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Abstract The camshaft is a crucial component of an engine’s
valve train. This paper devotes to the experimental studies of
the performance of laser surface textured (LST) camshaft. The
first part experiment was carried out on the block-on-ring
tester to investigate the tribological behaviors of textured sur-
face in line contact. The area density of the textured dimples
was in the range 3–40% with depths 5–24 μm and diameter
70 μm. The friction coefficient and wear tracks were analyzed
to confirm the optimum textured patterns. After that, the local
LSTcams (textured on the lifting region) were further tested in
a single-cylinder diesel. It was found that after 300 h durability
test at the rated speed and load, the total lifting loss of cams
decreased nearly 34.4% in maximum. In addition, the
performance of the engine was not affected evidently. The
enhanced lubricity and local hardening were two mechanisms
for highly promoting the anti-wear property of the LST cams.
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Nonconformal contact

1 Introduction

The cam-roller component has an appreciable impact on
the oil and air accurate supplies of the internal combustion
engine. For the cam surface, the excellent anti-wear
property is required to maintain the design contour during
long-term running. However, the latest engines are en-
deavoring to fully atomize the spraying fuel for the
purpose of sufficient burning. This trend stimulates
researches for improving the wear resistance of the
cam-roller to satisfy the requirements of higher pumping
pressure. Johnston [1] adopted the diamond-like carbon
(DLC) coating to lower the wear rate of cam-shim sur-
face. Malatji [2] found Zn-5 g/L Al2O3 nanocomposite
coating possessed the highest corrosion resistance and
lowest wear loss. Chernyshev [3] employed the arc
remelting method to make a hardened layer on the cast
iron cam surface with 0.64–1.4-mm thickness and 50–
54-HRC hardness. The above studies promoted anti-wear
property by surface modifying, which is also the main
surface strength method up until now. Another roadmap
is the active surface topography optimization [4], namely
the surface texturing. The textured surface contains vast
regular micro-structures serving as the hydrodynamic
bearings or micro-traps for wear debris [5]. It also can
transform the lubrication condition from a high-friction
boundary to a lower friction mixed regime [6]. It has been
successfully applied in various subjects, such as piston
rings [7], cylinder liner [8], and cutting tools [9, 10].

Surface texturing has the compatibility with both con-
formal contact and nonconformal contact [11]. The bene-
ficial effects on conformal contacts have been well
established; however, the lubrication mechanism in
nonconformal contact have not been fully revealed
[12–14]. Jacobson [15] first indicated the surface
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morphology plays a crucial role in nonconformal contact.
After that, Wang et al. [11] found that the optimal texture
exists for a specific cylinder radius in line contact.
Surface morphologies trap the lubricant and maintain the
lubricity for the repeated start-ups and stops of motions
[16]. For the point contact, Segu [12] investigated the friction
properties of combined texture surface. A transition from the
boundary to mixed lubrication regime was observed and that
causes a lubrication effect. Krupka [14] found that the depth of
micro-dimples was critical, since it highly related to the film
thickness.

The contact of running cam-roller is a typical
nonconformal (line) contact. Therefore, the surface textur-
ing technology is very promising to reduce the wear and
improve lubrication. Also, some early studies [17, 18]
have revealed the surface strengthening of laser treatment,
while this effect has not been researched with surface
morphology, namely surface texturing, compatibly and
systematically. On the other hand, a cam’s wear mainly
distributes in the lifting region due to the higher pressure
and motion speed in this region. In this case, the directiv-
ity of laser machining turns to extremely important. By
only laser machining the local region, it is possible to
avoid the deformation and redundant strengthening gener-
ated by the integrated heat treatment of camshaft. More
importantly, a serial of the aided processes of heat treat-
ment, including straightening, surface precision grinding,
and polishing could be simplified or even removed,
companying with a lower cost in manufacturing.

The motivation of this study was to investigate the benefits
of the laser surface texturing on tribological performance of
injection cam. Specifically, the tribological experiment was
carried out on a line contact tester. After that, the LST injection

cams were made and their anti-wear performance was
explored by a single-cylinder diesel engine. The engine’s
performance was monitored during the 300-h bench test.
The cams’ wear were analyzed by lifting loss curves.

2 Experimental details

Laser surface texturing (LST) is an approach to obtain the
controllable and precise surface texturing. Besides the lubri-
cation effect, LST process can also influence the surface prop-
erty of the processing target. The authors have employed solid
laser source for surface texturing and strengthening for many
years. In this study, the laser source was the CEO® REA
series, 150-watt Nd:YAG with extra cavity doubled and out-
put 532-nm wavelength, green light Q-switched pulsed laser.
Contrasting to the 1064-nm wavelength or continuous wave
laser, this laser source has less heat effect on the metallic
material surface [19]. Hence, the generation of recast layer is
restrained effectively. Table 1 lists the specific parameters of
the laser system in this study.

Table 1 Parameters of
laser system Parameters Value range

Repetition frequency 0.1–20 kHz

Max average power 10 W

M2 factor ≤2
Beam diameter 3 mm

Laser beam expanders 3 times

Focal length 60 mm

Spot diameter 60 μm

Fig. 1 The view of single
dimple. a Vertical morphology
view. b Metallograph of cross-
section view
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Figure 1 depicts the metallograph of single textured dimple
on the cast iron surface. From the vertical view (Fig. 1a), it can
be seen that the LST process generates a remelting layer
around the texture morphology in a continuous flow form. It
indicates that the LST process in this study is able to modify
the surface morphology and material property of the local
region simultaneously. From the cross-section view
(Fig. 1b), it is evident that the remelting layer includes the
bulge part and the sub-surface part. The combination of bulge
part and base material is unstable since a gap exists between
them. These features are conducive to amend the surface flat-
ness (remove the recast bulge) after LST treatment.

Figure 2 shows the textured specimen (nodular cast iron)
and the micrographs of local area’s morphologies. The speci-
men was textured firstly and then polished by 200#, 600#, and
800# sand papers successively. After polishing, it can be seen
that bulge part of remelting layer was removed completely.
The surface hardness of the hardened regions, the bright areas
produced by LST treatment was 750–850 HV, nearly two
times higher than the un-textured area, surface hardness
400–450 HV. In addition, the dimple depths before and after
polishing were characterized by the white light interferometry
microscope, respectively. The effect of the polishing process
on the dimple’s depth was less than 1 μm; therefore, this
deviation was ignored later on. The profile curve of a column
dimple showed that the consistency of texture morphologies
was acceptable also.

The effect of laser surface remelted treatment on the
anti-wear property was studied by Bylica and Adamiak [17],

who found that abrasive resistance of laser-hardened samples
was about six times higher than that of normalized samples.
Molian and Baldwin [18] also found that laser-hardened gray
and ductile cast iron’s wear resistance were positively related
with the depth of the hardened layer. In this study, the laser
beam just remelted a partial region of the whole surface and
the depth of the remelted layer was also limited; hence, the
surface hardness of it was inferior to the previous processes.
However, the LST surface owns the combined advantages of
lubrication effect and local hardening, so what about the
anti-wear property of it?

The experiment included two parts. First, the perfor-
mance of textured surface was investigated on the tribo-
logical tester. The previous studies showed that dimple
depth, area density, and movement speed are crucial for
lubrication [8, 14], therefore a three-factor experiment,
each factor has five levels (see Table 2), was
established. The area density of micro-dimple array
was controlled by the same equal space in row and

Fig. 2 Textured specimen and
local area’s micrographs

Table 2 Parameters of tribological experiment

Parameters Values

Diameter, d [μm] 70

Area density, ρ [%] 0, 3, 10, 17, 40

Depth, h [μm] 0, 5, 8, 12, 24

Rotation speed, ω [r/min] 80, 150, 220, 300, 400
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column directions. The intervals of area densities 3, 10,
17, and 40% were 700, 400, 300, and 200 um, respec-
tively. The characterization of surface textures referred
to the existing system [20]. Every specimen experienced
the continuous increasing of rotation speed from 80 to
400 r/min. Each rotation speed had the same operation
time, 30 min. The result of the friction coefficient at
certain rotation speed was the average value of a stabi-
lized period time.

Figure 3 shows the structure of tribological tester. The up-
per sample (two small rings, surface roughness Ra 0.2–
0.3 μm)was assembled on an axis pin with the rotation degree

of freedom only. The axis pin was further fixed on the jig’s
head, which was connected to the live spindle. The lower
sample, where the surface texturing was processed, remained
still during the test. Below it, a dynamical sensor measured the
friction torque. The friction coefficient between upper and
lower samples was calculated by the computer automatically
and dynamically. The contact load produced by a precise
spring was loaded steadily on the lower sample. The above
mechanism simulated the cam-roller friction pair’s motion and
contact. The diameter of the upper sample referring to the real
roller was 20 mm. It was rotating and sliding on the lower
sample surface as the live spindle spinning. The material of

Fig. 3 Tribological tester and its
drawing entity

Fig. 4 Effect of area density on
the friction coefficient at various
rotation speeds, h = 8 μm
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upper sample was AISI 1045 steel with a nominal hardness of
55–60 HRC. The lubricant, SAE15W/40 (dynamic viscosity
172.4 mPa·s at 20 °C), was sufficiently applied during the
experiment.

After the tribological experiment, we found it was chal-
lenging to estimate the actual wearing capacity of the worn
specimens. On the one hand, the mass loss did not reflect the
real wear degree, not only because the runtime was very

Fig. 5 Effect of relative
movement speed on the friction
coefficient at various dimple
depth, ρ = 10%; the x-coordinate
contains rotating speed and
equivalent linear speed

Fig. 6 Worn surfaces with
Sp = 10% and various dimple
depths. a Flat. b Flat and worn. c
h = 5 μm. d h = 8 μm. e
h = 12 μm. f h = 24 μm
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limited but also the adhesive wear transferred material be-
tween upper and lower samples. On the other hand, since the
scratched occurred randomly and heavily, the wear character-
ization through the surface parameters was also inaccurate.
For the above reasons, this part of the work compared the wear
degrees qualitatively and roughly by the micrographs of worn
surface.

To further investigate the anti-wear property of LST
cam, the engine test was carried out on a single cylinder
diesel engine with referencing the results of tribological
experiment. The main parameters of tested engine were
as follows: cylinder diameter 105 mm, stroke length
120 mm, displacement 1.039 L, compression ratio 17,
rated power 11 KW, and rated speed 2200 r/min. The
material of the roller was bearing steel GCr15 with
surface hardness 58~63HRC.

The bench test was conducted continuously at rated
power and speed for 300 h. The LST was processed on
the lifting region of oil injection cam surface. All
throughout the test, the engine’s performance was mon-
itored and the curves of cams’ lifting loss were obtained
lastly to investigate the influence of LST to the cams’
controlling accuracy.

3 Results and discussion

3.1 Tribological experiment

Figure 4 shows the effect of area density on the friction
coefficient at various rotation speeds with 8-μm dimple
depth and 100 N load force. Under all the rotation

speed conditions, the curves of friction coefficient had
the similar trend of fluctuation. As the area density of
LST ranged from 0 to 10%, the friction coefficient de-
creased accordingly, while in the range of 10 to 40%,
the friction coefficient had an upward trend. Therefore,
for all the movement speeds, the optimum area density
was about 10%. Noting the value range of optimum
area density was extending along with the rising of
rotation speed, which means LST was more compatible
with high speed.

Figure 5 shows the effect of dimple’s depth on the
friction coefficient at various rotation speeds. The area
density was 10% and load force was 100 N. It can be
observed that the deepest dimple (24 μm) had the highest
level of friction coefficient, while the dimples with 8-μm
depth obtained the lowest friction. On the other hand, the
friction coefficient curve had a downward trend as the
rotation speed increased, which agreed with the previous
studies [11, 15]. The main reason was that the relative
velocity and film thickness are relevant on the condition
of EHL [12]. The upper and lower samples were under
mixed lubrication at the lower speed and the reinforced
lubrication could depart two surfaces and result in friction
reduction as the speed increased.

Fig. 7 Worn surfaces with
h = 8 μm and various area
densities. a Sp = 3%. b Sp = 10%.
c Sp = 17%. d Sp = 40%

Table 3 Parameters of LST cams

Camshaft no. Dimple depth Area density

0# – –

1# 8 μm 10%

2# 8 μm 17%
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Figures 6 and 7 show the OM images of the worn
specimens. It can be seen that fewer wear tracks existed
on the low friction coefficient specimens. For the
h = 8 μm and ρ = 10% specimens, their surface wear
tracks were unapparent, which means that the film
thickness was increased and direct contact of two sur-
faces was avoided significantly. Compared to the flat
specimen, the textured specimen with 40% area density
(Fig. 7d) showed more severe wear on it. This result
indicated that the improper surface texture might have
a negative effect on the lubricant film formation.
Reasons might be that the reduction of surface bearing
capacity roughed surface and increased the microcontact
pressure.

The above experiment result was similar to the [21],
which found that the 200-μm diameter dimples with
10% area density exhibited the highest wear resistance
on the ball-on-disk tester. Differently, Ref. [22] indicat-
ed that high area density (higher than 6%) was harmful
to wear resistance. Therefore, in-depth studies are still
needed for the specific object and goal.

3.2 Three hundred hours of engine test

The tribological experiment indicated that the surface
texturing with certain area density and depth has the
best performance in friction reduction. Plus, the wear
is one of the ultimate embodiments of the surface fric-
tion; it can be estimated that the low friction texture
pattern may also have a positive effect on the
anti-wear property. Hence, the texture patterns of fol-
lowing engine test were Sp = 10% or 17%, h = 8 μm,
and d = 70 μm (see Table 3). The LST processed the

cams’ lifting region only, where the severe wear often
happens.

Three camshafts with different LST area densities
were tested separately on a same engine. Figure 8 shows
the design roller displacement of the tested injection
cam. The lifting angle of camshaft was from 90° to
150°, the corresponding region on the cam surface was
LST processed to promote its anti-wear property. The
engine test was conducted at rated power and speed
for 300 h. In every installation, the engine oil was
changed and all the moving parts were examined to
ensure the same condition. During the test, the engine
showed the same performance in output power and fuel
consumption. It means that the lubricity of cam-roller
follower can hardly influence the engine’s performance,
since it is not the main source of friction loss in the
engine [23].

After 300 h running, three camshaft surfaces were 3D
characterized at three different representative angles in
the lifting region, 100° (initial point), 125° (center
point), and 150° (terminal point), as shown in Fig. 8.
Their 3D surface morphologies and section profiles
(along with the white dash lines) are shown in Fig. 9.
The wear depths could be estimated by analyzing the
change of dimples and the number of wear tracks.
Above all, two textured schemes promoted cam’s wear
resistance differently.

In the angle 100°, the obvious wear tracks and re-
maining hardened regions could be observed in all three
camshafts, for instance a 5 μm depth wear trace ap-
peared on no. 0#. The possible reason for this feature
could be the roller displacement rose rapidly around this
point, generating impact load on the cams’ local sur-
face. The rest of the dimple depths of 1# cam and 2#

Fig. 8 Datum displacement
graph of the pump cam
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cam were about 4 μm, while only the latter showed an
integrated section profile, indicating a better wear resis-
tance ability. In the angle 125°, the decreased lifting
velocity and load reduced the number of tiny wear
tracks on the non-textured cam (0#); meanwhile, 1#
cam showed the slightest wear traces, while 2# cam
showed little promotion in wear resistance. In the angle
150°, the lifting stage was finished, while the cam-roller
reached their highest contact pressure. Therefore, depth

loss and shallow wear trace could be still observed in
Fig. 9a, i, respectively, noting that dimple depth loss of
1# cam was only 2 μm.

Figure 10 shows the cam lifting loss curves of camshaft
no.1–3 after 300 h operation. The single point in cam lifting
loss curve reflects the lifting displacement loss (difference
value) at certain angle. The area of the region bounded by
cam lifting loss curves, S, reflects the cams’ accuracy. S0 for
the 0# cam was 0.354, S1 for the 1# cam was 0.249 and S2 for
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the 2# cam was 0.232. From the above results, the two
LST injection cams both showed the promotion of con-
trolling accuracy after longtime running. Another feature
realized, was that these two cams have different lifting
loss distributions around their contours. The 2# cam had
the minimum lifting loss, 34.4% reduction compared to
the 0# cam (original) and its distinct lifting loss appeared
in the range of angle 110°–120°. The overall wear of the
1# cam decreased by 29.7% and its distribution of lifting
loss was more uniform comparing to the others.

Combining with Figs. 9 and 10, an obvious feature
was that the changes of surface micro-morphology did
not match the macro-loss of the rollers’ displacement.
Actually, the latter was far more than the former in all
cases. Therefore, it could be concluded that the plastic
deformation was also a source of lifting loss and it was
highly affected by the textured area density. For in-
stance, higher area density texture (17%, 2# cam)
showed a negative effect on contour accuracy in the
range of angle 110°–120°.

For the metal material, laser processes can be classi-
fied into three types mainly: vaporization, melting, and
non-melting. For the melting and non-melting processes,
laser beams strengthen the surface material by the grain
refinement (size reduction) mechanism [24]. The laser
source adopted in this study has a combination effect
of vaporization and melting. These two effects generate
the micro-dimple and remelting layer on the cams sur-
face, both of which contribute to promoting the
anti-wear property. From the above experimental results,

it can be concluded that the main function of surface
texturing is to enhance the lubricity by the optimum
design without weakening the surface strength.

4 Conclusions

In this study, LST was introduced to the injection cams’
surface to promote its anti-wear property. The experiment
result will contribute to the cams’ surface design and
manufacturing. The following conclusions can be drawn from
the experimental investigation:

(1) In the LST process, the laser beam increases the
local regions’ hardness 2–3 times by the remelting
process. This feature promotes the wear resistance
of cam surface together with the lubrication effect
of surface texturing; therefore, some degree of laser
heat effect is beneficial.

(2) In the tribological experiment, the textured specimen
having a dimple density of about 10% and a dimple
depth of about 8 μm showed a promotion in lubrication,
especially in the high speed working condition.

(3) The 300 h engine test showed an agreement with the
tribological experiment, which also indicated that the
anti-wear property of LST cams increased nearly 30%
compared to the un-textured cam. The non-uniform
distribution of lifting loss was observed, it shows the
importance of maintaining the cams’ surface bearing
ratio in surface texturing design.

Fig. 10 Cams’ lifting loss curves
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