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ABSTRACT

The work focuses on the effect of plasma spraying factors such as plasma
current, plasma voltage, and air flow rate on particle velocity because the
effectiveness of the coating is heavily dependent on it. The inclusion of ordinary
air as the plasma-generating gas and the explanation of the mathematical model
justifying the alteration of particle velocity are the innovative aspects of this work.
The newly discovered regression function helps the mathematical model optimize
the procedure to achieve the greatest particle velocity. The parameter validity
study confirmed the good comparative adaptation between the mathematical
model and the experiment results. The introduction paragraph explained why this
study is necessary. The paragraph "Methodology" introduced the equipment,
instrument for analysis, the chemical composition of the material 85Ni15AI. The
paragraph "Experiment" focused on a series of experiments. The multi-criteria
planning design helps to conclude the significance of all parameter and well
adopted to the experiment.
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1. INTRODUCTION

The efficiency and productivity of atmospheric plasma
spray (APS) are highly dependent on the mean temperature
and velocity of the powder particle prior to impact with the
substrate. Because the condition of the in-flight particle is
very important, B. Guduri et al. offered their inquiry in depth
to set up a stable and adaptable instrument for obtaining a
consistent value [1]. In the experiment, the authors
employed argon and hydrogen in a mixture with flow rates
of 30 -60 standard liters per minute (slm) and 0 - 15sIm,
currents of 300 - 600A, voltages of 30 - 70V, and a plasma
torch diameter of 8mm. The powder for spraying had a
particle size of 30 - 100um, but no mechanical composition
or size distribution was given, despite the fact that particle
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size is important in this complicated operation. ANOVA
analysis revealed that the current and flow rate of argon had
a significant influence on particle velocity. Although the
response functions have been adequately implemented,
more study is required to create a robust controller.

The velocity of the particle takes precedence over
temperature in the cold spray procedure. However, the
spray distance and powder feed rate have a significant
impact on particle velocity [2, 3]. The researchers identified
the threshold velocity of the particle, beyond which it may
bond to the substrate surface and form the coating. In any
case, they do not present a quantitative relationship
between particle velocity and some key technical
characteristics. Because the critical velocity of the particle in
spraying is thought to be a crucial element in bonding, the
researchers in [4] studied particle behavior in the kinetic
spraying of AlSi feedstock using the method Kurochkin et al.
[5] developed to identify the critical velocity approaching
400m/s. It's worth noting that the particle with a maximum
velocity greater than the crucial one will not be stuck to the
substrate since the adhesion energy is less than the rebound
energy. [6] performed a large number of supersonic plasma
sprayings of ceramic powder (YZS) over the nickel-based
superalloy GH 3030. They obtained a collection of data that
included current, voltage, argon, hydrogen, feedstock
feeding rate, spray distance, and velocity, but not the
assessment and analysis of the parameters due to a lack of a
regression relationship between them. From this vantage
point, the optimum range of spraying settings to achieve
maximum particle velocity and temperature is insufficient to
persuade. In [7], an attempt was made to derive a new
mathematical model that included particle and gas velocity,
particle mass, gas density, particle diameter, and drag
coefficient. They compared the experimental measurement
using a dual-slit velocimeter to the 2-D axi-symmetric
calculation of the flow through the nozzle and the 1D
isentropic gas-dynamic equations computed for the
identical nozzle shape. The particle size distribution caused
a difference in the theoretical computation of particle
velocity. The major discovery in their investigation is that
particles with velocities greater than the critical velocity
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deposit, but bigger particles with lower velocities do not.
The primary disadvantage of [8] is that the model based on
Newton's second law does not address the technological
parameters in spraying deposition, such as stream power
and gas flow rate, which are more useful in process design.
The most favorable results were obtained in [9] when the
authors used regression analysis (RA) and response surface
methodology (RSM) to evaluate the significance of four
parameters: the Arand H, flow rates; the current and powder
feed rates in the atmospheric plasma spray process; but the
power of the plasma stream also depends on the voltage,
and ordinary air for plasma generation could have a different
impact. Based on the foregoing reasoning, the goal of this
work is to develop a mathematical model for the theoretical
prediction of particle velocity in plasma spraying using
ordinary air as the plasma-generating gas, including key
factors such as current, plasma torch voltage, and air flow
rate. In contrast to prior papers on the subject, the particle
material used to deposit the anti-friction layer is Ni85AI15
powder. The ANOVA approach aids in determining the
importance of each parameter in the regression equation.
The proposed model of particle velocity prediction dealing
with velocity optimization in future investigations
demonstrated a disparity of less than 5%.

2. METHODOLOGY OF INVESTIGATION

Atmospheric plasma spraying was utilized in our
experiment (SG-100 TAFA-Praxair, USA). Ordinary air serves
as the main gas, while nitrogen serves as the carrier gas. [10]
described the chemical composition and process of
producing Ni85Al15 powders. The particle size of the
powders is determined using the Cilas-1090 [11] instrument.
Table 1 shows the fractional distribution of powders.

Table 1. The fraction distribution of particle Ni85AI15

Mean Particle size fraction, %
diameter |0 -| 1- | 15| 12-]32-|48- |64-| 96-
(pm) 1 |115(-20] 16 | 48 | 64 | 96 | 128
Ni85AI15 64 75189 |41 - - 72 |42 32

Scanning electron microscopy combined with energy
dispersive spectroscopy (SEM/EDS, SM-6510LV, Japan) was
used to examine the surface morphology of the coatings
and the topography of metallic particles. SEM investigation
revealed that the feedstock particles had an uneven shape
(Fig. 1). The Shimadzu HPV-1 high-speed camera is used to
monitor the velocity of spraying particles [12]. The plasma
spraying system is presented in Fig. 2. The plasma-
generation gas is ordinary air. The carrier gas is also ordinary
air. Ordinary air is a molecular gas that must be dissociated
before it can be ionized. This means that ordinary air has
greater enthalpy and thermal conductivity than argon
plasma. Consequently, the molecular gases consume much
higher input energy to become partially ionized. In this case,
the powder Ni85AL15 is a good material recommendation
for high-temperature coatings. This superalloy had a high
oxidation resistance in the temperature range of up to
1250°Cin the atmosphere.

Code
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Fig. 2. The plasma spray system

The following is a brief summary of how the system
works: G1 is the power source; G2 is the plasma torch; R1 and
R2 are rotameters; V1 and V2 are valves; N1, N2, N3, N4, and
N5 are nipples; T1 is the thermometer; and T2 is the throttle.
The power source is a direct current source with a steep volt-
ampere slope, an idle voltage of 300V, and a voltage
adjustment range of 50 - 600V. The plasma arc is created in
a two-step process. Water is used as the coolant, with inlet
and exit valves, as well as rotameter R1. A T1 thermometer is
used to monitor temperature and give data for calculating
plasma jet enthalpy. This rotameter has a precision of 2.5.
The intake water flow pressure is 0.4 - 0.6MPa. The primary
and secondary gases are fed into the system via the valve V2.
The rotameter R2 determines the gas flow rate. T2 is used to
smooth out the current pulsation.

3. EXPERIMENT AND RESULT
3.1. Regression equation and the analysis of the
variation

Table 2 shows the results of a series of experiments with
different input spraying settings and particle velocity
measurements.
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Table 2. Result of Plasma Spraying of Powder PN 85Ni15Al

2 -1.547 0.383 -4.04 0.001
U’ -30.33 419 -1.24 0.000
@ 9.56 3.02 3.17 0.005
I -1.09 1.09 -1.00 0.329
1G -0.75 1.12 -0.67 0.508
UG 27.81 7.81 3.56 0.002

It was discovered that several coefficients with p-values
larger than the precision of a = 0.05, especially two-way
interactions between land U and | and G, were removed, and
the experimental findings were reanalyzed (Table 3). Notice
that the coefficients of the double interaction between | and
U, I and G with p-Value I*U = 0.329 and p-Value I*G = 0.508
respectively have values greater than the significance level
by 5%, meaning that these coefficients are not necessary in
the final regression equation. Remove these coefficients and
recalculate the regression equation.

Table 4. Second Analysis of Experimental Results

Term Coef SE Coef T-Value | P-Value VIF
Constant | 94.51 1.20 78.75 0.000
I 4.856 0.317 15.31 0.000 1.27
U 35.01 432 8.10 0.000 14433
G 36.59 4.27 8.57 0.000 168.78
12 -1.334 0.521 -2.56 0.017 1.10
U2 -33.03 5.70 -5.79 0.000 73.59
@ 10.65 4.15 2.57 0.017 40.48
UG 26.6 10.8 247 0.021 285.38

No Plasma current, | Potential, | Flow rate of | Particle velocity,
1[A] U] air, G[g/s] V [m/s]
1 130 140 0.55 18
2 130 160 0.75 40
3 130 195 0.34 62
4 130 200 1.13 73
5 130 210 142 84
6 130 220 1.76 97
7 130 225 1.95 105
8 130 240 2.72 140
9 130 250 292 152
10 150 150 0.55 36
1 150 185 0.84 67
12 150 205 1.13 78
13 150 207 1.42 85
14 150 220 1.76 99
15 150 240 241 128
16 150 245 292 153
17 150 250 3.17 167
18 180 145 0.55 33
19 180 160 0.75 49
20 180 180 0.84 65
21 180 202 1.13 82
22 180 220 1.76 104
23 180 240 2.60 140
24 180 250 3.17 170
25 220 150 0.55 43
26 220 160 0.75 53
27 220 190 0.94 76
28 220 200 1.13 84
29 220 220 1.76 106
30 220 245 2.60 143
31 220 260 3.17 172

The experimental results have been processing (Table 3)
using Minitab software and were preliminarily analyzed.
Because there are optimization requirements, we will use

The coefficient in column Coef is the coefficient of the
regression equation in coded form, called X1, X2, X3 are 3
encoding variables for factors |, U, G, respectively, then the
regression equation in coded form is:

V = 94.51+4.856X, +35.01X, +36.59X,

M
—1.334X? —33.03X3 +10.65X? +26.6X,X,

This time seeing that the coefficients of the whole
regression equation make sense, conduct a variance
analysis, calculate the regression equation. Analysis of the
variance using the ANOVA method presented in Table 4.
Subsequently, the regression equation in uncoded units
introduced in (2).

Table 5. Analysis of Variance (ANOVA) from Experiment

the 2nd tier planning form. We conduct a rough analysis Source DF | AdjSS | AdjMS | F-Value | P-Value
with the quadratic regression equation full of coefficients. Model 7 | 583108 | 8330.1 6000.79 0.000
Table 3. First Analysis of Experimental Results Linear 3 55023.1 | 18341.0 | 13212.39 0.000
Term Coef SE Coef T-Value P-Value I 1 325.6 325.6 234.52 0.000
Constant 92.87 1.01 91.55 0.000 U 1 91.2 91.2 65.69 0.000
I 4.785 0.328 14.61 0.000 G 1 101.9 101.9 73.41 0.000
U 39.02 3.43 11.38 0.000 Square 3 394.0 1313 94.61 0.000
G 32.46 3.40 9.55 0.000 2 1 9.1 9.1 6.57 0.017
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U2 1 46.6 46.6 33.58 0.000
@ 1 9.1 9.1 6.59 0.017
2-Way Interaction | 1 8.5 8.5 6.12 0.021
UG 1 8.5 85 6.12 0.021
Error 23 319 1.4
Total 30 | 58342.8
Regression Equation in Uncoded Units:
—-347.2 +0.33851+3.703U - 55.5G - 0.000659/° 2)

—0.00918U% +5.32G* + 0.314UG

The degree of influence of these factors is shown by the
graph below:

Main Effects Plot for V
Fitted Means

I u G

Mean of V

20

Fig. 3. Main Effects Plot for V

The analysis of the coefficients for the evaluation of the
consistency of the regression equation (2) presented in
Table 6.

Table 6. Analysis of the consistency

S R? R? (adj) R? (pred)
1.17821 99.95% 99.93% 99.82%
Pareto Chart of the Standardized Effects

. ] |

8 | ‘

3

L ‘

0 2 ¢ 6 8 ) 2 u %
Standardized Effect

Fig. 4. Pareto chart [13] for input parameters

The suitability of the data was evaluated using a set of R?,
adjusted R?, and predicted R? parameters. These values are
all greater than 90%, indicating that the regression equation
is perfectly compatible with the experimental data. The
Pareto chart (Fig. 4) reveals that the plasma current (I),
plasma voltage (U), and air flow rate (G) including G* and UG,
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are the factors that have the greatest influence on velocity
(V).The other factors, such as I> and U? can be ignored.

This trend was also demonstrated by the normal plot
(Fig. 5). As a result, the technical parameters |, U, and G are in
the red. The large difference with the red line indicates that
these factors have a considerable effect on the regression
equation.

Normal Plot of the Standardized Effects

(response is V, a = 0.05)

Effect Type
W Significant
Factor Name
A 1

B U
mC C G

L}

Percent
n
8

Standardized Effect

Fig. 5. Standard distribution chart of the standardized effect parameters
3.2. Preliminary optimization of the particle velocity

It is useful to analyze the conditions for the localization
of the optimum area for particle velocity because it provides
good coating quality, such as density, adhesion, cohesion
strength, and so on [14]. Based on the experiment data, the

following boundary conditions have been selected
according to (3):
130<1<220
140 <U <260 3)
034<G<3.17

The result of the preliminary optimization using the
software Minitab, shown in Table 7 and Fig. 6.

Table 7. Optimization solution

Solution [ U G VFit
1 220 256.364 3.17 174.014
Optimal : u 6
. High 200 2600 3170
D100 2200 [256.3636) B.70)
Low 1300 1400 0340
v
Maximum
y= 1740143
d = 1.0000

Fig. 6. Result of preliminary optimization of velocity

In Fig. 6, it is expected that the current of plasma and the
flow rate of the gas have a monotonous influence on the
particle velocity, while the voltage of plasma specifies the
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extreme. It is useful to conduct the complete experiment in
the future to make reliable findings dealing with this
assumption.

The first preliminary localization of the optimum in the
planning area:

1=220
U=256.36
G=3.17

4. ANALYSIS AND DISCUSSION

The voltage has the greatest impact on particle velocity,
as shown by regression equation (2). The plasma current
makes up the second level of effect. The air flow rate also had
a favorable impact on particle velocity. An increase in the
electric current in plasma causes a rise in the number of
electrons, which raises the amount of ionization and
generates more heat. The expansion of gas is made easier,
and the velocity of the plasma jet, which includes the
particles, is supported by the greater temperature. The
particle will experience significant drag forces due to the
high plasma jet velocity, which will cause it to accelerate.
However, it is important to keep in mind that the particle
velocity is lower than the plasma jet velocity. For example,
while plasma spraying alumina powder, the particle in-flight
velocity rose by 70m/s while the plasma jet velocity
increased by 95m/s [15]. The mechanical compression,
energy density, and thermal conductivity of the plasma jet
all increase as the gas flow rate rises, encouraging the
plasma jet's velocity to accelerate more quickly. According
to the dynamic phenomenon, an increase in gas flow rate
contributes to a rise in the plasma stream's overall
momentum, which raises particle velocity. Since the
mathematical model does not include a lot of variables,
notably the size distribution, the issue of the size and density
of the particle material as well as the fractional size
distribution is still up for debate. However, in reality, no
powder manufacturer offers a detailed specification on the
size distribution. Size distribution and manufacturing costs
are inextricably linked. In the future, it will be beneficial to
conduct a number of experiments involving the plasma
spraying of various powder materials to gather information
on their mechanical and physical properties in order to
enhance the approach for predicting the particle velocity in
terms of optimization. For the sake of simplicity, all
mathematical models assume that particles have a spherical
shape. But in the production of the spraying particles, they
can have different morphologies. This issue also contributes
to some errors in the theoretical calculation of the velocity.
To cover the gap between the theoretical prediction and the
experiment, the empirical formula can be used as the
predominant solution in the context.

5. CONCLUSIONS

In the case of deposition powder Ni85AI15, the influence
of some key parameters, such as plasma jet power, gas flow
rate, and particle average size, on particle velocity is
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observed in atmospheric plasma spraying using ordinary air
as the plasma generation gas. The increase in plasma power
and the flow rate of gas help increase the in-flight velocity of
the particles. The necessary condition for the deposition is
the so-called critical velocity, and this value will decide the
efficiency of the processes. The mathematical model using
the method of multi-criteria planning and design of
experiments is well adapted to the experiment data and can
be recommended to find the optimum of the particle
velocity when some other related parameters will be
involved, and a more complete planning experiment can be
designed in a future study. It is useful to make some
corrections to the theoretical calculations of the particle
velocity, taking into account the morphology of the particles
and their size distribution.
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