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Laser additive manufacturing of graphene/CoCrFeNiNbz coatings
and their application in automatic measurement robot devices
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Abstract

The stabilizing device is a component of the automatic surveying robot. To address wear
and tear on the friction plates during use, graphene (Gr)/high-entropy alloy coatings were
applied to the aluminum alloy friction plates using laser cladding technology. A systematic
study was conducted on the alloy using scanning electron microscopy/EDS, a hardness tester,
a friction and wear tester, etc. The experimental results show that the coating bonds well
to the substrate. The Gr/CoCrFeNiNbz coating is mainly composed of equiaxed crystals,
with Gr playing a strengthening role and Nb element playing a fine grain strengthening
role. The coating has excellent mechanical properties, with a microhardness between 462—487
HV and an average friction coefficient between 0.46-0.54. Through practice, laser cladding a
Gr/CoCrFeNiNbz coating on the surface of the stable device of the automatic surveying robot
ensures its normal operation and extends its service life.

Key words: laser additive manufacturing, coating, robot device, automatic surveying, high

entropy alloy, wear resistance

1. Introduction

High entropy alloys have attracted widespread
attention due to their excellent mechanical prop-
erties [1-8], corrosion resistance [9-16], and high-
temperature performance [17-20]. In particular, laser
cladding technology for preparing high-entropy al-
loy coatings has played a key role in component re-
pair, surface modification, and other applications [21-
24]. Due to the adjustable thickness of the coating
produced by laser cladding, it exhibits metallurgical
bonding with the substrate and a small heat-affected
zone, thereby significantly improving the performance
and service life of components.

The stabilizing device is a component of the auto-
matic surveying robot [25-28], which is equipped with
friction plates. To meet lightweight requirements, the
friction plates are made of aluminum alloy, and the
vertical rotation device is stabilized by friction be-
tween the friction plates and the wheel axle.

The actual effect verification of the robot device
based on automatic surveying showed that the fric-
tion plate of the stabilizing device is prone to wear
during use, leading to a loss of fixing effect and affect-
ing surveying. To solve this problem, this study pre-
pared Gr/high-entropy alloy coatings on the surfaces
of aluminum alloy friction plates via laser cladding to
improve friction performance.

2. Experimental

Powdered cobalt, chromium, iron, nickel, niobium
elements, and Gr were selected as laser cladding pow-
ders; the purity of the metal powder is not less than
99.9 %, and the purity of Gr is not less than 99 %. The
powder particle size range used is 45—-150 um. Particle
size distribution: particles < 45 um should not exceed
5 %, and particles > 150 um should not exceed 5 %. In
order to prepare Gr/CoCrFeNiNb composite powder,
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Fig. 1. Morphology of laser cladding coatings: (a) macroscopic morphology, (b) bonding area between the cladding coating
and the substrate, (c) microstructure of Gr/CoCrFeNiNb0.15, and (d) microstructure of Gr/CoCrFeNiNb0.30.

0.30 wt.% Gr was added to the CoCrFeNiNbz (z =
0.15, 0.3) powder. The mixed powder was ball milled
in a planetary mill for 4 hours at a rotational speed
of 300r min~!. During ball milling of high entropy al-
loy powder for laser cladding, a ball-to-powder ratio
of 10:1 was used. To improve efficiency and reduce
energy consumption, three sizes of grinding balls (20,
10, and 6 mm) were used in a multi-stage ball configu-
ration with a ratio of 3:5:2. Appropriate ball milling
time (e.g., 4-8 hours) can enhance the uniformity of
element distribution; however, excessive milling may
lead to flaky morphology and welding, reducing uni-
formity. The obtained powder particles are mainly dis-
tributed between 10 and 150 um. Milling time affects
the phase structure; for example, in the CoCrMoNbTi
system [29], as milling time increases, the diffraction
peaks of the pure elements disappear in order of their
melting points. After 40 hours of milling, a single-
-phase body-centered cubic solid solution can form,
but excessive milling may lead to phase decomposition
or the formation of non-equilibrium phases. The ob-
tained powder needs to be filtered and classified using
a 75 um sieve to control the particle size distribution.
Aluminum alloy is used as the substrate material for
the friction plate of the automatic surveying robot.
Ground aluminum alloy substrates remove surface oil

stains, ensuring cleanliness. This complete set of CO4
laser cladding equipment uses a CO4 laser (TFL-6K)
as the heat source and includes a laser, a dedicated
cooling unit, a CNC machining machine, an automatic
powder feeder, an optical system, and CNC software.
The laser processing parameters were laser power P =
2000 W, scanning speed V = 6 mm s~ !, and laser spot
diameter D = 4.0 mm.

The microstructure of Gr/CoCrFeNiTi HEAs was
observed by scanning electron microscope (KYKY-
-EM3200). The HVS-1000Z microhardness tester was
used to test the hardness of Gr-reinforced HEAs. The
friction and wear performance of Gr-reinforced HEAs
was tested using the SFT-2M pin disc friction and
wear testing machine, with a loading of 15N and a
testing time of 900 s.

3. Results and discussion
3.1. Microstructure
Figure la shows the macroscopic morphology of
the laser cladding layer, where a strong bonding be-

tween the coating and the substrate is observed. Under
the action of a high-energy laser beam, the cladding
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Fig. 2. Elemental surface scanning of Gr/CoCrFeNiNb0.30 coatings.

powder melts, while the substrate also forms a thin liquid metal solidifies under the cooling influence of
molten layer due to thermal effects. Subsequently, the the substrate, forming the laser-cladding layer. Fig-
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ure 1b presents an enlarged view of the bonding in-
terface between the cladding coating and the sub-
strate. The interface exhibits an arc-like shape, with
the highest temperature corresponding to the center
of the laser beam, resulting in the deepest surface
melting of the substrate. Near the edges of the beam,
the temperature is lower, leading to shallower surface
melting of the substrate, thus forming this arc-shaped
pattern. This also indicates a favorable metallurgical
bond between the coating and the substrate, ensur-
ing the coating’s superior performance. Figures 1c,d
show the microstructure of Gr/CoCrFeNiNbx coat-
ings, mainly composed of fine equiaxed grains and pre-
cipitates. The small microstructure size is due to the
rapid heating and cooling of the laser cladding pro-
cess. Under the action of high-energy laser beams, the
powder and the aluminum alloy surface are instantly
melted to form a molten pool, with many crystal nu-
clei in its center. Under the rapid cooling of the alu-
minum alloy, the grains do not have time to grow,
resulting in a fine equiaxed microstructure. On the
other hand, the addition of Gr refines the grain size,
and the increase in Nb content further refines the alloy
structure, thereby refining the grain size [30, 31]. The
coating has a small number of pores, and the porosity
is approximately 1% as calculated. There have been
precipitates in the microstructure. During rapid solid-
ification of high-entropy alloys by laser cladding, the
diffusion rates of various elements differ, leading to
supersaturation of the solid solution, segregation of
solute atoms at grain boundaries and within grains,
and the formation of precipitates. Precipitates signifi-
cantly influence the microstructure and properties by
refining grain size and precipitate strengthening: they
hinder dislocation motion and grain boundary sliding,
thereby enhancing strength, hardness, and toughness,
while also optimizing the microstructure to improve
wear resistance.

Nb can refine grain size and promote the forma-
tion of a layered eutectic structure. Gr has excellent
physical and chemical properties that promote carbide
formation, further refine grains, and improve tissue
uniformity. The precipitate can refine grain size, re-
duce grain-boundary defects, and make the structure
more uniform and denser.

Elemental surface scanning was performed, and the
results are shown in Fig. 2. The results indicate that
the coating consists of two phases: face-centered cu-
bic (FCC) and body-centered cubic (BCC). Equiaxed
grains (FCC) mainly contain Co and Ni elements,
while grain boundaries and precipitates (BCC) mainly
contain Cr elements. The distribution of other ele-
ments is relatively uniform.

3.2. Hardness

Figure 3 shows the hardness distribution curves for
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Fig. 3. Microhardness of Gr/CoCrFeNiNbz coatings.
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Fig. 4. Wear morphology of Gr/CoCrFeNiNbz alloys.

Gr/CoCrFeNiNbz alloys, divided into three regions:
coating, heat-affected zone, and substrate. The signif-
icant increase in coating hardness is mainly due to the
strengthening effect of Gr and the fine-grain strength-
ening effect of Nb. Nb and C (derived from Gr) gener-
ate stable carbides, refine grain size, and achieve dis-
persion strengthening, which can significantly improve
the hardness of the alloy. Precipitation strengthening
also contributes to improving the hardness of alloys.

3.3. Wear resistance

Figure 4 shows the friction coefficient curves
of Gr/CoCrFeNiNbz coatings. The average friction
coefficient of the Gr/CoCrFeNiNb0.15 coating is
0.54, and the average friction coefficient of the
Gr/CoCrFeNiND0.30 coating is 0.46. The low friction
coefficient of the coatings indicates that the alloys ex-
hibit excellent wear resistance, which is related to their
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Fig. 5. Friction coefficient curve of Gr/CoCrFeNiNbz coat-
ings: (a) Gr/CoCrFeNiNb0.15 and (b) Gr/CoCrFeNiNb
0.30.

hardness and ductility. The combination of hardness
and ductility ensures the wear resistance of the alloy
[32, 33]. Nb can improve the wear resistance of coat-
ings through solid solution strengthening and precip-
itation strengthening. Gr can form a stable lubricat-
ing film, disperse contact stress, and suppress dislo-
cation activity, effectively reducing the friction coeffi-
cient. The precipitation improves the microstructure
and reduces wear by increasing hardness.

Figure 5 shows the wear morphology of the coat-
ings, with shallow adhesive wear pits and shallow
abrasive wear plowing grooves on the alloy surface.
The wear mechanism is a mixture of adhesive wear
and abrasive wear. Gr has good self-lubricating prop-
erties and acts as a lubricant between the friction
pair and the substrate. After being subjected to the
friction-induced stress, the debris scratches the surface
of the abrasion and forms plowing grooves. Compared
with the wear morphology of Gr/CoCrFeNiNb0.15
and Gr/CoCrFeNiNb0.30 alloys, the wear morphology
of Gr/CoCrFeNiNb0.30 alloy is milder, mainly due to
the strengthening effect of the Nb element.

4. Conclusions

(i) Laser cladding of Gr/CoCrFeNiNbz coatings
was applied to the surface of the stabilizing device of
the automatic surveying robot. The coating exhibits
strong adhesion to the substrate, and its microstruc-
ture is primarily composed of equiaxed crystals.

(ii) Gr plays a strengthening role in the alloy, while
the Nb element plays a role in fine-grain strengthen-
ing.

(iii) The coatings have excellent mechanical prop-
erties, with a microhardness between 462-487 HV and
an average friction coefficient between 0.46-0.54.

(iv) By laser cladding Gr/CoCrFeNiNbz coating
on the surface of the stabilizing device of the auto-
matic surveying robot, it can ensure the normal op-
eration of the surveying robot and extend its service
life.
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