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An Introduction and Progress of a Novel Atmospheric Laminar Plasma Spray Method
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Abstract: A novel atmospheric plasma spray method was proposed, using a newly development direct current non-transferred
arc plasma torch which generated a long, stable and silent plasma jet in atmospheric environment without any other auxiliary
equipment. The lengths of these plasma jets varied from 100 to 1000 mm in atmospheric environment. The fluid characteristics
of plasma jets presented a laminar or quasi-laminar with a low-level noise less than 80 dB at the same time. Moreover, the
lengths of the plasma jets increased with the increase of the output power at every constant gas flow rate and decreased with
the increase of total gas flow rate at every constant output power, providing a super-long particle flight time in the atmospheric
plasma spray process. The research history and current researches of these laminar plasma technologies are listed. The
microstructure evolution, particle heating and motion were all presented by using six different types of powders. The effects of
particle flowing characteristics to the formation of coatings were discussed. The results show a super long distance of particle
heating and motion in the experiment when the system operates in a low output power and gas flow rate. Thus, low particle
velocity and surface temperature are obtained. The variations of microstructures of the coatings and particle melting during the
deposition can through different operation conditions, such as lengths of the plasma jet or spraying distances. Mass of vapor
deposited coatings are obtained by using metallic or ceramic powders.
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Table 1 Main research history of laminar or quasi-laminar plasma torches™
Year Departments Authors Working power / Gas  Nozzle diameter / Jet length
1995 Institute of Theoretical and Applied Mikhail.F.Zhukov, 50 KW, Ar+3%H; D=8 mm, L= 500 mm

Mechanics, Russia Academy of Sciences!

1997 Institute of Aeronautical Engineering, Aviation

Solonenko.O.P., et al
27 H. C. Wu, X.D.Yang

Ar, 13 — 14 L/min, L =100 — 500 mm

Industry of China 17.4 kW
S . . Ar, 5 -8 L/min
28] > > = =400 —
2000 Yamaguchi University, Japan Osaki.K, et al 235343 kKW D=6 mm, L=400-450 mm

2001 Nippon Steel Corporation, Japan'!

2001 Institute of Mechanics, Chinese Academy of

Hideki Hamatanis, et al

W. X. Pan, C. K. Wu, et al

Ar+2%Na, 18 — 40 kW
Ar/Ar+Nz, 12 — 30 L/min,

D =18 mm, L =600 mm
D=4-10mm,

Science, China®” 15-30kW L =250 - 600 mm
. . o Ar, 3.5 - 10 L min, 3.12 B B
2008 Ashikaga Institute of Technology, Japan Yasutaka Ando, et al W D=6 mm, L= 100 mm
2008 Georgian Technical University, Georgia® M. Khutsishvili Ar,7.5-9kW D=7-8mm,L =140 mm
2012 Xi’an lqsﬂtute .Of Optics and Prec1519n ., Tang.Jetal N?’ 500 W (DC Glow Dj 15x1 mm (rectangle),
Mechanics, Chinese Academy of Science!™ Discharge) L=15mm
L . ) N2, 1.1 kW, 0.0336 — D=25-4mm
[34] > s s
2014 University of Limoges, France J. Krowka, et al 0.0992 L / min L=10— 14 mm
2015 Sichuan University, China®" De-ping Yu, et al 3129/ /jr; B‘i\;‘“ L/min, =~ 3 mm, £ = 300 — 400 mm
2015 University of Science and Technology of Jiang-ling Wang, Z. X. N2/Ar, 5 — 8.5 L/min, D=3-5mm,
China, China®” Dong, et al 1.2-5kW L=180-500 mm
2018 This work C.X. Li,etal No/Ar, 8 — 25 L/min, D=5 mm, L=100 — 1000 mm

8 — 100 kW
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Fig.1 Inside channel structures of the novel atmospheric laminar

plasma torch that used in this work™”)
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Fig.2 Flow characteristics inside the plasma torch!*!
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Fig.3 Laminar plasma jets, showing variation in length for
different working current by using 70% N2 and 30% Ar in

volume*”!
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Fig.7 Voltage-current characteristics of the laminar plasma torch
at different gas flow rates for a mixture of 70% nitrogen and 30%

argon by volume!*”!
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Fig.8 Time-resolved arc voltage at the working current of 160 A
and gas flow rate of 14 SLPM by using 70% N2 and 30% Ar
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Fig.9 Time-resolved arc voltage at the working current of 160 A
and gas flow rate of 14 SLPM (70%N2+30%Ar)*"
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Fig.10 Temperature distribution in three-dimensional domain of
the laminar plasma torch and jet (/ = 160 A, N2/Ar=9.8/4.2
(L/min))
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Fig.11 Velocity distribution in three-dimensional domain of the
laminar plasma torch and jet (/ = 160 A, N2/Ar=9.8/4.2 (L/min))
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Table 2 Particle constitutes, diameters and spraying parameters that used in this work

Name Materials Density/(kg'm™) Diameter/um Working parameters
Metco 6062 Al203 AlLO3 3965—-3990 —45-+22 25.5kW, 14 L/min
LSCF Lao.6Sro.4Coo.2Fe0.803-5 6210 =50 —+30 15.2kW, 12 L/min

Mo Mo 10220 —100 — +40 19.8 kW, 9.5 L/min

Ni-60 Ni, 5%Fe, 3% — 4.5% B, 3.5% — 5.5% Si, 14% — 18% Cr, 0.6% — 1% C 7528 — 7793 ¥ —106 —+45 19.8 kW, 9.5 L/min
Metco 204NB YSZ 7% — 8% Y203 + ZrO2 5680 —5980 —75—+39 25.5kW, 14 L/min
Metco 6700 YSZ 7% — 8% Y203 + ZrO2 5680 — 5980 -30—-+1 25.5kW, 14 L/min
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Fig.12 Particle motion and heating of YSZ, Ni-60 and alumina in
this atmospheric laminar plasma jet* ")

BAE AR R DVP-2000 %4
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17 78R 34 BB RE n JE az Wne N R . AR
TR TR B )R 25.5 kW, Sl No/Ar=9.8/4.2
(L/min) MAMHT, WATHEE R . EBITREE
400 mm B, W] DASRAS Femr s E 299.5 m/s, HA
PP YSZ By AR SIURLAEAH R0 251 F, 00k RAT
BN T A AR I AT AR kAR
HAH/INE) Metco 6700 YSZ FHURE ) KA T 14 3 i 5L
/J\ﬂD Metco 204NB YSZ. 7Effi PR 19.8 kW ﬂl
BARRE 9.5 L/min 54 F 34511 Mo Hl1 Ni-60 #;
KW ATH /N F iR 3 MK . LSCF Ay
KATHUE R DA 152 kW, MR E 12 SLPM
FAF TR INAG . XL SCHR P A ZE R, Fo R
AR AR TSP S, Hitk, AR

A AN TES RS haftt

Table 3 Spraying methods and parameters that comparing with this work in Fig. 13

Materials and processing Parameters Gas flow rate/(L-min™") Spraying distance/(mm) Reference
Alumina coatings by using the F4-VB Torch 1=660 A Ar (49) + H2 (12) 100 [62]
Alumina coatings by using HVOF C3H3/02=0.28 361 150, 200 [63]
Mo-13.4 Si-2.6 B coatings by using SG-100 Torch 1=800 A Ar (40) + He (10) 100 [64]
Ni-20 Cr coatings by using Triplex Pro200 Torch 1=500 A Ar (20) + He (20) 102 [65]
YSZ coatings by using F4-VB Torch 36 kW Ar (45) + Hy(15) 120 [66]
YSZ coatings by using Triples Il Torch 50 kW Ar (40) + He(4) 250 [67]
YSZ coatings by using PS-PVD 125 kW Ar (50) + He (110) 300 [68]
This Work 15-26 kW 8.5—14 (70% N2 + 30% Ar) 50 - 550
900 L 4800
800 F
r M 4400 F
T;\ 700 i % L
é 600 § 4000
250 | | E a0 |
g [ % 3600 :
2 400 r § & 3200 |
) r T 3
g 300 2 r
r < 2800
= 200 | §/¢ T,i_,i\ £ I
oo | /l\>‘>/>\> = 2400 |
e o = DE -
. 2000

0 50 100 150 200 250 300 350 400 450 500 550 600
Spraying distance / mm
(a) Particle velocity

This work

—®— Alumina, 25.5 kW, 14 L/min

—® LSCF, 152 kW, 12 L/min

—A— Mo, 19.7 kW, 9.5 L/min

¥ Ni-60, 19.7 kW, 9.5 L/min
4~ Metco 204NB 8YSZ, 25.5 kW, 14 L/min
P Metco 6700 8YSZ, 25.5 kW, 14 L/min

[ 13 RRAAORE 778 3C TR UZ T A5 B T A [l (o Ak
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(b) Surface temperature

Alumina by Sulxer FAVB Torch, /=660 A, Ar= 61 L/min
—@- Alumina by HVOF, C;H,/O, = 0.28, 361 L/min
~@— Mo-13.4Si-2.6B by SG-100 Torch, /=800 A, Ar/He=40/10 (L/min)
—#— Ni-20 Cr by APS Triplex Pro200 Torch, /=500 A, Ar/He=20/20 (L/min)
—@— 8YSZ by Triplex Il Gun, 50 kW, Ar/He=40/4 (L/min)
—#- 8YSZ by Sulzer F4VB Torch, 36 kW, Ar/H,=45/15 (L/min)
—@- 8YSZ by PS-PVD, 100 mbar, 125 kW, Ar/He=50/110 (L/min)

AR A, LUK SRR B S5 AR L

Fig.13 Particle velocity and surface temperature as the functions of spraying distance in this work and compared with other published

results!®®!
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(b) Top surface
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(d) Top surface
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—

(e) Polished cross section (f) Splats from single scan

14 FAALH (ALO3) IR EMN B (W E 350 mm,
25.5kW, No/Ar=9.8/4.2 (L/min))*"

Fig.14 Microstructures of alumina coating (spraying distance of
300 mm, output power of 25.5 kW, No/Ar = 9.8/4.2 (L/min))*"
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205 2.2 PR, BERFEESSH 150 mm!, ¥R
J2 1R FRTHITE 30 0 A% 50 5 B8 —F WU T A5 1) e T V8
FHTRIEAIESR (8] 15(a)(b)); BT I 7E A ] R
T ¥ 5 P MY ) PR B R By, R RIS
SRR EE, TSR BT 2 AR K (8] 15(c)
(e)); IRZBYIICHRTEHA —E LB A=W, Jf
S EGORIAI RS R AR (B 15(d)); Fak
DUBUm T AT5 R 2 MY ) [ SRS (K 15(0)

3.3 $HMo) REMEMFR
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(c) Fracture surface (d) Polished cross section

S0/ um

(e) Polished cross section (f) Splats from single scan

[ 15 LSCF(Lao.s Sro.4 Coo.2 FeosOs-5) IJZE W) i as ) (B4R
B 150 mm, 15.2 kW, Na/Ar= 8.4/3.6 (L/min))

Fig.15 Microstructures of LSCF(Lao.6 Sro.4 Coo.2 Feo.sO3-5)coating
(spraying distance of 150 mm, output power of 15.2 kW, No/Ar =
8.4/3.6 (L/min))

«
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50 ;\u«n
\

(e) Polished cross section (f) Splats from single scan

16 %H (Mo) W2 Bt (BiERIEE 250 mm, 19.8 kW,
No/Ar = 6.65/2.85(L/min))

Fig.16 Microstructures of Mo coating (spraying distance of 250 mm,
output power of 19.8 kW, N2/Ar = 6.65/2.85 (L/min))
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200 o
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19.8 kW, No/Ar = 6.65/2.85 (L/min))

Fig.17 Microstructures of Ni-60 coating (spraying distance of 300
mm, output power of 19.8 kW, No/Ar = 6.65/2.85 (L/min))
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Fig.18 Microstructures of YSZ coating (using Metco-204 NB
YSZ powders, spraying distance of 180 mm, output power of 25.5 kW,
N2/Ar = 9.8/4.2 (L/min))>!
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(e) Fracture surface (f) Splats from single scan
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Fig.19 Microstructures of YSZ coating (using Metco-6700 YSZ
powders, spraying distance of 400 mm, output power of 25.5 kW,
N2/Ar =9.8/4.2 (L/min))
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Fig.20 Top surface roughness (Ra) in this work and comparing

with other results
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Fig.21 Cross-section porosity (%) distributions in this work and
comparing with other results
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Fig.22 Cross-section hardness (GPa) distributions in this work and
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