produced on the PCD cutting tool inserts. A: grooves parallel to the main cutting edge with a width and depth of 45 um. B: grooves
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Fig. 4. Cross-sectional profile of a 120 um texture (types PA120 and PE120).

influence on the structure and composition of the PCD diamond was
analyzed.

A comparison of EDS results between samples before and after laser
application indicated no significant graphitization of the material.
Table 4 presents the average weight percentages of the chemical ele-
ments detected in each condition (before and after laser irradiation).
Graphitization of PCD diamond refers to the transformation of carbon
from a diamond structure into a more amorphous graphite structure.
Although EDS cannot directly identify graphitization, as it does not
distinguish between carbon allotropes (such as sp® in diamond and sp? in
graphite), a pronounced structural transformation would likely affect
the surface’s affinity for oxygen, potentially causing a noticeable

reduction in the oxygen content — which was not observed. Therefore,
the stable proportion between C and O suggests that the PCD structure
was largely preserved after laser interaction. Nonetheless, this remains
an indirect indication, and the use of complementary techniques such as
Raman spectroscopy is recommended for a conclusive evaluation of the
crystalline structure.

Tungsten (W) is not part of the PCD composition but is detected
because the cutting tool body is made of cemented carbide, with the PCD
plate being a thin layer on a small surface area. Tungsten from the
cemented carbide (WC-Co) is detected in massive quantities. It is worth
noting that tungsten is 15 times heavier than carbon, and the percent-
ages presented are based on weight.
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Fig. 6. 3D graph of the profile of a texture with dimensions of 120 pm.

Table 4

Comparison of the average chemical composition of the PCD cutting tool surface
before and after femtosecond laser irradiation (all results in weight
percentages).

Elements C (Carbon) Co (Cobalt) W (Tungsten) O (Oxygen)
Before Laser 79.94 6.20 12.75 1.11
After Laser 79.65 5.82 13.26 1.27

Fig. 7 (on the right) illustrates the EDS analysis of the cutting tool
surface before and after the femtosecond laser irradiation. The spectra
are very similar. The post-texturing EDS analysis was performed within
a texture composed of grooves parallel to the cutting edge, with a groove
width of 120 um. The center of the analyzed region was located 180 um
from the main cutting edge, covering an area of 30 x 60 um, with the 60
um dimension aligned parallel to the groove direction. Fig. 7 (on the left)
presents the scanning electron microscopy (SEM) image with a clear
indication of the analyzed area. For comparison purposes, the pre-
texturing EDS analysis was carried out in the same location, but on a
non-textured tool, allowing direct evaluation of the compositional
changes promoted by the laser texturing process.

Additionally, the cobalt (Co) composition, commonly used as a
metallic binder in the sintering of PCD, remained stable in both samples
at approximately 4 %. This stability indicates that the metallic structure
of the material was not significantly altered by femtosecond laser irra-
diation. Carbon (C), the primary component of PCD, was detected at
levels between 75 % and 80 % in the sample before laser exposure and
remained virtually unchanged after irradiation, reinforcing the conclu-
sion that the diamond structure was preserved.
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3.2. Post-machining textures

Most of the cutting tools tested with textures oriented parallel to the
cutting edge broke near the cutting edge. In contrast, those with
perpendicular textures produced less noise during turning compared to
smooth tools. These findings differ from the conclusions of the review
conducted by Gajrani e Sankar [46], which stated that textures may not
impact the mechanical strength of cutting tools. There is a clear corre-
lation between parameters such as material hardness, ductility, tool
strength, and texture dimensions.

As observed in the literature, the study by Dhage et al. [47] specifies
that, tribologically, the optimal direction for a linear groove texture is
perpendicular to the chip flow (parallel to the cutting edge). This
orientation reduces the contact area between the chip and the tool. They
argue that, in cases where grooves are perpendicular to the cutting edge,
chips may obstruct the texture, leading to increased contact. However,
these authors worked with carbon steel, which is not as ductile as
aluminum. Several authors who agree with Dhage et al. [47] also
studied materials that are not highly ductile [28,29,48,49].

On the other hand, Kang et al. [26], who worked with aluminum,
found that the direction of grooves perpendicular to the cutting edge
yields better results (lower cutting forces and adhesion effects)
compared to grooves parallel to the cutting edge. The results obtained in
this study corroborate the findings by [26].

The issue encountered when machining aluminum with textures
parallel to the cutting edge was the adhesion (sticking) of aluminum
within the grooves, generating significant stresses on the texture sur-
faces. This occurs due to friction between the stationary aluminum in-
side the texture and the forming chips, resulting in substantial stresses.
In the case of textures parallel to the cutting edge, the anchoring effect of
the material on the cutting tool is intensified, leading to the formation of
cracks. Textures acted as stress accumulators within the cutting tool
structure, exacerbating the problem of crack formation, and this phe-
nomenon is worsened for textures parallel to the cutting edge. The dis-
tance between the start of the textures and the cutting edge impacts the
structural strength of the PCD, and after turning, it is evident that tools
with grooves parallel to the cutting edge require a greater distance to
avoid such cracks. Even in the case of smaller texture dimensions (Type
PA45), some grooves formed at higher cutting speeds. In Fig. 9, these
events can be observed.

Analyzing studies that investigated the behavior of different mate-
rials under the same machining conditions using textured tools, such as
[50,51] and [52], reveals a correlation between the ductility of mate-
rials and their response to textured tools. Unlike ductile materials, in the
machining of brittle and hard materials, the chip material struggles more
to deform and reach the bottom of the texture. However, tool wear al-
lows the chip to penetrate deeper into the texture, ensuring that the
lubricant stored within comes into contact with the chip flow, contrib-
uting to the cutting process. On the other hand, when using tools that do
not wear significantly, as in the machining of aluminum with PCD tools,
this process does not occur. However, due to the high ductility of
aluminum, the chip deforms sufficiently to partially enter the texture
and contact the lubricant stored within, allowing the chip to continue
flowing with reduced friction. Such a phenomenon also minimizes the
material adhesion effect on the cutting tool.

Regarding the effect of MoS2, no visible influence on chip
morphology was observed. The most noticeable impact attributable to
MoS: is the significant reduction of chip adhesion within the textured
regions. This indicates that the solid lubricant effectively prevents
aluminum from anchoring to the tool surface, particularly within the
grooves, thereby contributing to improved tribological behavior during
machining.

Fig. 8 presents images with higher clarity of the textured surface after
turning, clearly showing the residual presence of MoS: and aluminum
inside the grooves. This confirms that a portion of the solid lubricant
remains on the tool surface after chip contact, contributing to the
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Fig. 7. On the left is the scanning electron microscopy (SEM) image indicating the area (red rectangle) where EDS analysis was performed after laser texturing. On
the right are the results of the chemical composition spectrum in a cutting tool surface before and after the femtosecond laser irradiation, covered an area of 30 x 60
um. Blue represents carbon, green represents oxygen, yellow represents tungsten, and red represents cobalt.
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Fig. 8. SEM images of the textured surface after machining with MoS: lubrication. The presence of residual MoS: is visible inside the grooves, indicating that the
solid lubricant remains partially embedded in the texture even after the cutting process. This visual evidence supports the role of MoS: in reducing material adhesion

on the tool surface. The adhesion of aluminum is also evidenced.

reduction of material adhesion.

Fig. 9 allows for a comparison of the presence and absence of MoS:
for all types of textures (all cutting tools in the figure were used under
the same cutting condition, with a cutting speed of 400 m/min). The
perceptible presence of aluminum, highlighted by its typical color, can
be observed. In the rest of the texture, residues of solid lubricant (with its
silicone sealant) are visible.

To quantify the effect of MoS2 on reducing material adhesion, an
analysis of the aluminum-adhered area within the textures was per-
formed, comparing conditions with and without solid lubricant. Fig. 9,
PA120 line, was used as a reference to illustrate the measurement
method of the adhered area. From the post-machining images, it was
possible to estimate the average reduction in adhesion area for each
tested condition. The results showed reductions of 9.07 % for PA45,
38.52 % for PE45, 60.47 % for PA120, and 89.12 % for PE120, indi-
cating that larger textures and those perpendicular to the cutting edge
are more effective in reducing adhesion when filled with MoS..

A change in the chip-tool contact length is also observed. From the
perspective of machining mechanics, a reduction in chip-tool contact
length is typically expected to influence chip morphology, as described
by classical models such as Merchant and Oxley [53]. However, when
comparing chips produced by textured tools with and without solid
lubrication, no significant differences were observed in chip thickness or
curvature. Considering the image scale, the contact length reduction

caused by lubrication was only a few micrometers, which explains the
lack of observable variation in chip morphology.

The synergistic friction reduction observed with the combination of
surface texturing and MoS: addition can be attributed to the comple-
mentary mechanisms by which each strategy acts at the tool-chip
interface. The microtextured grooves serve as reservoirs that store solid
lubricant particles, ensuring their sustained presence in the cutting zone
even under high-stress machining conditions. As the workpiece material
flows over the textured surface, the stored MoS: is gradually released
and forms a thin, adherent lubricating film along the contact interface.
This film, characterized by the lamellar structure and weak interlayer
bonding of MoS, facilitates easy shear and sliding between the tool and
chip, thereby reducing the coefficient of friction more effectively than
either texturing or lubrication alone. Additionally, the textures disrupt
the continuity of the contact area, minimizing the real area of adhesion
and providing escape pathways for wear debris and excess lubricant,
which further stabilizes the lubricating action and prevents localized
buildup. Similar synergistic effects were reported by Zhang et al. [54],
who observed significant friction and wear reduction when applying
femtosecond laser texturing and embedding WS: solid lubricant in
WC/Co TiAlN-coated tools during the turning of AISI 1045 steel. Com-
parable results were also presented by Xing et al. [55], who used
Al205/TiC ceramic tools with nanotextures and WS2/Zr embedded soft
coatings in both perpendicular and parallel orientations to the cutting
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Fig. 9. Surface of cutting tools after machining. Accumulation of aluminum and the presence and/or absence of lubricant can be observed. Turning was performed at

a cutting speed of 400 m/min, a relatively aggressive condition. The PA120 texture line illustrates the methodology for measuring the area of aluminum adhered
within the textures.

edge for the turning of AISI 1045 steel. presence of MoS: within the textured grooves impedes the tendency of

Furthermore, the effectiveness of this synergy is particularly pro- aluminum to anchor within the microcavities, as the solid lubricant
nounced in highly ductile materials such as aluminum alloys, where chip occupies potential adhesion sites and promotes continuous renewal of
adhesion and built-up edge formation are common challenges. The the lubricating layer during cutting. This not only reduces friction and
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cutting forces but also protects the tool surface from severe adhesive
wear and thermal effects. The experimental results—showing significant
reductions in both material adhesion and surface roughness, especially
for perpendicular textures filled with MoS—support this mechanistic
interpretation. Comparable findings were also reported by Ahmed and
Veldhuis [56], who demonstrated improved tribological performance in
the turning of AISI 304 stainless steel using WC-Co tools coated with
WS., as well as by Xing et al. [55] for ceramic tools with nano-textures
and WSz/Zr coatings. While additional data would further strengthen
these conclusions, the observed trends are consistent with established
tribological principles and corroborate findings from related literature,
reinforcing the credibility of the synergistic effect between surface
texturing and solid lubrication.

3.3. Surface roughness of the machined workpiece

The surface roughness of the aluminum bars was evaluated consid-
ering the roughness parameters Ra, Rq, and Rz. In Fig. 10, the bars
turned with the following types of cutting tools are shown (from left to
right): smooth tools, textured tools of type PA45, PE45, PA120, and
PE120. A noticeable mark is present at a specific height of the machined
surface, where the upper part corresponds to turning at a cutting speed
of 200 m/min and the lower part at 400 m/min. A considerable number
of burrs are observed on the bar machined with the PA120 texture tool,
which experienced edge breakage under all tested conditions.

The significant presence of burrs observed on the workpiece
machined using the PA120 tool at 400 m/min in the presence of MoS2
appears to be directly associated with a crack formation at the tool’s
main cutting edge. This crack was likely induced by surface stresses
concentrated around the textured region, which in this case is parallel to
the cutting edge. Such an orientation can act as a stress concentrator,
especially under severe cutting conditions, promoting crack initiation
and propagation.

Notably, this particular condition combines several critical factors:
the highest cutting speed tested (400 m/min), the largest texture
dimension (120 pm), and the most mechanically unfavorable groove
orientation (parallel to the cutting edge, i.e., perpendicular to chip
flow). These factors synergistically increase the mechanical loading on
the tool’s textured region, making it more susceptible to structural
failure and, consequently, impairing the quality of the machined surface
through burr formation.

The surface roughness results of the aluminum bars machined with
smooth and textured tools are shown in Fig. 11 for a cutting speed of 200
m/min and in Fig. 12 for a cutting speed of 400 m/min. Only the tool
with PE45 textures at a cutting speed of 200 m/min and the PE120

Sm

ooth
o ’)‘)L .

Fig. 10. Illustration of the visual overview of the surfaces of the turned bars.
The initial diameter of the bar is approximately 60 mm. The upper part cor-
responds to turning with a cutting speed of 200 m/min, and had a cutting
length of approximately 55 mm. The lower part corresponds to a cutting speed
of 400 m/min and a cutting length of 105 mm. The presence or absence of MoS,
is indicated for each condition.
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Fig. 11. Average roughness parameters of the bars machined with each type of
tested cutting tool at a cutting speed of 200 m/min.
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Fig. 12. Average roughness parameters of the bars machined with each type of
tested cutting tool at a cutting speed of 400 m/min.

textures at both studied cutting speeds reduced surface roughness
compared to smooth tools (without textures).

The greatest improvement in roughness (Ra) was observed with the
PE120 texture filled with MoSz, achieving a reduction of 49.65 %
compared to a non-textured tool. This improvement is more than double
that reported by Jesudass e Kalaichelvan [57], who found a 23.21 %
reduction in roughness when turning aluminum with dimple-type tex-
tures. In contrast, the study by Sun et al. (2016) [20], which also turned
aluminum with groove textures, reported a Ra reduction of 43-69 %, a
range that encompasses the results obtained in the present work.

Table 5 shows the analysis of variance (ANOVA) of roughness
considering all test conditions variables and Fig. 13 presents the Pareto’s
diagram. Since the three analyzed roughness parameters followed the
same trend, only the Ra parameter will be shown. It is evident that the
texture direction and cutting speed are significant input variables for the
surface roughness of the machined workpiece (p-value < 0.05), with a
confidence level of 95 % and a significance level of 5 % (Table 5).

The texture direction, followed by the cutting speed, are the main
contributors to the variation in the roughness of the machined work-
piece. The texture dimensions and lubrication condition did not signif-
icantly influence roughness. However, the excessively discrepant results

Table 5

ANOVA for Roughness (Ra) of the Machined Workpiece.
Factor S.Q. G.L. F p-value
Texture Direction 10.77360 1 51.07054 < 0.000001
Dimensions 0.77760 1 3.68609 0.070010
Cutting Speed 1.59135 1 7.54354 0.012831
Lubrication Condition 0.16335 1 0.77433 0.389874
Error 4.00815 1
Total S.Q. 17.31405 5
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Fig. 13. Pareto diagram of Ra roughness for the variables in all test conditions.

of the PA120 texture mask the effects of other parameters. The large
amount of burrs found exclusively on the bar turned with the PA120
texture reinforces this idea (Fig. 10). Thus, a new Pareto diagram was
created, excluding the PA120 texture. The new diagram revealed a
different result for the significance of the Ra variable on roughness
(Fig. 14).

With the new Pareto diagram, it is observed that all input variables
significantly influence the final roughness of the turned workpiece. The
texture direction parameter aligns with other analyses, with the direc-
tion perpendicular to the cutting edge being the most favorable.
Regarding the influence of texture dimensions, there are few references
in the literature showing this effect on roughness for groove textures.
Generally, references focus more on dimple texture dimensions for
analyzing roughness in aluminum workpieces. Therefore, to evaluate
the effect of each parameter, trend graphs were generated, as shown in
Fig. 15 and Fig. 16.

Fig. 15 clearly shows a trend of reduced roughness with increasing
texture dimensions for both cutting speeds tested. A possible explana-
tion for this phenomenon is that larger textures promote chip frequency
and fragmentation, which aids in heat dissipation and prevents work-
piece overheating. Continuous chips may be entangled, whereas
segmented chips improve evacuation and prevent damage to the final
workpiece. Textures also allow the chip to deform gradually according
to its geometry, resulting in a smoother cutting process and improved
surface integrity of the final workpiece.

The Fig. 16 shows that the presence of solid lubricant, contrary to
expectations, increased the Ra roughness of the workpieces, even

Roughness (Ra)

Cutting Speed

Texture Direction -159,546

Dimensions

-146,926

Lubrication
Condition

p=.05
Estimation of standardized value in absolute value

Fig. 14. Pareto diagram of Ra roughness for the variables excluding tests with
PA120 textures.
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Fig. 16. Influence of MoS: presence in textures on roughness (Ra) for the two
tested cutting speed conditions.

though the significance factor p for the lubrication condition was the
lowest in the analysis. These results exclude tests with PA120 textured
tools, emphasizing the influence of smaller textures, PA45 and PE45. In
these smaller textures, the use of solid MoS: lubricant fills the texture in
such a way that aluminum adhesion inside the texture is not favored,
which may have hindered chip sliding and resulted in increased
roughness. This is more evident at the lower cutting speed of 200 m/
min, as shown in Fig. 16.

The presence of MoS: positively contributed to reducing the adhesion
of chips anchored within the textures, thereby helping to decrease ma-
terial buildup on the tool surface. However, the application of MoS,
fixed by silicone, also resulted in an effective reduction of the available
volume within the texture grooves due to partial filling of these spaces.
As observed in the results, larger textures yield better outcomes in terms
of surface roughness, indicating that the free volume within the texture
is a critical factor for its functional performance.

Therefore, it is plausible that the presence of MoS: limited the
effective dimensions of the textures, causing an effect similar to a
reduction in their size or depth, which compromised the expected
benefits of solid lubrication. In other words, the positive effect of chip
adhesion reduction did not compensate for the loss of functional texture
volume, resulting in overall inferior surface roughness performance.

This behavior may be particularly pronounced at high cutting
speeds, where the formation of a stable lubricating film becomes more
difficult, reducing the effectiveness of MoS:. Hence, a potential solution
to mitigate this issue would be to increase the depth of the textures,
allowing adequate volume for housing the solid lubricant, thereby
maintaining its benefits without compromising the functional space of
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the texture.

As shown in the surface roughness results, all textures with grooves
parallel to the cutting edge (PA) led to a deterioration in surface finish.
This orientation places the grooves perpendicular to the chip flow di-
rection, which, in the case of aluminum, tends to promote chip
entrapment and hinder evacuation, negatively affecting the surface
quality. This behavior is consistent with findings reported in the liter-
ature (and commented in the manuscript) for aluminum alloys [26],
although opposite effects have been observed when applying the same
texture patterns to other materials [28,29,47-49]. Additionally, as
highlighted in the Pareto analysis, the “groove orientation” factor has a
significantly higher statistical impact than the presence of MoSz, which
explains the performance differences between PE and PA despite similar
lubricant volumes.

4. Conclusions

This study investigated the application of femtosecond laser
machining for the microtexturing of polycrystalline diamond (PCD)
tools, yielding the following key conclusions:

1. Process Integrity, Debris Management, and Cleaning: Femtosecond
laser parameters enabled the fabrication of textures with high
dimensional fidelity and smooth profiles without inducing thermal
or cumulative damage to the PCD surface. No significant graphiti-
zation was observed. The process generated minimal debris, which
could be effectively removed using non-invasive cleaning methods
such as bristle brushes and ultrasonic baths, eliminating the need for
abrasive or chemical post-processing.

2. Dimensional Consistency and Laser Path Effects: Both 45 um and 120
um textures were successfully produced. The smaller 45 um textures
exhibited greater variation in width-to-depth ratio, with a tendency
for width reduction at increased depths, while the 120 um textures
maintained more consistent geometry. An increase in depth was
observed at the end of the texture paths (last 0.5 mm), attributed to
reduced laser scanning speed, with depth increases of 11 % and 25 %
for 45 um and 120 pm textures, respectively.

3. Impact of Texture Parameters and Lubrication on Machining Per-
formance: Texture orientation and dimensions significantly influ-
enced tool performance during the machining of aluminum. Textures
aligned perpendicular to the cutting edge (parallel to chip flow)
improved surface roughness and reduced material adhesion, whereas
parallel alignments could negatively affect tool performance and, in
some cases, induce structural damage, particularly with larger tex-
tures. The combination of the PE120 texture with MoS: lubrication
produced the greatest improvement in surface finish, resulting in a
49 % reduction in the Ra parameter.

These findings support the potential of femtosecond laser texturing
for enhancing the tribological performance of PCD tools, particularly
when texture dimensions and orientations are optimized and used with
appropriate lubrication. Future studies should include simulation,
experimental strength analyses and chip imaging to further investigate
the reliability of textured tools and the effects of solid lubrication on
chip-tool interactions.
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