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Droplet atomization characteristics and its morphology in twin-wire arc sprayed (TWAS) Ni-Al
were explored in depth. Both numerical model and theoretical method were built for calculating
the process of the droplet deformation and breakup in air flow, which based on the standard k-¢
model and the volume of fluid (VOF) dual-phase flow model. The atomization characteristics of
double droplets and three droplets were also studied in the atomization process by simulation. The
micro structure and the morphology of the composite coatings were analyzed by SEM and TEM.
The experimental results indicate that TWAS droplets are the process of explosive breakup or two
steps breakup. Morphology of the TWAS prepared Ni-20wt.%Al and Ni-5wt.%Al particles was
accordingly characterized by SEM. The phase compositions of the Ni-Al particles were obtained by
EDS. By testing the velocity of sprayed particles, the change rule of particles with spray pressure
was obtained. Ni twins are discovered in the Ni-Al coating due to rapid cooling in TWAS process.
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1. Introduction

The principle of the twin-wire arc spraying (TWAS)
technique for preparing composite coatings is that the wire
tip is melted and sprayed on a fine droplet through dry
compressed air'. The state of droplets affects the structure
and properties of coatings. Generally in TWAS, the higher
the velocity of droplet particles is, the higher the coating
quality is. At high velocity region, the droplet deformation
and breakup is quite complicate?®. The research for the
droplet breakup through droplet morphology analysis is
necessary for optimizing the TWAS thus improving the
properties of coatings*®.

Weng KW’ and Blackwell BC?® had investigated the
behavior of droplets flight in low velocity region, for
instance in natural air flow. The droplets cross over the
changed stages continuously with bag breakup, shock
breakup, shear breakup, multi-pattern breakup and
explosive breakup. Kelkar M? explicated that the first and
the second dispersed droplets were formed during the
droplets atomization. Wang JX'° calculated the atomization
behavior and the dynamic characteristics of spraying droplets,
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and the deformation and solidification behavior of droplets
impacting on the substrate. No other literature has been
reported. The size of dispersed droplet particles follows
a simple normal distribution. The final Reynolds number
of the flying droplet is mainly determined by the pressure
of atomized gas. The porosity, surface roughness and
bonding strength of coatings is affected by the atomization
behaviors of the molten droplets!!"'*. The porosity and the
surface roughness of the coating reduce with the increase
of both temperature and velocity of the molten particles.
The flat deformation occurs during the process of spraying
particles impacting on the substrate. The higher the impact
velocity of the particles is, the stronger the bonding force
of coating is. It is quite significant to study atomization
characteristics of droplets with a high impact velocity'*!”. In
this paper, the VOF method is adopted to track the interface
and the free surface of the collision between the substrate
and the droplets. Through characterization of droplets
atomization of a TWAS Ni-Al, the droplets breakup and
their morphologies were experimentally studied. At the
same time, the micro structure and the morphology of the
composite coatings were analyzed.
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2. Mathematical Computation Model of TWAS

The interaction among droplets is neglected during the
flight of droplets. The conveyed characteristics are introduced
to describe spraying droplet particles in the air by single
droplet, double droplets and three droplets separately. Assuming
droplet particles are spherical, and the high-velocity air flow
is isothermal and isokinetic. The heat transfer of the droplets
mainly includes the radiation and the convection transfer
between the air flow and the droplet particles.

According to conservation equation, combined with
k-¢ turbulence model and VOF dual-phase flow model, two
dimensional governing equations of droplet breakup in gas
flow are the following general forms!'®:

%<p¢>+ aa—x(puqs) + g (oug) =
Where ¢ is general dependent variable, I', is transport

coefficient, and S N is source term. They are declared in
Table 1 for details.

(a) Actual spraying flame flow
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InTable 1, p=a,p, + (1-0,) p,; F,, F is interaction force

of interphase.
du v du , v
G, = [2<8x)+2<8y>+2<8y aa:) 2
Gy =—Bp<gz 'g; %5 +4, 'g; %Z) 3

Where p =p+p, p_ is effective viscosity coefficient; .=
c»pkz/s, W, is turbulent viscosity coefficient; o,, o, is turbulent
Prandl number. The constants in the model: cp:0.09, c,=1.44,
¢,=1.92,6,=1,6=1.33,6,=1.

Fig. 1a shows a schematic diagram of the flame flow
during the process of twin-wire arc spraying. The flare
angle is about 15 degrees. According to the characteristics
of droplet deformation and breakup in the air flow, the
computational model is shown in Fig 1b. Droplets enter the
computational domain filled with gas, and fly from the right
border. An isosceles trapezoid of 20x33x50 mm® is selected
as the computation area. The grid is divided into 200x500
mm?. The droplet diameters are 0.8 mm, 1.6 mm, 2.4 mm
and 3.2 mm, respectively.

(b) Calculation model grid

Figure 1. Diagram of arc spraying flame flow (a) and diagram of calculation model grid (b).

Table 1. General form of the governing equations and meaning of universal variables.

Equation ¢ r, S J
Continuity 1 0 0
X-momentum u M, —% + %(ﬂe g—;) aay (ﬂe g;), ) + Apg. + F,
y-momentum v 1, —% + g—y(ﬂ ou ) aax (/Je gz ) + Apg, + F,
Turbulent energy k p/o, G, +G,-pe
Dissipation rate € n/o, &(c,G,-c,pe)k
Enthalpy h p/o, -Gy
. 9a, aa, 9o _
Volume fraction - - 3 +u or + ’U—ay =0
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3. Droplet Breakup Behavior of Atomization

Atomization process of arc spraying is a complicated
process. The dynamics of droplet formation is modulated
by both the arc and the atomization gas. Thermo physical
parameters for numerical analysis are listed in Table 2.

Fig. 2 shows the process of deformation and breakup of
a droplet with initial diameter ¢1.6 mm and at atomization
gas pressure 0.5 MPa at different times. In the paper, all the
color bar units are temperature K. The droplet particle is not
crescent, but the center of the droplet begins to break at ~10
us, because of the larger atomization gas pressure. The droplet
particle undergoes a transition from the first breakup to the
second breakup process between 20 s and 30 ps. The second
breakup is completed after 30 ps, and the atomized particles
of the region become fewer at 70 ps. The breakup particles
quickly fly out of the computational region subsequently. The
droplet particle is firstly deformed, and then proceeded the first
breakup, followed by the second breakup during this process.
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Figure 2. Characteristics of change of TWAS atomized droplet
breakup process with time.

The process of deformation and breakup of the droplet
at 50 pus with the diameter of 1.6 mm and the pressure range
of 0.2 MPa ~ 0.7 MPa is shown in Fig. 3. At 0.2 MPa, the
droplet particle suffers the second breakup, so the first
breakup is before 50 us. After 0.2 MPa and at 50 ps, with
the pressure increase, the droplet particle completely breaks
up, and finally forms a stable phase.

Table 2. Thermo physical parameters for numerical analysis.
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Figure 3. Characteristics of change of TWAS atomized droplet
breakup process with pressure.

Fig. 4 shows the process of deformation and breakup of
double droplets with diameter @1.6 mm and at atomization
gas pressure 0.5 MPa at different times. Schematic diagram
of three droplets deformation and breakup process at different
times with initial diameter ¢1.6 mm and at atomization gas
pressure 0.5 MPa are shown in Fig. 5 and Fig. 6.
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Figure 4. Time dependence of atomized double droplets of
arrangement in line breakup process.

Materials Melting point ~ Density ~ Specific heat ~ Thermal conductivity ~— Kinematic viscosityx10®  Molar mass
) (kgm?)  (kg'K) (W K1) (Pas) (g'mol”)
Air - 1.225 1006 0.024 113.3 29
Ni-Al 1728 8591 481 97.273 5000 57.1
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Figure 5. Time dependence of atomized three droplets of arrangement
in line breakup process.
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Figure 6. Time dependence of atomized three droplets of arrangement
in line breakup process.
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Double droplets and three droplets are arranged in line,
however the first droplet is affected by the latter droplet. At
the beginning, the first droplet is not broken enough and
will be broken into large droplets at the later stage of flight.
The droplets of arrangement in triangle are less affected by
the front droplets and the latter droplets than the droplets
of arrangement in line. Between 20 ps and 40 ps, droplet
particles undergo a transition from the first breakup to the
second breakup process. The second breakup is completed
at 50 ps, and the particles in the region become a fewer at
80 ps than that of single droplet particle. Subsequently, the
breakup particles quickly fly out of the computational region.
During this process, the droplet particles are firstly deformed,
and then the first breakup, followed by the second breakup.

Fig. 7a indicates relationships between gas pressure and
explosive breakup time. The explosive breakup of droplets
is affected by atomized gas pressure and droplet diameter.
When the atomization pressure is greater than 0.6 MPa, the
droplets with a diameter of 0.8 mm are explosive breakup at
2 ps, and tend to be stable. Droplets with diameter of 2.4 mm
will be explosive breakup when the atomization pressure is 1.0
MPa. When the atomization pressure of the droplet diameter
of 3.2 mm is less than 1.5 MPa, it is very difficult to form
explosive breakup. The atomization pressure or velocity of
droplets determines breakup characteristic of the droplets.

Fig. 7b indicates calculated relationships between atomizing
gas pressure and gas velocity. At 0.2 MPa, the velocity of
the outlet gas is 571 m/s. At 0.5 MPa, the velocity of the
outlet gas is 904 m/s. At 0.8 MPa, the velocity of the outlet
gas reaches 1143 m/s. With the increase of atomizing gas
pressure, the velocity of outlet gas increases. The atomizing
gas pressure is approximately linear with the gas velocity.
The actual spraying particles velocity can merely reach 15%
~45% of the atomizing gas velocity, even lower because of
the different materials and spraying distance. The droplet
particles velocity is much faster than the sonic velocity,
satisfies the basic requirements of coating during the spraying
process. A larger pressure can result in a faster cooling of the
broken particles, but the bonding strength will be decreased
after final solidification®.
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Figure 7. Change of gas pressure with explosive breakup time and gas velocity and (a) and (b).
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4. Characteristics and Morphologies of Particles
in TWAS Ni-Al

The spraying system of a Praxair/TAFA controller is used
in the experiment. Twin-wire arc spraying gun is model 9935,
and which is clamped by the manipulator when spraying.
Generally, Ni-5wt.%Al is used as the bond coat, while Ni-
20wt.%Al is used as the surface coat?'?2. The Ni-Al powder
is collected by using water under different technological
parameters. Processing parameters of the Ni-Al powders
are listed in Table 3. The Ni-Al powder is precipitated and
collected under 373 K drying for 1 h~2 h. The cross-section
and surface morphology of the different Ni-Al powders is
observed by SEM. Fig. 8 shows collection process of the
twin-wire arc sprayed Ni-Al powder. Some special particles

are conducted the surface EDS and line scanning.

Figure 8. Powder collection process of twin-wire arc sprayed Ni-Al.

Fig. 9 shows morphology of the TWAS Ni-5wt.%Al
powder and Ni-20wt.%Al powder under different 0.5 MPa
gas pressure. The particle size is mostly less than 50 um
and possesses a high spherical degree. Particle size of Ni-
Swt.%Al is larger than that of Ni-20wt.%Al. This is mainly
due to the fact that Ni-20wt.%Al is cored wire. There is no
evident difference in the shape of molten particles produced
during the spray process of two kinds of wires.

The surface morphology of Ni-Al powder for 0.5 MPa
and line scanning and energy spectrum analysis of particles in
twin-wire arc sprayed Ni-Al are shown in Fig. 10. Different
parts of ellipsoidal particles are shown as 1#, 2# and 3# in
Fig. 10a. There is almost no obvious difference for molten
particles, which is composed of AL, O, in the middle grey part,
Ni-Al compounds and NiO in the white parts on both sides.

Table 3. Processing parameters of achieving Ni-Al powder.

Fig. 11a shows that the cross-section morphology of
a Ni-Al particle exhibits a special shape, including the
dendrite type due to rapid cooling, which mostly consists
of ALO, and NiAl (1#) and Ni solid solution (2#), and it is
shown in Fig. 11b.

Fig. 12a shows that the cross-section morphology of
a Ni-Al particle exhibits a special shape, including the
dendrite type due to rapid cooling, which mostly consists
of ALO, (1#) and Ni,Al (2#), and it is shown in Fig. 12b.

It will play an important role in directing the design
of spraying processes by analyzing the morphologies of
particles in the atomization process®. The larger Ni-Al
particle size for the decrease of atomization pressure
makes the surface roughness become larger, and which
improves the wear resistance of the coating. Contrarily,
the Ni-Al particle size reduces for the increase of
atomization pressure, accordingly, the smaller porosity
of the coating makes the bonding strength between
substrate and coating increase.

5. Droplet Velocity and Microstructure of
Composition Coating

The velocity of Ni-Al particles was measured by
ISSO-1 instrument. The measurement results are shown
in Fig. 13. Due to differences in density, the velocity of
Ni-20wt.%Al is larger than that of Ni-5wt.%Al, which
is shown in Fig. 13a. Fig. 13b shows that the particles
velocity increases with the increase of spraying distance
until it tends to be stable and then decreases. With the
gas pressure increasing, the particles velocity increases. It
can be confirmed that the spraying material, gas pressure
and spraying distance are the main factors leading to the
different velocity of the particles. The droplets deformation
and breakup process can fully demonstrate the droplets
change characteristics during the twin-wire arc spraying
process. The atomization law of TWAS droplets is
verified by the particles velocity characteristics, and
which provides a reference for obtaining the best spraying
process parameters.

The coating substrate is 6061-T6 aluminum alloy.
Before spraying, the substrate needs sandblasting and
coarsening. The thickness of the coating is controlled by
the gun speed. The overlap between the coating and the
coating should be appropriate. The temperature of the
substrate could not exceed 473 K during arc spraying
process. Processing parameters of twin-wire arc spraying
are listed in Table 4.

. . Spraying voltage  Spraying current ~Wire diameter ~ Spraying distance  Spraying time  Air pressure
Spraying materials
provine V) (A) (mm) (mm) ®) (MPa)
Ni-5wt.%Al 38 260 91.6 150 30 0.3/0.4/0.5
Ni-20wt.%Al 36 240 0l.6 150 30 0.3/0.4/0.5
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Relative intensity

(b) Linear scanning

Element Weight % Atomic %
OK $.46 16.22
AlK 7.4 13.14
NiK 87.10 70.64
Totals 100.00
Element Weight %6 Atomic %%
OK 32.52 48.39
AlK 50.84 44.86
Ni K 16.64 6.78
Totals 100.00
Element Weight % Atomic %
OK 11.70 32.61
Al K 0.37 0.61
Ni K 87.93 66.78
TR, S VL 9 . i Totals 100.00

(c) Energy spectrum analysis
Figure 10. Morphology and line scanning and energy spectrum analysis (a) and (b) and (c).
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Element Weight % Atomic %
OK 33.14 50.75
1# AlK 43.50 39.50
NiK 23.36 9.75
Totals 100.00
Element Weight% Atomic %
o NiK 100.00 100.00
" Totals 100.00
(a) ANi-Al particle section morphology (b) Energy spectrum analysis

Figure 11. Energy spectrum analysis of powder section of TWAS Ni-Al (a) and (b).

Element Weight %  Atomic %

OK 40.05 52.98
1# AlK 59.95 47.02
Totals 100.00

Element Weight %  Atomic %

AlK 13.09 24.69
28 NiK 86.91 75.31
Totals 100.00
(a) A Ni-Al particle section morphology (b) Energy spectrum analysis

Figure 12. Energy spectrum analysis of powder section of TWAS Ni-Al (a) and (b).
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Table 4. Processing parameters of TWAS technique.

Materials Research

Spraying Spraying voltage  Spraying current Wire diameter ~ Air pressure ~ Spraying distance Gun speed ~ Coating thickness

materials (\%) (A) (mm) (MPa) (mm) (mm-s™) (mm)
Ni-5wt.%Al 38 260 01.6 0.5 150 300 0.15
Ni-20wt. %Al 36 240 0l.6 0.5 50 300 0.35

The Ni-Al coating was successfully prepared by twin-
wire arc spraying with the Ni-5wt.%Al alloy as the bonding
layer and Ni-20wt.%Al as the surface layer. Microstructure
and morphology of the coating were observed by SEM,
as shown in Fig. 14a and Fig. 14b. The cross-sectional
morphology of the coatings shows a multiphase interlaced
layered structure with a smooth interface between the coatings
and the substrate and a close bonding with the substrate.

Ni-20Wt%A

(a) Cross-section morphology

The coating surface shows relatively homogeneous morphology.
The surface of the coating is uneven and the roughness is large.

Twin crystal morphology and electron diffraction of Ni-
Al coatings are shown in Fig. 15. Ni twins are discovered
in the Ni-Al coating, which is shown in Fig. 15a. This is
mainly due to the rapid cooling of particles during spraying.
Twin zone electron diffraction displays that crystal belt
axis is [011], twin axis is [111], and twin surface is (111).

(b) Surface morphology

Figure 14. Cross-section and the surface morphology of Ni-Al coatings (a) and (b).

(a) Twin crystal

i M Matawro Levniis)l
_..-;'m;:n W= @ am | —5 1

(b) Twin crystal SADP

Figure 15. Twin crystal morphology and electron diffraction of Ni-Al coatings (a) and (b).
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By electron probe energy spectrum analysis, the coating is
mainly composed of Ni, Al and O.

6. Conclusions

The characteristics of TWAS droplet atomization are
a breakup model possessing both two stages breakup at the
lower velocity and explosive breakup at high velocity based
on VOF dual-phase flow model.

The main phase of Ni-Al particles obtains Ni solid
solution, Ni-Al compounds, NiO and ALO,. The particle
size is mostly less than 50 um and possesses a high spherical
degree. The cross-section morphology of particles displays
the characteristics of dendrite structure.

The particles velocity increases with the increase
of spraying distance until it tends to be stable and then
decreases. With the gas pressure increasing, the particles
velocity increases. Ni twins are discovered in the Ni-Al
coating due to rapid cooling.
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