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Abstract: The cooperative effect of laser surface texturing (LST) and double glow plasma surface alloying on tribological
performance of lubricated sliding contacts was investigated. A Nd:YAG laser was used to generate microdimples on steel surfaces.
Dimples with the diameter of 150 µm and the depth of 30−35 µm distributed circumferentially on the disc surface. The alloying
element Cr was sputtered to the laser texturing steel surface by double glow plasma technique. A deep diffusion layer with a
thickness of 30 µm and a high hardness of HV900 was formed in this alloy. Tribological experiments of three types of samples
(smooth, texturing and texturing + alloying) were conducted with a ring-on-disc tribometer to simulate the face seal. It is found that,
in comparison with smooth steel surfaces, the laser texturing samples significantly reduce the friction coefficient. Moreover, the
lower wear rate of the sample treated with the two surface techniques is observed.
Key words: laser surface texturing; double glow plasma surface alloying technology; carbon steel; tribological performance;
lubricated surface

1 Introduction
The reduction of friction of tribological components
is considered to be necessary from a point of view of
saving energy, prolonging durability, improving
efficiency and protecting environment for future engine
systems. Lubrication of sliding surfaces is the most
important to life and operation for engine machine, and
good surface quality is beneficial to lubrication [1−4].
Laser surface texturing, as a means for enhancing
tribological performance of contact components, has
gained an increasing interest for years, including in
piston ring/cylinder in engine, mechanical seals and
sliding bearings, slider and hard disc [5−9].
Hydrodynamic lubricating theory indicates that the
microstructures artificially distributed on the bearing
surface may affect lubricating state and load carrying
capacity [8−10]. The cavities or grooves on a flat surface
have several effects, such as acting as an oil reservoir to
transport or retaining oil when lubricant breaks down,
and entrapping wear particles to reduce abrasion and
plough in the sliding contact [11−14].
In recent years, various smart surface engineering
and multilayered composite coating technologies have
been developed significantly, which now become an

intergral part of advanced machining and manufacturing
applications under a wide range of tribological conditions
[15−16]. Double glow discharge plasma is one of the
surface hardening processes widely used for improving
wear properties of steel and alloy components due to its
beneficial features such as good reproducibility, low
distortion of the treated parts and low energy-consuming
[17−18]. The desired alloying elements are sputtered by
the source electrode, traveling towards the substrate.
Subsequently, the alloying elements diffuse into the
surface of the substrate, forming a functionally graded
surface in which the concentration of the alloying
elements is gradually changed in the depth direction.
Some of the phases in coatings can favorably react with
additives in oils to provide low friction, while other
phases can provide high hardness and low wear. The
focus of this work was to investigate the cooperative
effects of laser surface texturing and double glow plasma
surface alloying to achieve not only low friction and
wear but also high hardness in face seals.

2 Experimental
2.1 Laser surface texturing
The annealed AISI 1045 steel disc with HRC30 was
used as the substrate with 48 mm in diameter and polished
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to an average roughness (Ra) less than 0.05 µm. The ring
was constructed from T8 tool steel with HRC 55−58,
internal and external diameters of 32 and 46 mm,
respectively, and surface roughness of about 0.1 µm. All
the samples were 8 mm in thickness. A pulsed Nd:YAG
laser with a wavelength of 1 064 nm and a pulse width of
450 ns was used to induce dimples on the disc surface.
Ten pulses were used to make a dimple. The structure
and topography of laser texturing dimples were observed
using an optical microscope and white-light
interferometric surface mapping microscope.
2.2 Double glow plasma surface alloying
After surface texturing, the specimen surface was
ground by 1200# SiC sand paper to remove the raised
rims induced by laser ablation and then degreased with
acetone. A double glow plasma surface alloying device,
shown in Fig.1, was used to sputter Cr. The Cr plate
(d 130 mm×5 mm) was used as the source electrode
material for supplying the alloying element. Laser
texturing steel disc was used as substrate materials. The
processing parameters were: source electrode voltage,
950 V; substrate voltage, 450 V; working pressure, 40 Pa;
parallel distance between the source electrode and the
substrate, 20 mm; and treatment time, 3 h. The phase
structure identification on the alloyed surface was
conducted on a D8 X-ray diffractometer, and the
hardness on the cross-section was measured with
HX−1000 micro-hardness instrument made by Harbin
Measure Manufactory, Heilongjiang Province, China.

Fig.2 Schematic diagram of ring-on-disc tribological tester

The average diameter of the frictional track on the
samples was about 40 mm. Before tests, all the samples
were cleaned in an acetone bath ultrasonically for 3 min.
The steel disc was smeared with a mineral base oil with
viscosity (η) of 0.013 6 Pa·s at the beginning, then
mounted onto a centrifuge at a rotational speed of
400 r/min for 1 min to spin off the excessive oil, keeping
a thin oil film on disc. Tests were performed at a load of
100 N and an initial speed of 200 r/min (corresponding
to linear sliding speed of 0.4 m/s). The speed was
increased with a stepwise manner of 100 r/min after a
sliding distance of 500 m. The tests stopped when the
friction coefficient suddenly increased. The mass loss
(∆m) of disc after test was measured by an analytical
balance with a precision of 0.1 mg. Wear rate (ω) related
to load (P), sample density (ρ) and sliding distance (L)
was obtained from ω=∆m/(ρPL). All the discs were
cleaned by ultrasonic bath for 3 min before and after
friction test and then measured three times for an average
value.

3 Results

Fig.1 Schematic diagram of double glow plasma surface
alloying installation

2.3 Friction testing methods and test conditions
Friction tests were carried out on a ring-on-disc
tribological tester MG−2000 made by Xuanhua Beilun
Balance Manifactory, Hebei Province, China, as shown
in Fig.2.
The upper ring was fixed into a metallic holder,
which was loaded vertically to laser texturing disc. The
bottom disc was driven by a motor to a rotational speed.

3.1 Topography of surface texturing
The optical image of the laser texturing AISI 1045
steel disc is shown in Fig.3. It is clear that dimples
distribute circumferentially. The diameter of the dimple
(d) is about 150 µm, the tangential distance (l) is 500 µm
and the radial interval (D) is 400 µm. The dimple area
ratio (r) is obtained from r=πd 2/(4lD), which is found to
be about 8.8%.
During the laser texturing process, metal materials
absorbing laser energy are ejected out of the surface as a
result of plastic deformation. For the high energy density,
ablation area is formed rapidly and melt materials around
the dimples are the typical features of laser-induced
microstructures. The circular area surrounding the
dimple is called the heat-affected zone.
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Fig.3 Optical image of laser texturing AISI 1045 steel disc

3.2 Microstructure and phase formation on texturing
sample after surface alloying process
Fig.4 illustrates the topographys on the laser
texturing steel surface after the double glow plasma
surface alloying process. It can be seen that the alloyed
layer is rather compact and smooth. The dimple is coneshaped with a depth of about 30 µm. Compared with the
laser texturing substrate, the depth of dimple is reduced
slightly.
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connected with the substrate, forming an obvious
boundary between the surface alloying layer and the
substrate. It is well known that Cr is the element of
diminishing the γ area. When Cr is diffused into AISI
1045 carbon steel surface to reach a critical transform
value, γ-Fe will transform to α-Fe, causing a Cr alloying
layer formed in the substrate. While the phase structure
of Cr alloying layer is maintained during cooling and
kept as α-solid solution till room temperature, the phase
transforming from γ-Fe to α-Fe just takes place in the
substrate [19−20]. So, there is a mis-arranged region of
atomic arrangement at the interface, leading to a
boundary between the alloying layer and the substrate.
The interface between the alloying layer and the
substrate with no porosity is found to be metallurgical
combination.

Fig.5 Microstructure of surface alloying layer on cross-section
of AISI 1045 steel

Carbide layer is formed on the surface of the sample,
identified by XRD, as shown in Fig.6. Some carbides on
the surface layer mainly are Cr23C6+α-phases.
3.3 Hardness
Fig.7 shows the gradually distributed microhardness on the cross-section of Cr alloying layer by

Fig.4 White-light interferometric 3D profile (a) and crosssection profile (b) of laser texturing dimple after double glow
plasma surface alloying process

A typical microstructure of Cr-alloyed layer on the
cross-section of the specimen, etched with 4% HNO3 of
alcohol solution, is shown in Fig.5. It is clear that the
alloying layer is composed of columnar grains that are

Fig.6 XRD pattern of surface alloying layer on steel
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of laser texturing and surface Cr alloying on the
tribological properties during the lubricating process, as
shown in Fig.9.

Fig.7 Hardness distribution on cross-section of Cr alloying
layer

HX−1000 micro-hardness instrument with 0.5 N load
employed. The hardness on the surface layer is quite
high, approximately HV900. The reason for the increase
is that there are lots of uniform fine carbides, which are
enhanced by phases with better wear resistance
distributed on the matrix. Overally, the hardness of the
alloyed layer is larger than that in the substrate.
3.4 Tribological behavior
Figs.8(a) and (b) show the friction coefficients of
three types of samples at a load of 100 N and a
continuous sliding speed. For the smooth specimen,
friction coefficient increases to above 0.3 quickly after a
sliding distance of 500 m. For texturing and texturing+
alloying discs, a similar friction trend can be observed.
After the sliding speed exceeds 1.4 m/s, the friction of
texturing sample suddenly increases. Throughout the
same sliding distance (about 3.2 km), the texturing+
alloying disc shows a low and steady friction coefficient,
20%−50% lower than that of the texturing disc. With
increasing the sliding speed continuously, the friction
coefficient decreases in a manner of stepwise as to reach
the lowest point of 0.067, which implies that the
lubrication shifts towards the mixed lubrication regime.
Fig.8(c) shows that the smooth disc has the largest
wear rate among the three types, and many ploughs are
found on the smooth steel surface. The texturing+
alloying disc displays the smallest value for better
wearable performance resulting from the higher hardness
of surface Cr alloying layer.

Fig.8 Friction and wear properties of three discs at load of
100 N: (a) Friction coefficient vs sliding speed; (b) Friction
coefficient vs sliding distance; (c) Wear rate

4 Discussion
Laser texturing tribological surfaces have been
developed significantly in recent years. Such surfaces
can provide lower friction and wear under hydrodynamic
and mixed-boundary lubricated sliding conditions. In
order to assess the two surface processing technologies, a
sketch map is established to show the cooperative effect

Fig.9 Sketch map of cooperative effect of laser texturing and
double glow plasma surface alloying technology
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In this test, all the surfaces of texturing and
texturing+alloying samples were ground by 1200# SiC
sand paper to remove the raised rims. For the low dimple
density about 8.8%, although there are small differences
of the contact pressure and surface roughness between
smooth and texturing discs, such effect is considered to
be miner on the sliding contact surfaces. The positive
effect of the dimples is to act as oil-reservoirs assisting
the formation of a lubricating film, which pulls the
lubricant into the contact area due to viscous flow and
trap wear debris to reduce wear in sliding contact region
at the sliding interfaces.
The aim of double glow plasma surface alloying in
the present experiment is to employ Cr to react with
carbon in steel substrate, resulting in high hardness Cr-C
phase such as Cr23C6. It is expected that the depth of
Cr-C layer is large enough to improve the anti-wear and
corrosion ability. The intersectional distribution of soft
and hard phases in matrix can improve the
wear-resistance ability [19]. With the integration of the
laser texturing for improving the lubricating state from
boundary to hydrodynamic regime and the double glow
plasma surface alloying technology for enhancing the
anti-wear ability of sliding surfaces, further
improvements in tribological performance can be
achieved by texturing+alloying sample compared with
the laser texturing one. In future, the cooperative use of
surface engineering approaches and lower viscosity oils
with reduced sulfur and phosphorus may be feasible to
meet the increasingly more stringent tribological
conditions.

5 Conclusions
(1) Dimples with 150 µm in diameter and 30 µm in
depth are generated in AISI 1045 steel surfaces with a
pulsed Nd:YAG laser. The laser texturing is an effective
way to reduce friction coefficient under similar operating
conditions compared with smooth one.
(2) The Cr-alloyed layer on laser texturing steel is
characterized by 30 µm in depth and a hardness up to HV
900 using a double glow plasma surface alloying
technology, which mainly consists of Cr23C6+α-phases.
(3) With the integration of the laser texturing and
double glow plasma surface alloying techniques, further
improvements of friction properties are observed,
compared with the laser texturing one, which can
improve the lubricating state from boundary to mixed
lubrication and enhance the anti-wear ability of the
contact surfaces.
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