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Abstract
Some tools for machining processes used to be guided by supporting parts while using them for cutting or abrasive machining. For instance, the
guide stone is used as supporting part in the honing process, which maintains the concentricity of the rotating axis. The contact surfaces of the
supporting parts should exhibit the following properties: adequate combination of hardness, toughness and wear resistance. The damage of
contact surfaces can be caused by a combination of friction and adhesion, related to the weakness of surface conditions in the tribological
system, e.g. asperities, debris and pores. In order to investigate the impact of the surface topography, contact surfaces of the supporting parts
made of cemented tungsten carbide (WC-Co) have been treated by means of laser surface patterning (LSP). Two different surface patterns with
deterministic geometries on the micro and nano scale are achieved by two distinct LSP methods: line-like patterns by Laser-Interference
Metallurgy (LIMET) with ns-laser and dimples by ps-laser. Tangential force coefficients, similar to the coefficient of friction (COF) in the nonabrasive case, are measured to evaluate the impact of the surface patterns. In this paper, the LSP methods as well as the analysis of the resulting
surface topography are introduced. It is found that higher friction is obtained by line-like patterns whereas dimples can efficiently reduce the
friction. At low load, hydrodynamic effects are reinforced as the dimples work as lubricant reservoirs and trap wear particles, and the
observation becomes less obvious at high load. Meanwhile, only slight friction augmentation is observed by line-like patterns when the load
increases.
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1. Introduction
Since the 1960s, it has been attempted to modify the
surface topography to improve the tribological performance of
the contact surfaces by several machining techniques,
especially to reduce the friction and improve wear resistance
[1]. Cemented tungsten carbide (WC-Co) is widely used as
cutting tools and supporting parts in industry. Excessive
friction between the contact surfaces always produces
abundant heat and diminishes the part lifecycle. It appears to
be significant to minimize the friction by surface treatment.
However, WC-Co is difficult to be machined by traditional

shaping methods due to its hardness. Various surface
treatment methods for hardmetal, such as Electrical Discharge
Machining (EDM) have been employed to machine the
surfaces on the micro scale. The accuracy of these methods is
fairly high compared with the traditional chip-removal method
[2].
During the EDM process, a great number of tiny materials
are removed individually due to the electrical discharges
between the two electrodes, which finally result in a
homogenous material removal. However, some defects also
can be induced in the affected zone, such as pores, impurities
and fractures due to thermal effects. Furthermore, these
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methods lead to non-uniform residual stresses in the surfaces
[3, 4].
Compared with EDM, laser surface patterning (LSP) is a
high precision surface treatment technique, which makes use
of the laser pulses with adjustable energy density and pulse
repetition frequency (PRF) to machine the surfaces. LSP
possesses many advantages, e.g. clean, precise and short
processing time. The ablation rate and precision of LSP are
strongly influenced by the pulse duration, PRF, energy density
and laser wavelength [5]. Due to the high intensity, melting,
recrystallization, phase transformation etc., can occur on the
micro and nano scale. Thermal effects can be efficiently
reduced when the pulse duration is shortened, e.g. ps-pulses
have less thermal impact than ns-pulses of identical fluence.
Due to less thermal effects, ps-laser results in less surface
damage [6, 7].
Laser-Interference Metallurgy (LIMET) is a process, where
two or three pulsed laser beams with the same PRF are
superimposed on the target surface [8, 9]. By means of
LIMET, it is possible to produce periodic surface patterns with
dimensions on the sub sub-micron level up to micrometers,
depending on the angle between the interfering beams and the
thermophysical properties of the materials involved.
It is the objective of this study to introduce the fabrication
methods of two different patterns with defined geometries on
WC-Co surfaces by means of LSP. Surface integrity is
characterized in terms of geometry. The first results related to
the tribological performances will be presented.

2.2.1. Line-like patterns by ns-laser
The used ns-laser is a solid state Nd: YAG source (Spectra
Physics Quanta Ray Pro 290). The laser beams have a PRF of
10Hz, wavelength of 355nm, pulse duration of 10ns and
fluence of 2.3 J/cm² at the machining zone (Table 2).
Table 2. Basic information of the ns-laser setup.
Laser
type

Laser
source

Pulse
duration (ns)

Wave
length (nm)

PRF
(Hz)

Fluence
(J/cm²)

ns-laser

Nd:
YAG

10

355

10

2.3

Special configurations of the laser beam trajectories are
necessary to obtain the line-like pattern with defined
geometry in LIMET. Fig. 1 shows the trajectory of the laser
beams: they are produced by the Nd: YAG laser source,
focused by a lens, then split equally by a beam splitter. The
sub-beams are reflected by the mirrors respectively and
finally interfered on the target surface.
G
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A: Laser
source
B: Attenuator

2. Experiments
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Fig. 1. LIMET experimental setup

2.1. Material properties
The WC-Co hardmetal (Table 1) is selected as test sample.
This hardmetal has a grain size of 20 μm and contains 14%
Cobalt and 14% Nickel as binder. The hardness of the
hardmetal is 610HV30, i.e. it is a relatively soft hardmetal.
Table 1. WC-Co hardmetal properties.
Material

WC-Grain
Size (μm)

Co
(%)

Ni
(%)

Density
(g/cm³)

Hardness (
HV30)

VN77

20

14

14

12.82

610

The superposition of the two sub-beams leads to
interference resulting in a line-like pattern. Two parameters
are used to describe the pattern geometry: periodicity, defined
as the distance between two adjacent peaks or valleys, and
height, defined as the distance between the peak and its
adjacent valley. The periodicity is defined by the trajectory of
the laser beams and can be obtained by Equation (1) [8]:

P
2.2. LSP characteristics
The mechanism of laser-matter interaction is mainly
determined by the pulse duration. When the laser pulse
duration is in the range of 10 ps and below, the pulse duration
is usually shorter than the heat diffusion time. Therefore, the
deposited heat cannot move away and there is only a local
temperature rise resulting in material phase transformations
(melting and vaporisation) [10]. The difference of the Co and
WC melting points denote the thermal behaviour of Co from
WC in this regime. It is known that the energy intensity
(fluence) less than 2.5 J/cm² is suitable to only remove Co
[11]. In this case, WC grains easily break out due to melting
and vaporizing of the Co glue. Two different surface patterns
are produced by two types of laser installations: LIMET with
ns-laser and ps-laser.

O
§T ·
2 sin ¨ ¸
©2¹

(1)

ߣ: Laser wavelength
ߠ: Angle between two sub-beams
ܲ: Calculated periodicity

Table 3 shows the experimental parameters of the ns-laser
setup. Based on the listed parameters, the periodicity is
calculated to be 11.3 μm. The removed material volume is
mainly dependent on the absorption of the laser beam energy
[5]. It means that the depth of the line-like pattern depends on
the pulse energy and pulse number. The correlation between
the removed material volume and the absorbed energy is not
discussed in this paper.
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Table 3.Experimental parameters of the ns-laser setup

Table 5. Machine configuration

Ȝ QP

d (cm)

Lens (mm)

Ʌ (°)

355

2.2

1000

1.8

Rotation
speed

2.2.2. Dimples by ps-laser
The ultrafast-laser machining (Table 4) with a picosecond
laser system (HYPER25 Coherent Kaiserslautern GmbH) has
been employed to fabricate dimples on the WC-Co surfaces.
The picosecond laser system is mounted on a high precision
5-axis laser micromachining system (GL.5, GFH GmbH),
which allows for a position accuracy of ±1μm and maximum
axis speeds of 2m/s. The used laser PRF is 200 kHz, the
wavelength was set to 532 nm, and the pulse duration is 10 ps.
The fluence is 0.5 J/cm² at the machining zone.

Oscillation
speed

(rpm)

(mm/min)

500

1000

Oscillation
number/feed

Feed

10

2

(μm)

Lubrication
viscosity
(mm²/s)
5

Table 4. Laser- and process parameters using the ps-laser system
Laser
type

Laser
source

ps-laser

HYPER25

Pulse
duration
(ps)

Wave
length
(nm)

PRF
(Hz)

10

532

200K

Fluence
(J/cm²)
Fig. 2. Workbench for abrasive machining process
0.5

3. Surface topography
Due to the accuracy of the machining system, the surface
patterns can be produced precisely. The dimple intervals in X
and Y directions are set to be 500 μm, the feed rate is 1m/s.
2.3. Friction tests
The workbench (Fig. 2) is designed similar to an external
honing process and allows for the study of the force evolution
in the relative motion between a single tool and workpiece.
The three orthogonal forces ܨ , ܨ௧ and ܨ are measured by the
force measurement platform. ܨ is the normal load applied
on the contact surface, ܨ௧ is the tangential force resulted from
the rotation and ܨ is resulted from oscillation movement. In
order to coincide with the workpiece surface, the tool surface
has been machined to be curved prior to LSP. The ratio
between ܨ and ܨ௧ is defined as tangential force coefficient μ
[12, 13]. The force coefficient, similar to the coefficient of
friction (COF) in the non-abrasive case [14], is obtained by
Equation (2):

P

Ft
Fn

The surface topography of the two surface patterns is assessed
by the Laser Scanning Microscopy (LSM) in 3 dimensions.
Three important geometrical properties of the line-like
patterns, which cover the entire surface in square arrangement,
are investigated (Fig. 3): periodicity, height, and peak angle.
Meanwhile, three important geometrical properties of the
dimples are investigated (Fig. 4): interval, defined as the
distance between two adjacent dimple centers; depth, defined
as the distance between the dimple surface and its bottom, and
dimple diameter.
a

(2)
b

Line-like patterns and dimples are tested under same
conditions (Table 5) in order to observe the tribological
performances. The workpiece has a rotation speed of 500 min1
, corresponding with a velocity of about 40 m/min, and an
oscillation speed of 1000 mm/min. The velocity is close to the
industrial honing processes. For each test, the tool has 2 μm
feed to the rotating workpiece, which oscillates 10 times in
every 1μm feed. Normal loads are applied from 15 N to 70 N,
corresponding to pressures from 0.25 MPa to 1.2 MPa on the
contact surfaces. A synthetic oil (suitable for high-alloy and
hardened steels with a kinematic viscosity ߭ of 5 mm²/s at
40°C) is used as lubricant.

Fig. 3. Geometrical properties of the line-like patterns: a) periodicity, b) cross
section profile
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The line-like patterns have a periodicity of 11.8 μm, height
of 0.6 μm and angle of 7.5°C. The dimples have an interval of
503.2 μm, depth of 3.8 μm and diameter of 51.3 μm.
a

b

In terms of line-like patterns, the micro-asperities increase the
surface roughness, which is harmful for the construction of
full fluid lubrication [15]. The asperities will increase the
amount of solid-solid contact. This explains the friction
augmentation compared with the polished surface. In these
experiments, the line-like patterns are oriented parallel to the
rotation direction, which is favorable for the formation of the
lubricant channels (Fig. 6). The lubricant channels connect the
high pressure regions and low pressure regions, and conduct
the lubricant to surrounding areas [16, 17]. In addition, the
discontinuities of the line-like patterns facilitate the lubricant
flow from the channels to the contact area. The lubricant
channel effects are more significant under higher contact
pressures [18], and this could explain why the friction by the
line-like patterns is not as much as the dimples when the load
increases.

Fig. 6. Schematic diagram of the line-like pattern interfaces
Fig. 4. Geometrical properties of the dimples: a) single dimple, b) cross
section profile

4. Tribological performances
Fig. 5 shows the analysis of the COFs for the two surface
patterns and a polished reference under lubricated conditions
with different normal loads. The tribological performance of
the two patterns varies from each other. Higher friction is
obtained with line-like patterns. As the contact pressure
increases, the COFs of both patterns also increase. However,
the dimples have an increase with greater magnitude than the
line-like patterns. Compared with the polished surface, linelike patterns show higher friction and dimples diminish
remarkably the friction.

In terms of dimples, two observations can be made: lower
friction is attained compared with other patterns, and the
friction reduction at high load is not as remarkable as that at
low load. The observations can be explained by two aspects.
On the one hand, the dimples act as the reservoirs in the
tribological systems (Fig. 7). The reservoirs can trap the wear
particles to prevent from solid-solid contact [19]. On the other
hand, the reservoirs form the microcirculation of the
lubricants which generates local pressure. The produced
pressure is in favour to increase the thickness of the
lubrication film and improve the load-carrying capacity [1,
20]. Consequently, hydrodynamic effects are enhanced to
ameliorate the frictional conditions. However, the
hydrodynamic effects are less pronounced at high load [15,
21], owing to the fact that full lubrication is more difficult to
establish due to the absence of the lubricant channels which
help redistribute the lubricant [16]. Hence the friction of the
dimples has an obvious rise when the load increases.

Fig. 7. Schematic diagram of the lubrication microcirculation in the
dimples interfacial reaction

Fig. 5. Analysis of the COF for line-like patterns and dimples as a function of
the normal loads
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5. Conclusion
x

x

x

Line-like patterns and dimples with defined
dimensions on the WC-Co hardmetal surfaces are
produced by LIMET and ultrafast-laser machining,
respectively. The LIMET technique allows the
fabrication of the line-like patterns with a periodicity
11.8 μm and height of 0.6 μm. The combination of
the ps-laser and micromachining system offers high
precision and efficiency, which is beneficial for the
industrial application.
The surface geometry assessments show that the
geometries of line-like patterns and dimples
correspond to the initial design.
The friction tests indicate that the dimples can
efficiently reduce the COF and expand the
hydrodynamic effects. Higher friction is obtained by
line-like patterns compared with polished surfaces,
and only slight friction augmentation is observed by
line-like patterns when the load increases.
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