Surface materials processing with DC laminar plasma jets
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ABSTRACT DC laminar plasma jets of stable flow conditions were generated. This kind of plasma has a flow
field of concentrated temperature distribution in the radial direction and reduced temperature and velocity
gradients in the axial direction, because of the greatly reduced mixing of the jet flow with the surroundings
atmosphere. These characters of the jet flow are favorable for enhancing the process controllability in surface
materials processing. Fine YSZ powder was sprayed by low-pressure laminar plasma-jet, to obtain coatings of
fine microstructure and low surface roughness. Laminar plasma cladding at atmospheric pressure was conducted
by melting the steel surface to form a small molten pool and pouring the Ni+YSZ powder along the jet into the
pool simultaneously. This makes the cladding layer bonded metallurgically to the substrate. This method is also
suitable for phase transition hardening, remelting hardening, and forming a functional gradient layer.
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1. INTRODUCTION

The exceedingly high energy intensity of a dc plasma jet could heat materials to very high
temperatures and bring about rapid processing speed. Conventionally used dc plasma jet at
atmospheric pressure is usually operated in turbulent flow. The fluctuating character of a turbulent jet
leads to a rapid mixing of the jet flow with the surrounding atmosphere and results in a short arc jet
with very high temperature gradient in the axial direction®, causing difficulties in the process
control®*. A stable jet flow condition with favorable temperature and velocity distributions is really
important to improve the controllability for materials processing.

In the present work, laminar plasma jets of good flow stability were generated under different gas
feeding rate and input power conditions. Dependence of jet length and thermal efficiency on the
generating conditions, and pressure distributions with the jet impinging on a flat plate were measured.
Effects of the jet characters on materials surface processing were discussed.

2. CHARACTERISTICS OF DC LAMINAR PLASMA JETS

2.1 Experimental methods

A torch with an inter-electrode insert, principally the same as in the previous work™, was used to
generate non-transferred dc plasma jets of laminar flow at atmospheric pressure. Pure argon and a
mixture of Ar with N, were used as the plasma working gases at a feeding flow rate of 90-250 cm/s.

The jet power was evaluated by passing the jet flow through a water-cooled annular space.
Temperature changes of the cooling water of a certain flow rate were measured with a thermocouple.
The enthalpy increase of the cooling water was calculated and the value was considered to be equal to
the jet power. Then, the thermal efficiency for the jet generation was evaluated as the ratio of jet
power to the input power.

Pressure distributions of the jet flow impinging on a flat plate were measured with a water-cooled
copper plate of 120 mm in diameter with a ©0.5 mm hole at the plate center. The small hole was led
to a micro manometer with its other side open to the atmosphere. Thus, recorded pressure data
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indicate the differential value of impinging pressure and atmosphere, and it was called gage pressure
here. The plate was set perpendicular to the jet axis at different distance from the torch nozzle, and
moved step by step to record the stable pressure value point by point.

2.2 Results

2.2.1 Jet length and thermal efficiency

Laminar plasma jets of different length and power could be generated. Figure 1 (a) shows the
relationship between Ar plasma jet length and gas feeding rate, at constant arc current of 200 A.
Plasma jets were kept in stable long length and silent flow condition, when gas feeding rate was lower
than 210 cm’/s, and the jet length of laminar plasma reached a maximum value of about 550 mm at
gas feeding rate of near 180 cm’s. Increasing gas feeding rate over 210 cm’/s, the jet flow transferred
to turbulent state, showing a dramatically reduced jet length with expanded radial dimension and very
high noise. Figure 2 is typical appearances of the long laminar and short turbulent plasma jets at gas
feeding rate of 180 cm®/s and 220 em®/s respectively. The ratio of the jet length to its diameter of the
laminar jet in figure 2 is over 70.

The thermal efficiency shown in figure 1 (b) increased simply with the increasing gas feeding
rate, when the arc current was kept at a constant of 200 A. The jet power of laminar plasma could
reach 3.7 kW with a thermal efficiency of about 40%, at gas feeding rate of 210 cm’/s. The thermal
efficiency changed smoothly in the transition of the jet flow from laminar to turbulent state, although
it displayed a dramatic change in the jet length with the transition as shown in figure 1(a).

The working system used here is very simple and easy to operate and maintain™, and at the same
time, the jet power and the thermal efficiency is higher than the reported work!,

2.2.2. Impinging pressure on a flat plate

Figure 3 shows the axial gage pressure changes on the plate surface at different gas feeding rate
of 95 cm’/s and 160 cm’/s of laminar jets and 240 cm”s of turbulent jet. The pressure decreased with
the increasing distance from nozzle exit to the plate, in both laminar and turbulent cases. In the case of
the turbulent jet, the pressure decreased quickly along the jet axial direction. The peak pressure value
of the laminar jet at low gas flow rate could be one order lower than that of the turbulent jet at the
position near the torch exit and reduced slowly along the axis. On the other hand, gage pressures of
the turbulent jet fluctuated irregularly in large scale during the measurement, and values shown in
figure 3 was only the estimated average ones. The pressure of the laminar jet showed quite stable
value in the measuring. The measured pressures would be directly proportional to square of the flow
velocity in the axial direction. Thus, the results suggest the rapid reduction of the flow velocity in the
axial direction and serious flow fluctuation of the turbulent plasma jet. And the flow conditions of a
laminar plasma jet could be characterized as a stable gas flow with relatively slow velocity and low
reduction gradient in the axial direction.

3. APLLICATIONS OF LAMINAR PLASMA. JETS FOR MATERIALS PROCESSING

The different power and gas flow rate of laminar jets correspond to different maximum
temperature and maximum velocity at the torch exit. And changes of jet length indicate the different
temperature and velocity distribution characters of the flow fields, even at the same jet power or gas
feeding rate. This could provide a wide selecting possibility for different materials processing, such as
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particle heating, coating, hardening, and cladding etc.
3.1 Plasma remelting and cladding

Gas flow velocity of a turbulent jet is generally very high in the useful high temperature region as
suggested in figure 3. This makes it difficult to be used for cladding and remelting treatment of metal
surface, because the high impinging pressure caused by the high flow velocity could break up the
molten liquid. The relatively low flow velocity of the laminar jet could reduce the impinging pressure
on material surface. Fast remelting tests of cast iron and stainless steel surface were conducted. Figure
4 shows surface morphologies of fast remelted cast iron. It shows a uniform remelted trace in figure 4
(a) by the laminar plasma jet. The turbulent jet heated the iron surface with great fluctuation as shown
in figure 4 (b), even keeping parameters unchanged such as the arc current, gas flow rate, distance
from the torch nozzle to the plate surface, and moving speed of the plate across the jet.

Figure 5 shows a microstructure of cladded layer of Ni+30%ZrO; on stainless steel surface by
the laminar plasma jet. It was conducted by melting the steel surface with the laminar jet to form a
small molten pool and pouring the Ni+30%ZrO, powder along the jet into the pool simultaneously.
This makes the cladding layer bonded metallurgically to the substrate, resulting in favorable interface
conditions and adhesive properties.

3.2 Low pressure laminar plasma spraying

Fine particle ZrO,-8 mol%Y,0; powder of particle size less than 25 um was sprayed at low
pressure of 1.3310° Pa with a Ar laminar plasma of a input power of 6 kW. Figure 6 shows the
measured surface roughness results of the low-pressure laminar-plasma sprayed sample and the one
by a conventional atmospheric plasma spraying. The results indicate that the sample surface deposited
with the fine particle powder possesses a low relative roughness of about 2.7 pum, compared with the
high surface roughness of about 7.3 um by a conventional process.

Figure 7 is a scanning electron microscopy (SEM) image of the cross section of coating layer
using the fine particle powder. It showed a fine microstructure with low porosity ratio and small defect
size. The thickness of each progressively deposited layer is about 3 pm. Results of X-ray diffraction
indicated that the phase structure of the ceramic coatings coincided with that of the powder, which
indicates that no apparently component change and thus no phase structure change occurred in the
vacuum argon plasma spraying.

4. CONCLUSIONS

1. Atmospheric laminar-plasma of long jet length and low noise were generated at gas feeding rate of
90-240 cm’/s and input power of 2.5-10 kW. The jet length of laminar plasma reached a maximum
value of 550 mm, while the jet power reached 3.7 kW with a thermal efficiency of about 40%. The
low velocity and stable flow conditions of the laminar jet make it suitable for material surface
cladding and remelting hardening.

2.Laminar plasma jet can heat metals with favorable controllability. Laminar plasma cladding of
Ni+30%Zx0, on stainless steel surface resulted in metallurgical bonding to the substrate and
favorable interface conditions and adhesive properties.

3. Fine particle ZrO,-8 mol%Y,0; powder could be sprayed with low-pressure laminar plasma. The
coating layer of fine microstructures, lower surface roughness and porosity could be obtained.
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Figure 2. Plasma jet appearances at arc current
of 200 A. (2) is a turbulent jet at gas feeding
rate of 220 cm®/s and (b) laminar jet at 180
cm’/s.
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Figure 4. Surface morphologies of cast
iron remelted by (a) laminar plasma jet
and (b) turbulent jet.
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Figure 6. Surface profiles of TBCs fabricated
with two types of the powders. (a) with fine
ceramic powder in low-pressure laminar jet,
and (b) with popular ceramic powder in
atmospheric pressure turbulent jet.
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Figure 3. Dependence of gage pressure in
jets axis direction at gas feeding rate of 95
m®/s and 160 cm®/s of the laminar jets
and 240 cm’/s of the turbulent _]et
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Figure 5. Cross section structure of
the surface cladding layer of
Ni+30%Zr0O, on stainless substrate.

Figure 7. SEM image of the cross
section of YSZ coating layer.
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