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Laminar plasma has the characteristics of a long plasma jet, low velocity, and high temperature, which make it
able to cover and heat the substrate during the spraying process. The results show that when the standoff distance
is short, the coating is strengthened by in-situ heating of the plasma jet and shows higher erosion resistance at
high erosion angles and bulk-like material tendency. When the standoff distance is long, the substrate temper-

ature is low, the coating shows higher erosion resistance at a lower erosion angle.

1. Introduction

Laminar plasma is another working state of direct current arc
plasma, which is obtained by optimizing the flow channel of the plasma
torch and reducing the flow rate of working gas [1-3]. Its main char-
acteristics are longer plasma jet length, lower velocity, higher temper-
ature, lower axial velocity and temperature gradient, due to less air
engulfment [1-6]. The differences between turbulent plasma spray and
laminar plasma spray are mainly because of the longer heating time of
particles [4,5,7]. However, the heat input of the long laminar plasma jet
may also affect the properties of the coatings.

From previous experiments [8,9], we know that the laminar plasma
can heat the substrate in situ in a short standoff distance, and the
deposition state (heating and acceleration) of particles will not change
much with the spraying distance [5,8,9]. Therefore, the heating process
of the substrate can be controlled by changing the position of the sub-
strate (standoff distance). To control the temperature of the substrate,
we decrease the standoff distance to realize the in-situ heating to the
substrate.

2. Material and methods

Commercial sintered molybdenum powder (140/325 mesh,
MA9900, Hoganas China, Mo > 99.5%) was used. The average diameter
is 77 pm (d1o = 52 pm, dgp = 112 pm). The main variable is the standoff
distance, and the substrate will be only heat by the plasma jet without
any other heat source. The erosion performance is also measured by a
self-designed blast erosion tester [10]. The average mass loss of later 5
erosion tests was used to represent the erosion resistance of the coating.
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Schematic diagrams and detailed parameters used are shown in Fig. 1.
And the details about the equipment are listed in the Electronic Sup-
plementary Information document.

3. Results and discussion

The local temperature of the substrate, the moment of the plasma jet
swept, in condition A is about 600 °C (Supplementary Fig. 2). The
coatings obtained at 100 mm are marked as A and the others are marked
as B. Fig. 2(a)-(d) shows the surface morphology, fracture, the polished
cross section, and the surface morphology of coating A. Since the length
of the plasma jet is long enough to cover the substrate, the coating
surface will be heated in-situ. The deposition rate based on the thickness
and number of the cycles is about 28 pm/cycle for A and 17 pm/cycle for
B. The surface of the coatings is not even, and some small protrusions are
located on the surface (Fig. 2a). The surface roughness of the coatings
(Ra) is about 29 pm. From Fig. 2 (b), the protrusions show a cauliflower-
like shape tendency, and the whole surface is covered by a thin furry-like
structure. From the fractured view of the coating (Fig. 2c¢), an obvious
lamellar structure can be observed. From the cross-sectional view
(Fig. 2d), the two-dimensional unbonded interface between the splats is
not obvious, indicating that diffusion may occur under the effect of the
in-situ heating by the plasma jet, which improves the bonding between
the lamellae. Besides, the pores are mostly periodically gathered
spherical pores. Fig. 2 (e) - (h) shows the microstructure of coating B.
The results show that the surface of the coating is flat, and the roughness
is about 21 pm (Fig. 2e). No obvious protrusions can be observed
(Fig. 2e). The lamellar structure can be observed in both the fracture
(Fig. 2g) and the polished cross section (Fig. 2h), and two-dimensional
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(a) Spray
Powder feed rate :
21.41g/min

Moving speed :
400mm/s

Power :
25.5kW

Current : 160A
Flowrate : 14slpm (70%N,+30%Ar)
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Nozzle diameter : 10 mm

Carrier gas pressure :
0.3 Mpa
Irregular erodent :
ALO; (-100 mesh)
Impact angle :
45°, 60°, 75°, 90°
Eordent mass per time : 50 g

Totally 6 times
Testing duration : 50 - 60 s

Fig. 1. The schematic diagram of (a) the spraying process and (b) the erosion test.
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Fig. 2. Microstructure of plasma sprayed Mo coating.
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Fig. 3. (a) the hardness and porosity of the coatings, (b) erosion mass loss of
the coatings, (c) eroded surface of coating A and (d) coating B.

and spherical pores coexist.

The hardness and the porosity are measured, and the results are
shown in Fig. 3(a). In this case, the XRD patterns (supplementary Fig. 3)
show that both conditions endure oxidations. Generally, when the

standoff distance increases, the oxidation becomes severe and the
coatings show higher hardness [9]. The fracture toughness of the coat-
ings can be characterized by the following equation [11]:

1
E\? P
ch=5(ﬁv) an

where 6 = 0.016 + 0.004 is a constant for Vickers indenter. H, is the
Vickers hardness. E is the elastic modulus. c is the crack size after
indentation as a function of the peak load P. Among these variables, E
can be calculated by the following equation [12]:

where «a is an empirical coefficient equals 0.45. The ratio of the short
diagonal b to the long diagonal a at full load is given by the geometry of
Knoop indenter and equals to 1/7.11. @’ and b’ are the long and the short
diagonals of the residual impression after removal of load. From the
equation of the coatings, c is the key factor influencing K¢, since the

change of (E/H,)"/? is smaller than c3/2. The average of ¢ for coating A is
36.47 pm and for coating B is 43.53 pm, which indicates the in-situ
heating process may enhance the fracture toughness of the coatings.
The erosion performance is characterized by the mass loss of the
coatings during the erosion test. The mass loss of the two coatings is
shown in Fig. 3(b). From the erosion behavior of the coatings at different
impact angles, it can be concluded that the mass loss of coating A
gradually decreases with the increase of the impact angle and shows the
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lowest mass loss under the normal impact, indicating a tendency of
erosion performance like the bulk materials. While coatings B shows the
opposite tendency, which is like the classic brittle material.

Generally, the erosion resistance of the coatings is determined by the
combination of the properties of the material and the structure of the
coating, such as hardness, toughness, and porosity.

For coating A, the two-dimensional pores in coating A are fewer
(Fig. 2d, h) and the fracture toughness is higher than coating B. There-
fore, coating A endures less spalling of the flakes when the impact angle
is high. And when the impact angle is lower, the micro-plowing process
intensifies, and many micro-furrows can be observed on coating A
(Fig. 3c). The main mass loss of coating A is due to the plowing of the
erosive particles rather than the spalling of flakes, showing a ductile
bulk-like performance.

For coating B, besides the micro-furrows, many flakes can be also
seen on the surface, and this may be the main reason for the mass loss of
coating B. Under the high-frequency cyclic stress induced by the erodent
when the impact angle is high, the cracks gradually grew from the
surface of the coating. Once the cracks meet together to form a closed
circle, all the splats enclosed by the cracks would peel off [13]. When the
impact angle is low, the tangential component which leads to the shear
force increases. Since the hardness of coating B is high to resist the
penetration of the erodent on the surface, the mass loss caused by micro-
plowing is not so severe. Besides, the normal impact which causes the
peeling-off of the flakes is decreased when the impact angle is lower.
Therefore, coating B shows an increasing tendency on mass loss with the
impact angle, which is a common phenomenon amongst brittle
materials.

4. Conclusion

The long plasma jet can heat the substrate in situ at a short distance.
By controlling the heat input to the substrate, coatings with different
microstructures and properties can be obtained. Coatings obtained
under in-situ heating of the plasma jet show less unbonded interface,
lower hardness but higher toughness, and the erosion performance are
bulk-like.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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