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Abstract: Diamond /copper composite coating is promising for wear-resistant applications, owing
to the extreme hardness of the diamond reinforcement. Ti-coated diamond/copper composite
coatings with various laser powers were successfully fabricated employing the novel manufacturing
technology of supersonic laser deposition (SLD). Ti-coated diamond, which was able to enhance
the wettability between diamond and copper, was prepared at the optimal parameters via salt bath.
Nano-spherical titanium carbides were uniformly distributed on the diamond’s surface to generate a
favorable interface bonding with a copper matrix though mechanical interlocking and metallurgical
bonding during impact. Furthermore, the results showed that the transition layer acted as a bulffer,
preventing the breakage of the diamond in the coating. SLD can prevent the graphitization of
the diamonds in the coating due to its low processing temperature. The coordination of laser and
diamond metallization significantly improved the tribological properties of the diamond/copper
composite coatings with the SLD technique. The microhardness of the diamond/copper composite
coating at a laser power of 1000 W reached about 172.58 HV 1, which was clearly harder than that
of the cold sprayed copper. The wear test illustrated that the diamond/copper composite coating
at a laser power of 1000 W exhibited a low friction coefficient of 0.44 and a minimal wear rate of
11.85 um3-N~1-mm~!. SLD technology shows great potential in the field of preparing wear-resistant
hard reinforced phase composite coatings.

Keywords: supersonic laser deposition; Ti-coated diamond; diamond/copper composite coating;
wear-resistant

1. Introduction

Copper and its alloys have been widely employed in the sectors of power electronics,
energy, machinery, and transportation owing to its easy processing, corrosion-resistant,
and electrical and thermal conductivity properties [1,2]. Due to their notoriously inferior
wear resistance, copper components always undergo severe wear and erosion during daily
service, which significantly shortens their service life [3]. On the contrary, the inherent ultra-
hardness, large bulk modulus, and outstanding tribological properties of diamond enables
it to be a superior wear-resistant material [4]. However, industrially produced diamond has
limited crystal size and is challenging to machine due to its intrinsic properties. Therefore,
understanding how to make full use of the advantages of diamond in industrial production
has become a hot research topic.

The increased mechanical performances of diamond/copper composite indicate the
remarkable improvements of the composite, which can acquire the benefits of both dia-
mond and copper [5,6]. The ductility of the copper matrix provides the machinability of
the composite, while the diamond-reinforced phase improves the wear resistance of the
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composite [7]. However, the poor wettability between diamond and copper causes the
composite interface to have obvious defects, which seriously affect the performance of the
composite [8]. Therefore, the diamond will spall in friction wear due to poor bonding. To
overcome the drawback of poor interfacial bonding, construction of transition layers by
chemical reactions use elements such as B [9], Cr [10], Ti [11], and W [12] to enhance the
bonding between the reinforcing phase and the matrix through the wettability between
carbide and copper. Carbide transition layers can effectively avoid diamond flaking in
frictional wear and thus take full advantage of diamond wear resistance.

Currently, diamond/copper composites are mainly produced through powder metal-
lurgy and metal infiltration. Powder metallurgy usually fabricates composites via pressur-
ized sintering of copper and diamond mixed powder, such as spark plasma sintering [13],
vacuum hot pressing [14], and high-temperature high-pressure process [15]. The sintering
temperature of powder metallurgy is below the melting point of copper, which means that
the diamond and copper powder is still linked in the form of particles with poor interface
bonding. Moreover, the diamond floats during the sintering process due to its relatively
low density, which leads to the uneven distribution of the two phases in the composite. On
the contrary, the infiltration method [16-18] is employed to fabricate composites by melting
copper at a high temperature and then infiltrating it into the preforms of diamond under
pressure or no pressure conditions. The principle is mainly to cause the molten copper
to enter the interstices between the diamonds using the capillary effect. The drawbacks
are that the diamond is prone to ablation at temperatures of over 1000 °C, the need to
provide an oxygen-free atmosphere to safeguard the composite from oxidation, and the
high temperature and pressure leading to huge costs. In order to prepare diamond/copper
composites with superior properties, there is an urgent need to develop a high-quality and
efficient manufacturing technology that avoids the drawbacks of existing technologies.

Supersonic laser deposition (SLD) is a promising addition to manufacturing and
surface modification technology [19]. During the spraying process, micron-sized powder
is accelerated to 300-1400 m/s using high pressure gas through a de-Laval nozzle under
laser irradiation and achieves deposition via severe plastic deformation through kinetic
energy and heat energy [20]. Metals [21,22], composites [23], and even ceramics [24] have
been successfully fabricated via SLD with favorable performance. SLD is dominated
by kinetic energy and supplemented by thermal energy, which avoids oxidation defects,
thermal residual stress, and thermal damage caused by the high-temperature preparation
of composites. Furthermore, SLD can be applied to rapidly prepare various structures,
coatings on any surface, and efficiently repair damaged parts [25]. As a brittle and hard
material, diamond has a high critical deposition rate in commercial cold spraying, which
is prone to internal fracture and cannot be effectively plastically deformed to achieve
deposition. By constructing a buffer layer on the surface of diamond and introducing laser
thermal softening via SLD, diamond composites can be deposited. Previous studies have
rarely focused on the manufacturing and the wear resistance of core-shell diamond/copper
composite coatings.

In this paper, diamond is coated with Ti via salt bath to bridge the large gap of
acoustic impedance and enhance the bonding between the diamond and copper. The
novel SLD additive manufacturing process is applied to prepare machinable Ti-coated
diamond/copper composite with excellent wear-resistant performance. The composition,
microstructure, and tribological characteristics of the diamond /copper composite coatings
were thoroughly investigated after preparation at various laser power. The purpose of
this paper is to improve the wettability between diamond and copper by diamond surface
modification, while introducing laser to enhance interfacial bonding. It ensures that the
diamond can play an excellent wear resistance role in the diamond/copper composite
coating without flaking.
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2. Materials and Methods
2.1. Composite Fabrication

The feedstock for SLD included irregular copper powder (Zhongke Yanuo Technology
Co., Ltd., Beijing, China) ranging from 15 to 53 um in size and irregular diamond powder
(Zhongyuan Superhard Co., Ltd., Tuocheng, Henan, China) ranging from 35 to 42 pm in
size after commercially available spherical Ti ranging from 15 to 48 pm in size plating via
salt bath. Figure 1 shows the morphology of the original powder. Ti-coated diamonds are
prepared using the salt bath method at 900 °C for 1 h to build a uniform density of carbide
transition layer.

Figure 1. Morphology of the (a) copper, (b) diamond, and (c) Ti used in this study.

The Ti-coated diamond /copper composite coatings were fabricated onto the copper
substrate using an in-house SLD system. The system was mainly composed of a six-axis
mechanical arm, powder feeder, high pressure nitrogen station, water cooling system, gas
heating device, and laser system (LDF6000-100 VGP, Laserline, Koblenz, Germany) [7].
The schematic of the fabrication via SLD is shown in Figure 2. The spraying nozzle had a
total length of 278.0 mm with a throat diameter of 2.8 mm and an exit diameter of 6.0 mm.
The produced coatings and SLD parameters are presented in Table 1. The copper and
50 vol% Ti-coated diamond powder were mechanically mixed before spraying. Through
previous preparatory experiments, we observed that the composite coating suffered from
poor interfacial bonding at a laser power of about 500 W, while the interfacial bonding was
favorable at 1000 W. Too high a laser power leads to problems of diamond graphitization
and local thermal stress concentration. Therefore, 0 W, 500 W, 1000 W, 1500 W were
chosen as experimental parameters to study the effect of laser power and its different
effects on the composite coatings. For facilitating the following discussion, each composite
coating was marked using an abbreviation. The abbreviation ‘C’ means the as-deposited
composite coating, while ‘0’, ‘500, “1000’, and ‘1500’ indicate the laser power used to
produce the composite coating. The laser and the spray gun were fixed on the mechanical
arm and moved with the same traversal speed. All composite coatings were prepared at
a stand-off distance of 30.0 mm and 3.0 MPa nitrogen pressure with a traversal speed of
10 mm-s~!. The speed of the powder feeder was set to 2 RPM. The diamond particles
were estimated 435-563 m-s~! at a powder-heating temperature of 500 °C [20]. The Ti-
coated diamond/copper composite coatings were fabricated onto the sand-blasted copper
substrate using 24 pm corundum.

Table 1. Abbreviations of the prepared coatings and the SLD conditions.

Annotation Laser Power [W] Temperature [°C]
(@) 0 500
Csoo 500 500
C1000 1000 500

Cis00 1500 500
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Figure 2. Schematic of the fabrication of the Ti-coated diamond/copper composite coatings via SLD.

2.2. Material Characterizations

The X-ray diffractometer (D8 Advance, Bruker, Billerica, MA, USA) was employed to
investigate the phase composition of the samples using SLD with the copper (A = 1.542 A)
source at a current of 40 mA, a voltage of 40 kV, and scan step of 0.02°. In order to
prevent the metallographic procedure from damaging the morphology of the diamond in
the coating, the fracture morphology of the coating was investigated. Scanning electron
microscopy (SEM, EVO 18, Carl Zeiss, Stuttgart, Germany) was employed to analyze the
morphology of the samples, and the elemental composition was determined using affiliated
energy-dispersive spectroscopy (EDS, Nano X-flash Detector 5010, Bruker).

2.3. Wear Test

The Vickers hardness tester (HMV-2, SHIMADZU, Kyoto, Japan) was used to test the
microhardness of the samples with a load of 0.98 N for 15 s. A small amount of ultra-high
hardness was caused by the indentation on the diamond. The hardness of the samples
was determined by averaging 10 hardness values in order to be accurate. A ball-on-disc
tribometer (HT-600, Lanzhou Institute of Chemical Physics, Lanzhou, China) was employed
to measure the tribological properties of the samples at room temperature. The samples
were polished with a 2.5 pm metallographic polishing agent before the test to ensure the
accuracy of the wear test. A silicon nitride ball with a diameter of 5 mm was used as a
counter-grinding part to contact the fixed sample on the disc. The disk rotated at a speed of
350 r-min~! under a load of 5N. The wear mechanism was investigated using SEM, EDS,
and LSCM. The wear rate was obtained by calculating the volume of wear per unit length
under unit load. The mean COF (), wear radius (r), and wear cross-sectional area (S) of
each specimen was measured. The wear volume (V) was calculated as follows:

V=2mrS 1)

3. Results and Discussion
3.1. Composition and Morphology of Metallized Diamond

Figure 3 exhibits the surface morphology of the diamond after Ti plating via salt bath.
Compared with the original diamond in Figure 1b, it is obvious that almost all the diamonds
were coated with a shell as seen in Figure 3a. The surface of the shells with significantly
improved roughness was undulating and had a granular bulge, which contributed to the
subsequent SLD coating preparation. In order to better observe the effect of metallized
diamond via salt bath, the edge of an uncoated diamond is shown in Figure 3b. It was
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observed that the thickness of the transition layer closely combined with diamond was
only 2-3 um, which was thinner than the 6 pm copper-nickel layer of the diamond [26].
This was mainly due to the chemical reaction between Ti and carbon on the surface of the
diamond to generate chemical bonding, which would protect the diamond and improve
the wettability with copper in coating preparation using SLD. The titanium element reacted
with the diamond in the molten salt through the following equations [7]:

Ti** + Ti — 2Ti%* 2)

2TiCl, + C (diamond) — TiC + TiCly 3)

Figure 3. SEM images of (a) the Ti-coated diamond powder and (b) the cross-section of typical
Ti-coated diamond.

The molten salt provided a flow atmosphere at a high temperature, which caused the
diamond surface to react completely.

The XRD diffractions of diamond before and after salt bath plating are shown in
Figure 4. Although the diamonds were almost completely coated as shown in Figure 3,
the diamond'’s characteristic peaks were still detected from the diffraction of the Ti-coated
diamond, so it can be concluded that the layer was thin. The characteristic peaks of TiC
indicate that TiC successfully coated the surface of the diamond [27]. The characteristic
peaks of Ti clearly showed that metal titanium also existed on the diamond’s surface. The
many miscellaneous peaks were mostly different types of titanium carbide, indicating that
the transition layer presented gradient carbide changes.

v: Diamond
&:TiC
v +:Ti
Ti-coated diamond

RTINS S

Intensity (arb.unit)

Diamond A

20 40 60 80
20 (dgree)

Figure 4. XRD profiles of the diamond powder before and after Ti coating.
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3.2. Composites Prepared via SLD with Different Laser Power

The XRD spectra of Ti-coated diamond/copper composite coatings at various laser
powers are depicted in Figure 5. Due to the relatively small content of diamond, the
characteristic peaks of copper were mainly detected. When the laser power was high, the
diamond deposition efficiency was improved, as can be seen in the dashed frame, which
confirmed the positive effect of laser power. A small number of the characteristic peaks
of diamond and titanium carbide were observed. No graphite peaks appeared at 26.5°,
indicating that the diamond phase in the composite maintained its original properties with
SLD [28].
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Figure 5. XRD patterns (a) and their partially enlarged detail (b) of the Ti-coated diamond/copper
composites at various laser power.

The SEM images of the fracture cross-section of the Ti-coated diamond/copper com-
posite coatings fabricated via SLD at various laser powers are shown in Figure 6. The
deposition efficiency of diamond was significantly improved as the laser power increased.
The pits left by the diamond shedding after the fracture were formed due to poor inter-
face bonding under cold spraying without laser irradiation, as can be seen in Figure 6a.
However, it was observed that the transition layer on the surface of the diamond peeled
off in Figure 6b, which was due to the breakage of the transition layer during impact at a
low laser power. As the laser power reached 1000 W, the diamond with high deposition
efficiency retained most of the transition layer to protect the brittle diamonds. This was
due to the better particle softening and copper plastic deformation capability of the laser
and the resultant lower particle critical impact velocity. Due to the softening effect of laser
irradiation on particles, the phenomenon of diamond breakage or rebound was reduced,
and the deposition efficiency was improved [20]. As the laser power reached 1500 W,
excessive thermal stress leads to a large number of tiny pores at the particle interface during
cooling, which affected the performance of the composite coating.

The magnified SEM images of Ti-coated diamond/copper composite coatings at
various laser powers are exhibited in Figure 7. As seen in Figure 7a, without the laser
irradiation, the cracks in the diamond and the pores at the edge were obvious in the coating,
which lead to the spalling of the diamond. At the laser power of 500 W, as shown in
Figure 7b, a small number of cracks could still be seen in the coating, but the interfacial
bonding was greatly improved compared to the coating without laser addition. When the
laser power was 1000 W, the cracks at the interface no longer appeared (as in Figure 7c) due
to the softening of the interface using laser energy. The shell of the Ti-coated diamond was
deformed during the impact process, which reduced the brittle fracture of the diamond
and may have produced the interpenetration of interface elements due to its wettability
with the copper matrix. However, when the plastic flow of the copper matrix was large
with a high laser power (in Figure 7d), the mutual impact between diamonds resulted in
cracks during the deposition process.
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Figure 6. SEM images of the Ti-coated diamond /copper composite coatings at various laser power:
(@)—Co, (b)—Csp0, ()—Cip00, (d)—Ci500-

s

- u::é\;,‘nps

Figure 7. The magnified SEM images of the Ti-coated diamond/copper composite coatings at various
laser powers: (a)—Co, (b)—Cs00, (¢)—C1000, (d)—C1500-

To study the element distribution at the interface between diamond and copper, the
typical characteristics of Ti-coated diamond in Cjqgy is analyzed in Figure 8. The titanium
element around the diamond can be clearly observed, which was connected to the copper
element. A line scan at the interface showed a 0.5 pm overlap between copper and titanium,
and a 0.8 um overlap between titanium and carbon. The transition layer of the diamond was
infiltrated with copper elements under the action of the laser, which proved the excellent
combination of diamond in the composite. In the SLD process, the deposition mechanism
of core-shell diamond particles was mainly a cushioning protection mechanism for the shell
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structure under the high speed impact. Without laser irradiation, the cracks on the surface
of the diamond and the broken transition layer can be seen in Figure 7a after deposition.
The sample prepared at a lower laser power due to work hardening was not able to avoid
the peeling of the titanium carbide or even the fracture of the diamond. However, too high
a laser power resulted in the same appearance due to the impact between diamonds. The
high-speed impact diamond particles were deposited by the buffer of the transition layer to
protect the diamond. Additionally, the transition layer and the copper element penetrated
each other to achieve an effective combination at an optimal laser power.

Intensity (arb.unit)

Distance (pum)
Figure 8. EDS mapping and line scanning at the interface of the Ti-coated diamond for Cygg.

3.3. Wear-Resistant Property

The microhardness of the Ti-coated diamond /copper composite coatings at various
laser powers is shown in Figure 9. The substrate hardness of the composite was 93 HVj ;.
Clearly, the microhardness of all the laser-irradiated samples was harder than that of the
cold sprayed copper due to the hammer effect of the diamond and the softening effect
of laser irradiation [29]. In addition, although the diamond content in the composites
enhanced with the increase of laser power, the hardness increased first and then decreased.
Laser irradiation played different roles at various laser powers—with a low laser power,
the microhardness was mainly caused by the hammer effect of the diamond and the work
hardening caused by the plastic deformation of the copper. The maximal hardness reached
172.58 = 4.05 HV( 1 at 500 W. Laser irradiation may have caused tempering, resulting in
a reduction of hardness [30]. As the laser power increased, the composite material was
tempered and the grains at the interface were re-crystallized, which refined the grains and
lead to the release of residual stresses, thus reducing the hardness. The diamond content
no longer played a major role, and the microhardness decreased to 128.70 = 8.72 HV; at
1500 W.

Figure 10 displays the friction curves of Cy, Csgp, C1000, and Cysgp at the load of 5 N for
60 min. The average friction coefficients of Cy, Cspg, C1000, and Cyspp were 0.65, 0.49, 0.44,
and 0.39, respectively. The friction coefficients of all samples rose swiftly in the early stage
of sliding friction and became stable with small fluctuations after 5 min, except for Cy. Cy
abruptly fluctuated up and down for 10 min, owing to the friction instability caused by
the peeling of the diamond in the composite without the laser. Cy had the highest friction
coefficient due to the poorly bonded particles with small plastic deformation, which lead to
abrasive wear. The friction coefficients of Csgg, C1009, and Cq509 decreased with the increase
of laser power. Due to the thermal stress concentration in the local area at 1500 W laser
power, the stress released in friction lead to microcracks, which enhanced the lubrication
effect of the copper in the unit contact area.



Lubricants 2023, 11, 216

9of 14

200
— - — - - Cold sprayed Cu

p—

h

o
1

Hardness (HV ;)
3

50 =

0 500 1000 1500

Laser power (W)

Figure 9. Microhardness of Ti-coated diamond/copper composite coatings at various laser powers.
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Figure 10. Evolution of the instantaneous friction coefficient at various laser powers.

An LSCM examination was conducted on the surface of the samples to evaluate surface
wear. As shown in Figure 11, the roughness change of the worn track in the radial direction
are illustrated. The surface roughness of Csqg (Ra: 9.935 um), Cygo (Ra: 6.438 pm), and Cy50
(Ra: 8.403 um) was smaller than that of Cy (Ra: 16.770 um). By comparing the roughness,
the Cyggp exhibited a smoother worn surface than that of the others, with a maximum
between peak and valley of 12.875 um. The wear rates of the diamond/copper composite
coatings after the wear experiment are shown Table 2. The Cjgp9 composite coating with a
wear rate of 11.85 um3-N~!-mm~! exhibited better wear resistance performance than that
of the Cy, Csqp, and Cyggp due to their much higher diamond content.
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Figure 11. LSCM images of the composite coatings after the ball-on-disk test: (a)—Cp, (b)—Csqo,
(€)—C1000, (d)—Ci1500-

Table 2. Wear rates (um3-N~1-mm™1) of the composite coatings after the ball-on-disk test.

Sample Co Csoo Ci1o000 C1500
Wear rate 44.59 14.81 11.85 15.89

In the wear experiment, the diamond in the coating was continuously compacted with
time under the action of load. The wear mechanism of the diamond/copper composites
was studied by observing the surface of the samples after the wear experiments, shown in
Figure 12. The uniformly distributed diamond particles were observed in the four samples
after the wear test, indicating that the diamond/copper composite prepared using SLD
had promising wear resistance potential. With the increase in wear time, the diamond was
embedded in the copper matrix under the protection of the transition layer, which had
excellent interface bonding, and thus protected the wear of the composite coating. Due to
the low hardness of the copper matrix, the copper gradually adhered to the periphery of
the diamond under the action of the hard grinding part with the increase in wear time. Due
to the lack of a laser, the poor interface bonding of particles of Cy resulted in large spalling
during friction, as seen in Figure 12a. After the introduction of the laser, the surface peeling
of Cspp was reduced, but it still did not fully play the role of a diamond. As shown in
Figure 12¢, due to the high content of diamond in Cjgg, the interaction of diamond particles
in wear lead to partial spalling and aggregation under the action of the grinding part. Some
pits and grooves appeared in the worn surface. The wear track of Cyjgpp showed island
adhesion and spalling with a high diamond content, which possessed the best friction and
wear properties. Further increasing the laser power leaded to a downtrend in the hardness
of the coating, which resulted in large-scale adhesive wear, as seen in Figure 12d. The
lamellar structure was prone to flaking, resulting in a high wear rate.
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Figure 12. SEM images of the composite coatings after the ball-on-disk test: (a)—Cy, (b)—Csqy,
(€)—C1000, (d)—C1500-

The element distribution on the surface after wear was analyzed by observing Cygg
with EDS energy spectrum, as shown in Figure 13. The main elements of the worn surface
were Cu, O, and C. As the sliding proceeded, the copper chips converged in the local
area, while the other part of the copper was oxidized at a high temperature after forming
adhesive wear. As the wear time increased, the oxide layer appeared to begin fatigue
spalling. The diamond was still evenly distributed throughout the matrix. The presence of
the diamond provided a wear-resistant frame for the composite coating, which provided
an effective obstacle to the matrix during the wear process and prevented the rapid wear of
the matrix.

Figure 13. EDS mapping of the composite coating for Cyggg after the ball-on-disk test.
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The wear mechanisms of the diamond /copper composites prepared via SLD mainly
included adhesion, oxidation, and ploughing [31]. The relatively low hardness and high
ductility of the copper matrix caused the coating to be mainly adhesive wear. During the
sliding process, the rough surface in the initial stage caused the copper matrix to wear
continuously. As the diamond began to play a role, it protected the copper matrix from
continuous wear and formed plough wear. With the increase in time, the area outside the
furrow formed an oxidation lubrication grinding at a high temperature. From Figure 12c, it
is evident that a large amount of diamond hindered the plastic deformation of the copper.
The element of the transition layer of the Ti-coated diamond and the copper element
continuously infiltrated each other during cyclic wear, as shown in Figure 14. Under the
hindrance of the diamond, the copper chips were observed to be ground into nano-scale,
which helped to improve the wear resistance of the composite coating [32]. The transition
layer on the surface of the diamond was worn, but the diamond was still tightly embedded
in the matrix and tightly bonded. The element distribution diagram also revealed that
the diamond had a strong combination with the copper matrix through the metallized
transition layer after friction and the wear test.

Figure 14. EDS mapping of Ti-coated diamond for Cjqgp after wear.

4. Conclusions

In summary, Ti-coated diamond/copper composite coatings were fabricated employ-
ing solid-state SLD technology using metalized diamond and copper composite powder as
feedstock. The SLD technology used a high energy laser beam to heat the deposited powder
and substrate simultaneously during the cold spray process. It softened the powder and
the matrix, improving the plastic deformation ability and promoting the deposition effi-
ciency, compactness, and interfacial bonding strength of the coating. Through experimental
characterization and analysis, we drew the following conclusions:

(1) The Ti-coated diamond improved the bonding with the copper matrix and played an
important role in friction and wear, showing great potential as feedstock for SLD.

(2) The synergistic effect of laser irradiation and diamond metallization was able to
improve the interfacial bonding to ensure that the diamond did not peel off. The
interfacial bonding of the Ti-coated diamond/copper composite coating prepared at a
laser power of 1000 W was the best without cracks at the interface.

(38) The Ti-coated diamond/copper composite coatings fabricated using SLD had superior
wear-resistant properties, and the coating with higher diamond content had better
wear resistance. The microhardness of the Ti-coated diamond/copper composite
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coating at a laser power of 1000 W reached about 172.58 HV 1, which exhibited the
lowest friction coefficient of 0.44 and the minimal wear rate of 11.85 um3-N~!-mm™~1.

(4) The adhesive wear and oxidation wear were the main wear mechanisms with a small
amount of ploughing wear. The oxidation of the copper provided lubrication and
improved the wear resistance property.
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