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during the cutting process [6,7]. In this regard, micromachining
of cutting tool materials using abrasive methods is a rather
difficult process, due to their intrinsic hard and brittle nature.
Hence, non-conventional methods such as electric discharging
machining (EDM) may become attractive; and indeed, it has
been successfully implemented for surface patterning of EDM
electrodes made of cemented carbides [8]. However, shaping
scale and precision of EDM are quite restricted by the electric
spark method at the microscale, which often leads to subsidiary
effects on the microstructural integrity of the finished surfaces
[9]. The application of pulse laser offers another outstanding
option to micromachine, especially for structuring the
functional surfaces of the cutting tools, as it avoids common
mechanical or thermal damage induced by more traditional
methods [10-13]. Production of more complex geometrical
features on tool surfaces then becomes possible by combining
laser techniques with high precision movement control units.
In recent studies, functional structures for tribological use
have been produced. Grooves are among the most studied
functional structures. They have been shown to yield beneficial
effects on lubricant distribution or debris trappers. As a result,
the tribological performance of cutting tools could be improved
during machining operations [14-16]. Production of grooves on
cutting tools using laser are usually directly realized by moving
laser beams, prompting the shaping scale to some ten
micrometers. On the scale of micron or even submicron, the
direct laser interference patterning (DLIP) has been employed
to produce grooves, i.e., line-like patterns [17-20]. These
interference structures are mainly produced by overlapping two
laser beams with identical wavelength or pulse repetition
frequency. Due to the high intensity, energy transformation of
the laser beams to the material surface, i.e., melting,
recrystallization, phase transformation, etc., occurs on the
micrometer scale exclusively. Geometrical features of the
produced interference patterns, such as periodicity, can be
adjusted by changing the incident angles of the two sub-laser
beams.
Surface integrity is one of the most important evaluation
indicators of the DLIP production. This indicator allows the
assessment of laser ablation on the microstructure and thus
estimate the mechanical properties. The surface integrity
eventually weakened by the damage of cemented carbides
during the laser ablation is dependent on many different factors,
including but not limited to the laser configuration and the
material nature. In regards to the laser configuration, the
important influencing factors are wavelength, duration, and
power. Other important factors are within the machining
parameters, these include: scanning speed, pulse number, and
frequency, etc. Ultra-short pulses (usually in the range of
femtoseconds) often result in cold ablation and consequently
better geometrical precision, since little thermal reaction occurs
in such a short time period [13,21]. The outcome of the
geometrical precision is also linked to the scanning speed and
pulse number [22]. On the other hand, the material nature of
cemented carbides is also significant for the surface integrity,
because the composition of each phase and the geometrical
features of the grains, i.e., size and distribution, can strongly
influence the ablation mechanism [23].

217

In this study, the main goal is to propose a fabrication
methodology of DLIP on cemented carbides, and demonstrate
the better feasibility and quality of the femtosecond laser to the
nanosecond laser. In doing so, a conventional cemented
tungsten carbide grade, often used as rolling tool material, is
involved. Interference patterns have been produced using two
different prototypes of laser and configurations: nanosecond
and femtosecond options. It is aimed to evaluate the
geometrical precision and to assess the surface integrity of the
produced patterns.
2. Experimental aspects: materials and DLIP production
2.1. Studied material
A coarse-grained cemented tungsten carbide grade (Saar
Hartmetall GmbH) with a mixed Co/Ni binder (28.5% in
weight) has been selected for the study. The microstructural
characteristics of the selected material are shown in Table 1.
Table 1. Microstructural characteristics, density and hardness of the WCCoNi hardmetal studied.
Grain
Size

WC (wt.
%)

Co (wt.
%)

Ni (wt.
%)

Density
(g/cm³)

Hardness
(HV30)

Coarse

71.50

14.25

14.25

12.82

610

2.2. Fundamentals of the interference patterns

(a)

(b)

Fig. 1. DLIP experimental configurations: (a) the nanosecond laser
system, (b) the femtosecond laser system.

Specific laser trajectories are constructed to create
interference patterns. During the nanosecond laser processing
(Figure 1(a)), the laser beam is equally divided into two subbeams by a splitter. The sub-beams are subsequently conducted
by a series of mirrors and converged at the focus point. The
overlapped identical laser beams can form a wavy profile, i.e.,
the superimposition of the propagation. Thus, energy maxima
and minima are reached at the wave peak and bottom,
respectively. When the overlapped laser beams meet the target
sample surface, the wavy profile is then replicated by the
material ablation with the wavy energy distribution. Usually,
the ‘cutting tip’ of the laser beam should coincide with the
focus point, where spot size and energy reach their minimum
and maximum, respectively. Where the spot size reaches its
minimum, and the energy reaches its maximum. As a result of
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the interference phenomena of the two equal laser beams,
DLIP, i.e., the line-like structures, are produced on the target
material surfaces.
Similar to the nanosecond laser configuration, an aperture
can first modify the laser beam emitted by the femtosecond
laser before it is divided by a Diffractive Optical Element
(DOE), which integrates the functions of the splitter and
mirrors with a fixed configuration (Figure 1(b)). The two subbeams are then converged on the sample surface by a lens.
Based on the sub-beam configurations, the periodicity of the
interference patterns can be theoretically calculated using
Equation 1 [19,20], and the results are listed in Table 2.

𝑃𝑃𝑃𝑃 =

𝜆𝜆𝜆𝜆

(1)

𝜃𝜃𝜃𝜃
2

2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠( )

λ: Laser wavelength
θ: Angle between two sub-beams
P: Calculated periodicity

λ (nm)

ns-laser
fs-laser

accordingly adjusted. For each sample in this study, only a few
minutes are needed to structure the entire surface. Five
repetitions are carried out under the same machining
conditions.

(a)

(b)

Fig.2. DLIP production on the sample: (a) structure blocks and route of
the auto-stage, (b) inspection of one produced block.

3. Results and discussion
3.1. Measurement of geometrical features

Table 2. Theoretical calculations of the DLIP periodicities.
Laser type

3

Periodicity (µm)

355

θ(°)
1.8

11.3

800

13

3.1

2.3. Fabrication of the interference patterns
Technical details and configurations of both laser
installations are given in Table 3. The interference patterns
produced by the nanosecond and femtosecond lasers occupy an
area approximately 8.7 x 10-2 cm² and 1.33 x 10-4 cm²,
respectively. In both cases, knowing the laser energy values 200 mJ and 1.15 mJ applied by the nanosecond and
femtosecond lasers, the fluences can then be determined as 2.3
J/cm² and 8.7 J/cm², respectively.

(a)

(b)

Table 3. Technical details and configuration of ns- and fs-laser installations.
Laser
type

Laser
source

Pulse
duration

Wave
length
(nm)

Pulse
repetition
frequency
(Hz)

Pulse
Energy
(mJ)

ns

Nd: YAG

10 ns

355

10

200

fs

Ti:Sapphire

100 fs

800

1000

1.15

The samples have a dimension of 10 mm x 10 mm, and they
were finely polished before the laser processing. The effective
area of the laser spot is quite limited; therefore, the laser spot
must scan throughout the whole sample surface in order to
complete the machining operation. As a result, a specific
configuration of the laser set-up is necessary [19,20]. In doing
so, a special mask is placed slightly above the sample surface,
in order to obtain a square processing area of approximately 1
mm x 1 mm. The sample is fixed on an auto-stage which can
move in certain directions at desired speeds. In this study, the
auto-stage is configured to move line-by-line in a desired route
as seen in Figure 2(a). This route produces a pattern of square
blocks that are positioned right next to one another. Figure 2(b)
shows a local inspection of one square block on the sample
surface. In order to avoid overlap or jump of the blocks, the
movement of the auto-stage and the laser frequency should be

(c)
Fig. 3. Surface inspection of DLIP produced by: (a) nanosecond laser, (b)
femtosecond laser and (c) their cross-sectional profiles.

Figure 3 illustrates the surface aspect of the produced
interference patterns. The geometrical features of the patterns
are mainly described by two parameters: periodicity d and
height h. As shown in Figure 3(c), the periodicity is the average
distance between two adjacent peaks or bottoms of the wave
profile and the height or the amplitude is the distance between
the adjacent peak and the bottom of the wave profile. The
parameters were measured based on the surface profiles using
the laser scanning microscopy. The surface profile is described
by a data matrix containing three-dimensional coordination
information. In order to obtain the cross-sectional profiles, the
surface profiles are projected on a certain plane, e.g., along the
y-axis and on the xz-plane. Examples of the cross-sectional
(wave) profiles are shown in Figure 3(c). Average values of the
parameters d and h were obtained from ten different
measurements at the middle positions of each profile line. The
average periodicity values are listed in Table 3: 10.50 µm and
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3.46 µm. They have only slight differences from their
theoretical values, i.e., 11.3 µm and 3.1 µ as seen in Table 2.
Table 3. Measurement of geometrical parameters of the interference patterns.
Laser
set-up

Periodicity
(µm)

Measurement
deviation σ

Height
(µm)

Measurement
deviation σ

ns-laser

10.50

1.00

0.81

0.23

fs-laser

3.46

0.27

0.24

0.06

3.2. Surface and microstructural integrity assessment
3.2.1. Morphological inspection
A morphological inspection enables an intuitive assessment
of the surface integrity of processed target surfaces, or in other
words, the scale of the impact-induced by the laser beams.
Geometrical homogeneity and treatment aftermath, including
the eventually induced damage or side effects, are usually of
great interest in the first morphological inspection. This
inspection is often conducted using suitable microscopy
techniques, chosen according to the practical required
resolutions and measurement capacities. In this regard,
scanning electron microscopy was used to inspect the surface
conditions of the DLIP produced on cemented carbide samples.

(a)

(b)
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interference patterns corresponded to the peak of the laser
beams.
Accordingly, the details exhibited by the zoomed
inspections in Figure 4(b,d) state that ramifications of pattern
morphology were explored by the two types of laser beams.
During the patterning by nanosecond laser, the ablation of
material occurred through thermal reaction induced by the laser
beams, i.e., melting and subsequent evaporation. When the
laser beams met the target surface, the wave peaks, where the
energy maxima penetrated the surface, led to melting and
eventual evaporation of material. Subsequently, molten
material was pushed to the sides along with the wave profile.
As a result, the surface generated by the nanosecond laser was
entirely covered by the uneven mixture of the molten material
(Figure 3(b)). On the microscale, the border between the grains
and the binder disappeared completely on the processed
surface. On the macroscale, the border between the wave
bottom and top, formed by the laser beam profile, became
rather discontinuous and blurred, as a result of the unequal
ablation and re-solidification difference of the two constituents,
i.e., tungsten carbide and cobalt. Meanwhile, a considerable
number of ball-like particles were found randomly distributed
on the surface, in particular at the edge of the wave tracks,
where the molten materials sputtered from the center to the
side, and subsequently re-solidified.
On the contrary, DLIP generated by the femtosecond laser
exhibits a very proper and orderly outlook (Figure 3(d)), as a
result of little thermal actions during the laser processing. The
borders between the wave tracks are straight and consistent.
The top of the wave profile maintains almost intact, as the grain
borders are still discernible. The observation states that melting
resulted from nanosecond laser had quite an impact on the
accuracy of the patterns. Meanwhile, honeycomb-like
structures were found in the wave tracks, as the ablation rate
and degree on the binder and tungsten carbide grains were quite
different.
3.2.2. Cross-sectional inspection

(c)

(d)

Fig. 4. Morphological inspection and local zoom of the DLIP produced:
(a) and (b) by nanosecond laser, (c) and (d) by femtosecond laser,
respectively.

Figure 4 illustrates the morphological conditions of the
laser-treated surfaces. It is clear in Figure 4(a,c) that the wavy
profiles, i.e., interference patterns, are distinguishable on the
surfaces produced by both lasers. DLIP generated by
femtosecond laser turned out to be more homogenous, showing
straighter lines with a uniform gap between those lines.
According to the theoretical analysis of the interference
patterns (Section 2), the energy maxima at the peak position of
the laser beams penetrated most into the target surface and
ablated the materials. The ablation degree gradually reduced
towards both sides. Therefore, a reciprocal profile was
produced on the target surface, and the profile bottom of the

FIB cuttings with dimensions of approximately 20 mm x 6
mm were conducted on the DLIPs, revealing the impact and
aftermath of laser processing in the perpendicular direction.
In the case of nanosecond laser, as shown in Figure 5(a,b),
the subsurface has a wavy profile with molten materials
stacking at the peak positions. However, the profile is ditched
at some positions, especially at the peaks where the laser beams
encountered grain at the sublayer. The discontinuity might have
occurred due to the lack of melting binder or excessive binder
evaporation in the course of sputtering. It can be stated that the
grains were more resistant to the laser ablation than the binder
as less degradation occurred. This observation agrees to the fact
that tungsten carbides have higher melting and evaporating
temperatures than cobalt, determining the thermal behavior of
the constituents. In addition, other thermal aftermaths, such as
cracks were also found penetrating into the material, however,
with a length less than 2 µm.
In the case of the femtosecond laser, as shown in Figure
5(c,d), a clear and integral wavy profile of the DLIP was
exposed with discernable peaks and bottoms, as basically the
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applied energy was able to ablate both constituents. The
bottoms were created by the laser ablation, which has in
discriminated impact on both binder and grains, as the smooth
profile line was not disrupted. The peak positions were
generally maintained intact without the sputtering and piling of
the molten materials as a result of the little thermal reaction.
Meanwhile, other thermal defects such as cracks or
inhomogeneous structures due to the redeposition were
therefore not discerned.

production costs. These factors should also be considered in
their practical application.
4. Concluding remarks
In this study, direct laser interference patterns (DLIP) were
produced on the selected cemented carbide grade by the
implementation of two types of laser resources, i.e.,
nanosecond and femtosecond lasers, with specific laser routine
configurations. It is found that:
•
•

2µm

(a)

500nm

•

(b)

•

2µm

(c)

500nm

(d)

Fig. 5. FIB cuttings and local zoom on the sublayers of the DLIP
produced: (a) and (b) by nanosecond laser, (c) and (d) by femtosecond
laser, respectively.

3.2.3. Comparison between ns- and fs-laser
Influence of the nanosecond laser on the surface integrity
was detected mainly in two forms. The first and most important
form is evident in the formation of cracks, and the second by
heterogeneous morphology due to melting and resolidifications. Fortunately, these damages occurred only at a
very shallow depths. The cracks were only found inside the
grains and not within the boundary between grains and binder.
However, these cracks may have an effect on the durability of
the single grains if these cemented carbide parts are used in the
machining process. Localized damage such as fracture and
breakage due to the grain cracks might be induced during the
cutting process. In the case of the femtosecond laser, these
above-mentioned types of damage could not be detected in the
cross-sectional inspection; except that the honeycomb
structures were observed on the surface due to the uneven
ablation between the two constituents of cemented carbide.
Based on this comparison, the femtosecond pulsed processing
turns out to be a more appropriate option than the nanosecond
one, as better surface integrity can be achieved. However,
femtosecond pulsed lasers have high requirements on the
working environment and therefore often increase the

5

DLIPs produced by both lasers achieved high
geometrical precision on the scale of a micrometer, in
agreement with the theoretical calculations;
surface integrity of the DLIPs was negatively
impacted by the nanosecond laser with the appearance
of some important thermal side effects, such as
sputtering of molten materials and cracks, not only on
the surface but also penetrated the material;
through cross-sectional inspection, it is revealed that
different thermal behaviors of binder and carbides led
to the unequal ablation and discontinuity of the
profiles, as well as cracking into the material;
DLIPs achieved by femtosecond laser exhibit in
general better quality with little thermal side effects
on both the surface and subsurface as a result of the
‘cold ablation’.

Further study regarding the classification of damage and
quantitative analysis of surface integrity under different laser
ablation conditions should be carried out. Additionally, the
evaluation of the mechanical and machining properties of the
interference patterns during cutting processes should be of
interest in the future.
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