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SOME REMARKS ON PLASMA SPRAYING
POWDER INJECTION TECHNIQUES

By J. M. Houben (Senior Scientific Officer)

Eindhoven University of Technology, The Netherlands.

SUMMARY

In order to avoid or diminish the inhomogenity
of a plasma sprayed deposit, two injection
methods have been developed which allow a
centerline injection of the powder,leading to
rotational symmetry of plasma and spray jet.
Starting from thecretical considerations con-
cerning transport and injection of the powder,
it appears to be logical to split up these two
functions of the powder gas into two separately
controllable functions. The new injection tech-
niques are briefly outlined and some spray
results, mainly concerning oxygen content,
hardness, structure and appearance of the spray
jet are given.

Applying these new technigues it is possible to
reduce the oxygen content of sprayed molybdenum
deposits at a spraying distance of 130 mm and
80 mm to respectively 1,6 and 1,0 weight %.
These deposits have no more coarse oxide inclu-
sions; the structure shows epitaxy and porosity
is strongly reduced.

1. INTRODUCTIOCN

The inhomogenity of a sprayed deposit depends

largely upon the differences in the interaction

of the separate spray particles with the plasma

and the surrounding atmosphere. A different

interaction leads to differences in heat- and

gasabsorbtion, oxidation, acceleration and

interaction of the particles with the substrate.

The interaction is related to the trajectory

of the particles.

The trajectories are mainly determined by three

inputdata of the spraying process:

a. The spraying powder; shape,size, density.

b. The plasma; laminar,turbulent,chemical com-
position, enthalpy.

c. Injection technique; place of injection,velo-
city.

The aim of the work partly reported here, is to

indicate how the injection technigue especially

influences the homogenity of a sprayed deposit.

In order to isolate the effects of injection

and particle size a molybdenum powderfraction

of 44-53 micron size is chosen as a standard

reference powder.

In conventional injection systems the powder is

feeded nearly perpendicolar to the plasma jet.
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In order to control the dwell time of the par-
ticles, the powder port may also be tilted to
a certain angle with the plasma jet.
The gas needed for the transport of the powder
from powder feeder to torch is also used com-
pletely to inject the powder into the flame.
These systems work reliably but they cause an
asymmetric spray jet; the particles pass
through the plasma and leave it at a certain
angle, so that the spray jet and the plasma are
riot concentric. This problem is discussed bg
Scottland Cannell 1, Hantzsche?»4 and Kranz 9.
In fact there are three overlapping streams of
particles, see fig. 1 and 10a.
@ Particles with such an injection impuls
that they pass through the plasma jet.
@ Particles which are centrally trarsported
by the plasma.
3 Particles with to small an injection impuls.
They are glanced off by the viscous plasma.
Only the particles of stream (20 and some of
stream @ give a fair to good quality of the
sprayed deposit. Particle stream @ is first
heated and then oxidized considerably during
the flight in the surrounding atmosphere.
The particles of stream ® are only partly
molten. Nevertheless, they may stick to the
substrate, causing porosity and weakness of the
deposit.
Starting from those disadvantages of the con-
ventional injection systems, it was the aim of
the development of two new systems to obtain a
rotational symmetric spray jet. The differences
in interaction between particles, plasma and
surrounding atmosphere should be reduced to an
acceptable amount. Especially oxidation should
be avoided as much as possible.
With respect to this last aim the oxygen concen-
tration across a plasma jet has been measured
at distances of 25, 50, 75 and 100 mm from the
torch. As can be expected the 0 concentration
is less in the center of the gas stream, see
fig. 2. As a consequence, it should be tried to
inject the powder in such a way that the tra-
jectories of the particles lie in the center-
line area like indicated in fig.2.
System I. The powder is feeded perpendicular to

or at a slight angle with the plasma as in con-

ventional way. However, the injection velocity
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of the powder is controlled (in principle in-
dependent of the guantity of powdergas) in
such a way thet the powder is no more shot
through the plasma but reaches the centerline
region of the plasma.

system II. The powder is feeded axially into
the plasma through the cathode. The trajecto-
ries of the powder and the cathode spot emit-
ting the electrons for the arc-discharge are
separated. The adhering of molten powder par-
ticles to the injection bores is avoided.

7. POWDER TRANSPORTCONDITIONS

Previous to entering into the details of system
T the flowconditions for the transport of the
powder from feeder to torch should be known.
The transport velocity of a powder particle is
a boundary condition for attuning the proper
injection impuls.,

The guantity of powder gas that is needed to

attain a stable powder transport is determined
by the diameter of the transport hose, the
density, size and shape of the powder, the
density and velocity of the powder gas. It is
possible to describe stable transport on the
basis of fig. 3 and the two dimensionless
Froude numbers

+ v v
Fro = and Fro =

gdp /gdh

v, = floating velocity of a particle in the
transport gas. For a laminar gas stream,
‘defined by the expression
2 2
d” (p_-p ) d” p
L B PPyt B
f 18 n 18n

= particle diameter

= mean velocity of the powder gas

= transport hose diameter

= powder dencity ‘

= density of the powder gas

= dynamic viscosity of the powder gas

30 0D A< a
T Mo

Fro takes into account the material properties
of the spray material and the powder gas.

Fro refers to the flowconditions such as gas
veloeity and hose diameter. From fig.3 it is
evident that the additional resistance of a
gasstream when carrying powdered material
{indicated by the resistance coéfficient A,)
decreases with increasing Fro number. From a
certain Fro number, A, even remains nearly
constant.

Some numerical values based on Molybdenum as a
spray material and argon as a powder gas are
summarized in table 1.

Table 1: Floating velocities and Froude numgers
related to the transport of Mo in argon gas

Table 2: Powder mass flow ¢mp gmin”

Particle dia- 10 30 50 30
meter um
vE, ms~ 0,026 0,234 0,666 2,155b
Fro 2,6 13,6 30,0 72,6
Fro > 35 35 45 75
8 Pyg ° 10200 kg m 3 3
© -3
p = 1,78 kgm
A -5 -2
N = 2,086.10 NSm

b extrapclated in fig. 3.

Based on these figures the minimum average gas-
velocities and the minimum gasquantities needed
for a stable transport are calculated for pow-
der hoses with diameters 1,5; 2; and 4 mm; see
fig. 4.

The choice of a powder hose will also be based
upon the maximum transport capacity for a cer-
tain amount of gas. The transport capacity
according to Eck® is given by

¢
no= fﬂE = C. Fro4
¢mg

[ ratio of the powder massflow ¢mp to the

mass of th gasflow ¢mg
C = constant = 3,107 ‘
For hoses with diameter 1,5; 2 and 3 mm. ¢
can be calculated on the basis of the Fro num-
bers of table 1, viz based on the necessary
minimum gasquantities; see table 2.

1 based on

minimum transport gas guantities.
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\\\\ d um
P 10 30 50 80
d, mm
h
© 1,5 36 38 126 1623
2 74 74 259 3343
3 203 203 715 9203

From this table it is obvious that a hose with
a diameter of 2mm has got sufficient transport
capacity for commercial plasma spraying. The
device which is mentioned in this paper has
been equipped with a hosée of 3 mm.
Summarizing: the transport conditions for
molybdenum and argon as a powdergas are given
in the figures 3 and 4 and the tables 1 and 2.

3, INJECTION CONDITIONS, TRAJECTORIES AND
VELOCITIES OF SPRAY PARTICLES
In order to calculate the trajectory of a pow-
der particle that is shot into a plasma stream,
the cohditions of state of the plasma such as
temperature (Tp1), density (pp1), viscosity
(np1) and the velocity (C) should be known as
a function of x, y, z coOrdinates.The particle




should have, at least, a well defined mass how-
ever by ablation and oxidation the mass of a
particle will not be a constant. Besides the
shape of a particle will change during the
flight through the plasma and there is some
uncertainty about the drag coefficient of a
particle in a plasma stream, the more so as
a plasma flame for spraying operation may con-
sist of laminar and turbulent zones. So the
determination of the required injection velo-
city on theoretical basis must be seen as an
attempt to find ocut the relations between the
relevant parameterswhich are of importance for
the injection velocity. Suppose that 1 the
plasma has got a diameter D and length L
{see fig.1) 2 the temperature, plasma velocity,
density and viscosity are uniform within the
plasma volume and 3 the esarth's gravity can be
neglected. Further, suppose that the powder
particle may be considered like a sphere. At
least the spherical shape will be reached in
the plasma by ablation and melting.
The Reijnolds number for a particle in a
plasma stream is defined by

P ..C.d

L P

Re = pl

npl

An arbitrary but characteristic argon plasma
has the following propertiessl7-

_ - kg - m,
Tpl =10806 K; ppl— 80,0417 3 3 C = 500 S

m
_ -5 NS
npl =33.10 =5
m
So, the Re-numbers can be calculated from
Re= 0,863,105 dp-

For 10 um < d_ < 90 um holds: 0,63 < Re < 5,87,
Based upon these Re numbers, Stokes'law for the
drag co&fficient of a particle is supposed to
be valid.

For this plasma, the velocity and the trajec-
tory of a particle can be described bij the
following eguation:

:3ﬂn d
vV = v, exp -—....—R.l_.._p. -t (1)
Py ip mp
m vi -371 1 d &
pLp | ]
-3Tn d

- _ pl p . t

vpx C |1-exp —_—r (3

p

Cm -3mn ld
x. = Ct - ——il—jg— 1~ exp mp B ¢ (4)

P TM51% P ]

If the expression for the floating
velocity

Notation:
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g dppp m v
is used,then
2 3 d
f 18 n_, npl ”npl P

To facilitate the performance of
numerical calculations the following
definitions turn out to be usefull:
3mn - .d
A:————..—_plp,soA ::-g__
p mp p £

<

Numerical values for Ap based on molydenum are
given in table 3.

Table 3 : numerical values of Ap, Tmax and V.

ICLE A 1ip
for molybdenum and argon plasma.
dp Hm 10 30 50 30
A 5| s83g 649 233 72,1
P -4 -4 -4 -4
t S {2,13.10 5,62.10 9,12.10 17,58.10
max _,
V. ms 28,6 7,4 4,2 2,1
ip

Using the definition of Ap. the eguations (1-4)
can be written as follows:

Vo= oy, -A_ .t (1a}
hy vlp exp 0
vip
= 2B - - At (2a)
yp A I:‘i exp Ap ] a
p
v__=C |{1-exp -A EJ (3a)
pXx L p
-
Cc 1 —
= - = | 1= -A t (4a)
xp Ct A [ exp Ap J

p

A characteristic time for the trajectory of a
particle is the dwell time in the plasma:tpazy .

If t= tm it holds: x_ = L and for centerline
injection the y codrdiRate must satisfy:
D
yp =3
The equations (4a) and (2a) become:
L=Ct _ -= (4exp-~At ) (5)
- max A p max
P
D Vip
= = —= - - B
5 Ap (1—exp Aptmax (8)

The time tmax can be calculated from (5).Substi-
tution of t_ ., into equation (8) yields the
value of vijp . This vi, satisfies the require-
ment of centerline injection.

The results of the calculations for triax
Vip are summarized in table 3 and fig.4.

and

The trajectory of a particle in x-y coordinates
can be yielded from (2) and (4) if time is
eliminated




- -
ip

v, —A

| Vip " Tp

Ay
- B P (7)

Vip

X A
P_P = 1n

P e

C

With centerline injection there are two fixed
points of the trajectory:(xp.yp)= (0,0) and
[xp.yp) (L, 5 1.

Furthermore x, as a function of particle dia-
meter is calculated for y, =0,10; 0,2D; 0,30
and 0,40 respectively. See fig. 5.

In these calculations vig is chosen according
to fig.4.

The angle ¢ between trajectory and the center-

Tine of the plasma is determined by the velo-

cities v and v..,. For centerline injection
px p D

VIZ.xp = L and Yp = 5 holds:

T
tan ¢ = VEXJ (8)
px tmax
v v, exp -A_t
_El1 -de BT (9)
v, | C 1-exp -A
i pXJ tmax p max

Results are given in fig. B.

The velocity Vox of a particle leaving the

plasma is calculated with equation (3al). The

results are also given in fig. B.

The following concluding remarks can be made

now:

Fig. 4 : For centerline injection the injec-
tion velecity is strongly related to
the particle size. This holds espe-
cially for particles smaller than
50 um.

5 : If proper injection velocity accor-
ding to fig. 4 is applied, the tra-
jectories do not depent strongly on
the particle size. In the beginning
small particles show a slightly
greater (v~ 0,08 D)penetration depth
than large particles.

Ba : When applying centerline injection
the angle betwesen the trajectory and
the centerline of the plasma is
small. For the particle sizeorange
from 20 to 90 um holds: 1,78 < ¢ <
2,02°,

Bb : The velecity vpy 1s strongly depen-

dent of particle size.

Equation (2):

The penetration depth v, is propor-
tional to the injectdion impuls.mpvip
of the particle. For a fixed par-
ticle size, the dependance can be
reduced to the influence of the in-
jection velocity. In practice the
particles will have a relative broad

size range for commercial reasons.
For such a powder the injection im-
puls of the particular particles is
significant for the trajectories.

Summarizing: An injection system ought to be
supplied with an injection impuls
control which, in principle must
be independent of the powder gas
flow.

In the following section two systens which can

meet this requirement are briefly outlined.

4, INJECTION SYSTEMS

After calculating the theoretically required

injection velocities it is of interest how the

real injection velocities are related to the

minimum powder gas flow as given in fig. 4.

Beside the powder gas flow, the injection velo-

city of the powder will depend on size and

shape of the injection mouthpiece.

The injection velocities have been measured in

the following way. The mouthplece to be tested

is placed vertically thus allowing the powder
gas with powder to flow out freely.

The velocity and the vertically covered distan-

ce of the powder are given by the egquations:

= -8 g “At
vp A + [vip A ] exp Apa (10)
pa
y = - %__ t o+ A1 . -v, + Ag iRl 1—exp-A.a£
p oa . P Aol | pa”
(1)

At the moment that y. reaches the maximum
height, vp=0. So, for maximun yp Holds:

A a 2
exp 22 vip Apa
A = exp == Y pmax (12)
A
g P

From equation (12) the maximum value for vip
can be calculated when Yppax hes been measured,
Apa is defined by the expression
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.. d
A = air P ;5 numerical values for A
pa mp pa

based on Molybdenum and air have been listed in
table 4.

Table 4.: Numerical values of A__.

pa
d um 0 75 83 53 45
Ag ' |a,04 5,82 8,25 11,65 16,16

The variation in size and shape of the injec-
tion mouthpiece has been achieved by supplying
it with internal diameters of 2 and 3 mm and

a straight or (over 360°) curved shape.




The total length of the mouthpiece is constant:
120 mm.

Applying these 4 mouthpieces; Ypmax and vy

have been determined for the powder gas flow
5,4; 4,3; 3,8 and 3,0 N1/min.These quantities
represent the minimum gas flows according to
fig. 4 which are necessary for stable transport
of Molybdenum perticles with diameters up to
805 75; B3; 53 and 45 um respectively. The
powder gas flow of 5,4 1/min is applied more-
over for transport of all the above mentioned
size ranges.

To elucidate matters the measuring scheme for
the straight injection mouthpiece with 3 mm
diameter is given in table 5.

Table 5 : Measuring scheme for the determina-
tion of Ypmax (mm); straight injection mouth-
piece; 3 mm diameter.

d
P
'y MM\ g 75 B3 53 45
NI min
5,45 710 710 710 700 750
4,35 630
3,80 510
3,40 460
3,0 510

Fig. 7 shows the calculation results for Vip
based on the above described ypyayx Measure-
ments., From this figure it appears that the
measured values of Vip surpass considerably
the theoretically required values based on
centerline injection. Increasing the flow
resistagces of the mouthpiece,by introducing
the 380" winded one and lowering the powder
gas Tlow,are effective to diminish the discre-
pancies, especially so for small particles.
However reducing the powder gas flow, implies
also that coarse grains cannot be transported
as appears from fig. 4.

The proper guantity of powder gas, although
restricted to the minimum, still surpasses the
powder gas flow which is needed for centerline
injection. So, it is obvious to split up the
transport- and injection function of the pow-
der gas into two separately controllable func-
tions as has Qeen introduced in the new injec-
tion system I , schematically given in fig. 8.
This system comes to this, that the guantity
of powder gas, ¢v1' is reduced with an amount
¢y2s after the powder gas has fullfilled the
transport function and at the beginning of the
injection function. The gas flow ¢ is ad-
Justable,so that any gas flow ¢,,3 needed for

- the injection can be obtained. With this injec-

tion system a rotational symmetric spray jet
has been achieved.

+ patents pending.
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Another injection system II+ which also pro-
duces a rotationel symmetric spray jet is
sketched in fig. 9. In this system the powder
is feeded axially into the plasma via 4 or 8
bores annularly situated around the cathode
spot. Besides, the ring of bores has been
placed a few milimeters backwards of the ca-
thode spot. + patents pending.
The heart of this construction is represented
by the fact that powder trajectory and cathode
spot do not coincide. For that reason the pow-
der will not stick to the hot cathode as is
the case when a quite simple construction such
as acentral bore through the cathode is applied.
To overcome the counter pressure of the plasma
a slightly increased powder gas flow is neces-
sary for injection. So, problems with respect
to transport and injection gas flow as des-
cribed in the previous method do not exist.
However the system is not as versatile as
method I. Low melting point materials such as
Sn, cannot be handled with it and the anode
bore must be restricted to values from approxi-
mately 8 mm at the least.

5 SPRAY RESULTS, DISCUSSIOCN.
Some spray results are listed in table 8.

Table B: Some spray results.

spray .

System | 1 iy material
Spray 80 130 80 130 Mo
distance
mm
0, % 1,01 1,81 |0,82 1,59 |0,148

ong | 1-03 1.58 0,84 1,56 {0,142
welg 0,96 1,59 0,38 1,62 |0,147

1,0 1,80

Vickers microhardness H,75 at distance x
from substrate kgf mm™~ 2.

X um
20 424 488 | 413 642 275
50 | 424 827 | 424 519
80 386 673 | 370 560
110 363 657 | 473 812
140 383 627 | 429 B0B
170 417 503 | 354
200 363 525 | 424
230 3397 548 | 351
280 386 572 | 311
2390 424 827 | 376
320 333 538 | 336
350 405 612 | 383
380 357 437
410 413
Average 391 588 380 587
Heat (
content - 1200 - 11050
kd kg™




photographs of the spray jet, fig.10, show that
in these new systems the plasma and the par-
ticle jet coincide symmetrically.

goth injection systems lead to relatively low
oxygen contents of the deposits. There is an
increasing hardness with increasing spraying
distance, directly related to the oxygen con-
tent. This can be concluded from the microhard-
ness figures.

The deposits do not show coarse oxide inclu-
sions. So, in the absence of these material

and thermal barriers, adhesion to the substrate
and cohesion of the lamellae might be increased.
At this moment exact figures about the mechani-
cal properties are not yet available.

From microanalysis, fig. 14, it is clear that
the molybdenum is bounded to the substrate via
an intermetallic phase accompanied by diffu-
sion zones in both the Mo deposit and the Fe
substrate. The micro photographs, fig. 12,

show the structure of the deposit in both un-
etched and etched condition. Especially from
the unetched structure, shown with a small
magnification, an impression can be gathered
about the slight porosity of the deposits.

The etched structure shows good adhesion
between the separte lamellae.

As research is still in progress, full details
about the thermal analysis of the spray par-
ticles do not yet exist. Nevertheless a tentae-
tive conclusion can be drawn for a powerlevel
of approximately 12 kw over the electrodes

and a spray distance of 130 mm.

Conversing the heat contents of table B into
temperatures of the spray particles it appears
that, using system I, all particles can be
completely molten and even superheated
slightly.

When using system II, some particles will
remain just partly molten and superheating

will probably not occur at this powerlevel.
Among other things, the reasons for the dis-
crepancy in heat absorption of the particles

will be cleared up in progress of this re -
search.

8 CONCLUSION

Two powder injection systems for plasma spra-
ying have been worked out, which produce a
rotaticnal symmetric confined jet of particles.
Applying these systems to the spraying of
molybdenum, it appears that the oxygen content
and the porosity of the deposit can be restric-
ted and the homogenity can be improved con-
siderably without using high power levels.
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a. Microphotograph showing an intermetallic b. K -Fe line scan showing Fe concentration
layer in the adhesion zone, using injection across the adhesion zone.
system I

Pl 5 oot
a. Using system I, unetched, spraying distance b. Using system I, detail of 12a etched with
80 mm,oxygen content 0,9-1,1%. Murakami's reagent.

: - - TR : L 5" L - t\% Pt
c. Using system II, unetched, spraying distance d. Using system II, detail of 12 c etched with
80 mm, oxygen content 0,9-1,1% Murakami's reagent.

Frl(}ol:z Photomicrographs of the structure of Mo deposit
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