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Abstract

As an excellent engineering tool material, cemented carbides are capable to shape and cut metallic materials with high surface finish quality and
precision. However, in regard to conventional abrasive methods cemented carbides are difficult-to-machine materials due to their extreme
hardness combined with relatively low toughness. In contrast, laser beam machining is an advanced non-contacting cutting method which is
therefore suitable for shaping hard materials. In particular, the application of short-pulse laser beams enables the cutting of hard materials meeting
high precision requirements. Moreover, it can effectively reduce defects induced by mechanical contacts and thermal reactions. In this paper, a
general study of the ablation mechanism of cemented carbides using short-pulse laser is conducted. Special attention is paid to the correlation
between the material ablation and machining parameters within the nanosecond regime: pulse number and pulse energy. In doing so, two
cemented carbide grades with similar composition but different grain size have been chosen as investigated materials. An experimental set-up
equipped with a nanosecond laser and an auto-stage is implemented to produce dimples on the cemented carbide surfaces with variable pulse
number and pulse energy. The experimental design and characterization of geometrical features of produced dimples are presented and discussed.
The work is complemented with a thorough surface integrity assessment of the shaped materials. It is found that ablation increases proportionally
with the pulse number and applied energy. Regarding microstructural effects, ablation is discerned to be more pronounced in the coarse-grained
grade as compared to the medium-sized one.
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1. Introduction

WC-Co cemented carbides are composite materials widely
used in demanding applications such as cutting and wear-
resistant parts, due to their remarkable combination of hardness
and toughness. Such exceptional properties result from the
successful sintering of tungsten carbides (WC) as the hard
phase and cobalt (Co) as the tough binder one under high
temperature and pressure [1-3]. WC merges physical properties
of ceramics and electronic properties of metals. This yields
particles with high hardness and good thermal and electrical
conductivities [4]. Mechanical properties of cemented carbides
strongly rely on their microstructure and composition [1-2]. For
instance, cemented carbides with medium grain size (~1 pm)

are used as wear-resistant mechanical parts or cutting tools
when shock endurance and abrasion resistance are required.
Meanwhile, grades with coarse grain size (> 2.5 pm) are used
in oil, gas and mining applications when a high impact strength
is needed [1-2, 5-6]. In general, the hardness increases when
grain size and binder content decrease, resulting in a loss of
toughness as a collateral effect [2].

Laser beam machining is an advanced processing technique
in the industry. It is capable to shape hard engineering
materials, especially cemented carbides, which are difficult to
machine using conventional cutting methods, such as milling
and grinding [7, 8]. Laser beam machining can deliver high
power density to a limited area on the targeted material surface,
which results in precise and efficient material ablation [9-12].
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Due to its high coherence, monochromaticity and energy
density, laser beam ablation is a powerful tool in machining
hard (and brittle) materials. These properties point out laser
machining as suitable for almost any advanced engineering
materials [11-13].

Laser beam machining shows some important advantages,
especially when it involves short or ultra-short pulse laser
beams. For example, surface damage can be effectively
avoided using this contact-free and precise processing [7, 11-
12, 14]. In the short-pulse regime, i.e. nanosecond, materials
are mainly ablated by melting and subsequent vaporization [9-
10, 12, 15]. For WC-Co cemented carbides, the difference of
melting and vaporization temperatures between WC and Co
results in two different laser-matter behaviors. WC’s melting
temperature is about twice higher than that of Co (Twc=
2870°C and Tc,=1495°C) [9, 16]. During the laser ablation, Co
undergoes melting and vaporization first, while WC only
experiences melting. However, the ablation dynamics can be
more complex when laser-matter reaction occurs in air
atmosphere. Under these conditions, carbon (C) from WC
grains can react with oxygen (O») existing in the atmosphere,
yielding as resulting formation of CO and CO,. The steam
pressure caused by the formation or vaporization of CO/CO;
promotes the ejection of liquid material in a recoil action,
leading then to the production of pores in the laser-matter
reaction area [7, 9-10, 17-19]. As a consequence, the expelled
liquid is put aside from the reaction center to its edge,
producing a crown-like structure on the edge of the dimple.

Nowadays, the implementation of laser beam machining is
becoming popular as surface modification treatment for
cemented carbides, whereas the action is usually referred to as
laser surface texturing (LST). Some innovative patterns, such
as micro-grooves, micro-pits and dimples, have been produced
on certain materials. It has been reported that these structures
may enhance tribological properties of the contact surfaces as
they can serve as micro-traps for wear debris in either
lubricated or dry sliding [12, 13]. However, to the best
knowledge of the authors, literature reports on LST of
cemented carbides have mainly focused on presenting
tribological response attained by the application of certain
innovative surface patterns [8, 17-18, 20-21]. On the other
hand, information about the laser ablation mechanism of
cemented carbides is rather scarce. This includes investigations
on the influence of laser intrinsic parameters, such as pulse
duration, energy level etc. as well as laser machining
parameters on the geometrical precision of the resulting surface
structures.

Following the ideas mentioned above, the main objective of
this study is to carry out an investigation addressing the
influence of pulse number at three different pulse energy levels
on the ablation of cemented carbides. The study also involves
microstructural effects by considering two cemented carbide
grades with similar chemical compositions but different grain
size on laser ablation. Geometrical properties of the produced
dimples, i.e. diameter, depth and height of the eventually
induced crown-like structure, are obtained by means of Laser
Scanning Microscopy (LSM) and White Light Interferometry
(WLI). Surface integrity assessment is accomplished by
combined Field Emission Scanning Electron Microscopy-

Focused Ion Beam (FESEM-FIB) which allows the
examination of the transversal section of the dimple.

2. Experimental aspects
2.1. Investigated materials

Two cemented carbides, referred to as 10CoC and 11CoM,
were selected as investigated materials. They are plain grades
composed with tungsten carbides (WC) as hard phase and
cobalt (Co) as binder. Figure 1 shows the microstructures of the
investigated materials. There, the gray phase indicates WC and
the black one indicates Co. It can be observed that 11CoM has
finer grains than 10CoC. Microstructural properties of these
two grades are listed in Table 1. The cobalt contents are 10 %o
and 11 % for 10CoC and, respectively, 11CoM. Mean grain
size of 10CoC is about 2.33 pm, approximately twice as big as
the one of 11CoM, i.e. 1.12 um.

(a) (b)
Fig. 1. Polished surfaces of the investigated materials, images taken by
SEM: (a) 10CoC and (b) 11CoM.

Table 1. Microstructural and basic mechanical properties of the cemented
carbide grades investigated.

. . Vbinder HV30 Fracture
Specimen Binder dwc (pum) b toughness Ky,
(ow) (GPa) (MPavm)
10CoC  Co 10 233+138 114+02 158203
11CoM Co 11 1.12+£0.71  12.8+02 139+03

2.2. Experimental design

A solid-state Nd:YLF, Q-switched laser set-up (Explorer®
One™ Spectra Physics) is employed to produce dimples on the
target surfaces. The set-up is capable to emit laser beams
having the wavelength of 349 nm, the pulse duration of 5
nanoseconds (FWHM, namely Full Width at Half Maximum),
and the nominal pulse repetition frequency of 1000 Hz (Table
2). Figure 2 illustrates the configuration of the laser machining
platform. A 2-axis laser beam deflection unit (Raylase) is
applied to control the movement of the focus point on the XY-
plan. Two additional mirrors are set up to adjust the trajectory
of the laser beams. The sample is fixed on the sample holder
which is equipped with Vernier calipers along the x-, y- and z-
axis. The focal length, i.e. the distance between the lens and the
target surface, is set to 132 mm.

Table 2 Laser parameters used in this study.

Laser Laser Pulse duration ~ Wave length ~ Frequency
type source (ns) (nm) (Hz)
ns-laser ~ Nd:YLF 5 349 1000
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a) Laser source Explorer® One™
b) Deflecting mirror#1 at 45°
c) Deflecting mirror #2 at 45°

d) Raylase 2-Axis Laser beam deflection unit
e) Sample holder with three-axes translation stage

Fig. 2. Configuration of the precise laser machining platform.

In the experiments, three different levels of laser pulse
energy are applied to produce the dimples, i.e. 130 pJ, 65 uJ
and 13 pJ. For each level, the pulse number was chosen within
the range from 10 to 120, with 10 pulse intervals. Each
experimental combination was repeated three times (Figure
3(a)). Three geometrical parameters for describing shape and
dimension of the dimples were characterized: diameters d; and
d along the x- and y- axis, and depth h. A crown-like structure
was discerned in several cases. There, height a; and a at the
marked positions (Figure 3(b)) were measured. Based on the
measurements, the average value of the diameters and heights,
i.e. d and a, were then obtained.
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(a) (b)
Fig. 3. (a) Arrangement of dimples produced on the surface of cemented
carbides, (b) characterization of geometrical properties.

3. Results and discussion
3.1. Geometrical property characterization

Figure 4 illustrates dimple diameter as a function of the
pulse number at three different laser energy levels for both
cemented carbide grades. Independent of microstructure, the
dimple diameter increases along with the applied laser energy.
Furthermore, the diameter variation is more pronounced at a
low energy level. For example, at the pulse number of 60, when
the applied laser energy increases from 13 pJ to 65 plJ, the
diameter increases about 15 pum and 25 pm for 10CoC and
11CoM, respectively. However, the rise from 65 pJ to 130 puJ
is less obvious, i.e. only about 8 pm for both grades. The

observation is caused by the fact that the ablation threshold of
the cemented carbides is roughly situated between 13 pJ and
65 pJ which corresponds to the minimum necessary laser
energy to melt cobalt [22, 23]. When the applied energy is less
than the threshold, few ablation exhibits; in contrary, large
ablation occurs brutally but not continuously in terms of the
diameter expansion since the laser beam has a Gaussian profile
and the width of its energy band is stable.

At the given laser energy level, grade 11CoM exhibits a
larger diameter than 10CoC, except at the lowest energy level.
However, the differences are quite small. When the pulse
number increases, the diameter does not show much difference
compared to the initial conditions, since the diameter of the
laser beam does not change in the experiments. In Figure 4,
some points are not shown, because the slightly processed
material surface is difficult to characterize using optical
microscopies at low level energy, or the structures would be
destroyed at high level energy.
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Fig. 4. Diameter evolution as a function of the pulse number.

Figure 5 illustrates the dimple depth as a function of the
pulse number at three different laser energy levels for both
investigated grades. It is obvious that higher applied energy
produces deeper dimples, and the dimple depth is proportional
to the pulse number at the energy levels of 65 puJ and 130 pJ.
However, such an increase does not take place at the energy
level of 13 pJ which is not sufficient to ablate both Co and WC.
When the comparison is made at one grade between different
energy levels i.e. 65 pJ and 130 pJ, the depth of the dimples
produced by 130 pJ is approximately twice as much as the one
produced by 65 pJ. The depth evolution of 10CoC at the energy
level of 130 pJ is shown with a dashed line, since the depth is
beyond the capacity of the measurement equipment.

When comparing these two grades within identical pulse
number, the laser beam with identical energy level produces
dimples much deeper at 10CoC than at 11CoM. The
observation is in agreement with the one reported in [23] where
higher dimple depth was attained in a cemented carbide with
grain size of 1.5 um, as compared to another one with the grain
size of 0.5 pm. Taking into account the obtained dimple
diameter presented in Figure 4, it can be concluded that coarser
microstructures lead to larger dimple depths but smaller
diameters. It may be rationalized by considering both material
and laser aspects.
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Although the two components of the cemented carbides
have comparable thermal conductivity, i.e. WC: 60-80 W/m K,
Co: 7075 W/m K, the ablation threshold of WC is higher than
that of Co due to their different melting points, i.e. WC: 2870
°C, Co: 1495 °C. [22, 23]. Accordingly, large WC grains form
a barrier which obstructs the energy expansion due to its high
thermal conductivity. When the sample surface is impinged by
the laser, temperature increases rapidly, reaching and
surpassing the melting temperature of the metallic Co binder
[17]. As a result, the Co binder will be evaporated faster from
the surface than the WC grain. Thus, the availability of the Co
binder at the center of the laser spot (where the energy is
concentrated), is depleted quickly, and the WC particles are
exposed. Since coarse WC grains serve as a barrier and lead the
concentration of the laser energy, it is much easier for the laser
beam to conduct more ablation of the Co binder, as the
microstructure gets coarser. Moreover, at higher energies, the
reached temperature can be higher than the one required for
melting WC particles; thus, partial or complete melting of the
WC grains can also occur. As this is expected to be easier as
carbides gets finer, the entire ablation is less obvious at 11CoM.

Regarding the laser beam, its Gaussian profile leads to
higher energy concentration and more ablation in vertical
direction. Therefore, the depth is more pronounced in the case
of 10CoC because of the coarse carbides. It is also observed
that the depth increases proportionally with the grain size. At
the energy level of 65 pJ and pulse number of 60, for example,
the dimple depth of 10CoC (grain size 2.33 pm) is 35 pm,
approximately twice as much as the one of 11CoM (grain size
1.12 pm).
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Fig. 5. Depth evolution as a function of the pulse number.

As the material ablation increases, so does the height of
the accumulated re-deposition which forms the crown-like
structure around the edge of the dimple [24]. Figure 6 shows
the re-deposition height as a function of the pulse number at
different energy levels. When the applied energy increases for
each grade, the height of crown-like structure increases. At a
low energy level, the re-deposition is not obvious and can be
disregarded. However, at a high laser power, the height of the
crown-like structures seems to be approximately proportional
to the pulse number. However, such trend is not continuous,
and the increase of the height slows down as the energy
increases, since more ablation occurs and the re-deposition may

also be destroyed. It can also be observed that the height
obtained at 10CoC is slightly greater than that at 11CoM, but
the differences are not evident.
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Fig. 6. Height evolution as a function of the pulse number.

3.2. Surface morphology inspection

Figure 7 shows the surface morphological inspection of the
two cemented carbide grades after the application of 70 pulses
at three different pulse energy levels. At the low energy level
of 13 ulJ, only poor ablation is induced. Given the Gaussian
shape of the laser beam, it can be expected that the energy
distribution of the beam widens as the laser energy increases.
Thus, the laser affected zone (HAZ) is expected to become
larger when the applied pulse energy increases. At each energy
level, the difference of HAZ induced at 11CoM and at 10CoC
are not evident. The material response to laser ablation in terms
of grain size results then in little geometrical difference such as
diameter variation.

Pulse
energy

10CoC 11CoM

130 pJ

651

13l

G ()
Fig. 7. Surface morphology of the produced dimples on 10CoC and
11CoM grades, with 70 pulses and different pulse energies.

Figure 8 shows morphology and cross-sectional inspection
carried out by SEM-FIB. It is clear that both dimples are
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covered by a grey circle in Fig 8 (a) and (c), which are the heat
affected zones (HAZ). HAZ expands from the centre to the
edge of the dimple and leaves a grey crown surrounding it. This
represents a slight re-deposition layer of the melted binder as a
consequence of the laser ablation. The distribution of the re-
deposition layer meets the Gaussian profile of the laser beam
and can be observed in the cross-sectional inspection in Figure
8(b) and (d) for both grades. The interior of the dimples
produced on the two cemented carbides exhibits different
morphology. The dimple at 10CoC is filled with some flocs,
whereas the one at 11CoM shows a complete bowl profile
(Figure 8(a) and (c)). The flocs filled in the dimple produced at
10CoC are the stack of the recast material, and eventually the
stack of the clasped crown-like structures. The observation is
not pronounced in the case of 10CoM, except at some positions
where the crown-like structure slightly clasps. This observation
proves that laser ablation is more pronounced at the finer grade.
Certain defects, such as pores and flaws, have also been
induced on the inner surface by the laser ablation, which are
inherent to the melting, vaporization and solidification
processes (Figure 8(c)).

Cross-sectional inspection of both grades presents more
details of the laser induction. It is found that the re-deposition
layer is about several micrometers thick and more pronounced
in the case of 10CoC (Figure 8(b) and (d)). Pores and micro-
cracks are concentrated on the surface and do not penetrate into
the matrix. It can be assumed that micro-cracks are originated
from the residual stresses, which are induced by thermal
expansion and contraction. The recast layer is rather porous and
brittle. The study reported by Tan et al. [25] suggests that the
porosity is due to a reduction of material density as a result of
the high laser energy and chemical interactions.

2|9E1|1

Oum

2pm
| | -

(©) (d)
Fig. 8. Dimple produced by 70 laser pulses with the energy 130 pJ: SEM
characterization of (a) 10CoC and (c) 11CoM, FIB cross-sectional
analysis of (b) 10CoC and (d) 11CoM.

4. Conclusions

In this study, short pulse laser beams have been applied with
three energy levels at two WC-Co cemented carbide grades
with similar chemical composition but different grain size.
Geometrical properties of the laser induced dimples have been
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studied as well as its surface integrity. The following

conclusions can be drawn:

e Laser ablation is very poor at low energy level, but
becomes obvious when the applied energy passes certain
level. Afterwards, the laser ablation is approximately
proportional to the energy increase. However, the exact
ablation is not clear, it would be therefore interesting to
carry out research on the determination of the exact
ablation threshold for different cemented carbide grades.

e  (Carbide grain size plays a very important role in the laser
ablation phenomenon. The coarser the microstructure is;
the deeper ablation is evidenced under identical machining
conditions. However, the observation is not evident in
terms of the dimple diameter. In the future, it would be
important to study the influence of the intrinsic
parameters, such as binder content and additives.

e The laser affected zone was covered by a very thin recast
layer and the laser induced defects (such as pores and
micro-cracks) were only found at the subsurface. The
induced crown-like structures are quite brittle and porous
and they become more pronounced when the applied laser
pulse increases.
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