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Investigation of the Silicon Loss in APS MoSi2 Under the Range of
Typical Spray Conditions

Kendall J. Hollis, Los Alamos National Laboratories Richard A. Neiser, Sandia
National Laboratories Andrew H. Bartlett, Los Alamos National Richard G. Castro,
Los Alamos National Laboratories

Abstract

MoSi2 provides good high temperature oxidation and corrosion resistance. However, the
lower silicides such as Mo5Si3 do not provide such resistance. In this study, air plasma
sprayed (APS) M0S12 particle temperatures and velocities were measured under various
torch conditions chosen to span the majority of typically utilized spray parameters.
Empirical models of particle temperature and velocity were computed from the data.
Three spray conditions were chosen to produce high, medium and low particle
temperature and velocities. Coatings produced under these spray conditions were
characterized by profile tracing, quantitative x-ray diffraction, and SEM analysis. The
Mo5Si3 level in the coatings ranged from 5% to 8% while the Mo5Si3 level in the starting
powder was 0.6%. Particle size, particle trajectory, and torch parameters were found to
be important factors in the Si loss process when APS depositing MoSi2-

Introduction

MoSi2 has received considerable attention as an elevated temperature oxidation and
corrosion resistant material as a result of its unique combination of physical properties.
If sufficient oxygen is present at the free surface, MoSi2 oxidizes to S1O2 and
molybdenum oxide. The molybdenum oxide formed is volatilized at low temperatures
leaving a pure SiO2 protective layer on the MoSi2 free surface.[1,2] This adherent,
protective SiO2 layer is responsible for the excellent high temperature oxidation resistant
performance of MoSi2 materials by preventing the further oxidation of the underlying
MoSi2 matrix through the slowing of the diffusion of oxygen through the S1O2 layer.[3]
However, since the lower silicides of molybdenum (such as Mo5Si3) do not form
protective silica scales and oxidize rapidly [4], the presence of such phases is detrimental
to coating performance.

Much of the recent research on plasma-sprayed MoSi2 coatings has been
conducted using low pressure plasma spraying (LPPS). [5-8] This method has produced
MoSi2 coatings with high density, high hardness, and high fracture toughness. However,
for large area, low cost applications of MoSi2 and/or for in-situ repair of MoSi2 coatings,
LPPS is not possible because of the high cost and low flexibility of the method. For these
applications, atmospheric plasma spraying (APS) is a more appropriate choice of coating
deposition method.

The APS application of MoSi2 coatings carries its own challenges. The more
porous structure of APS coatings provides a path for corrosive products to infiltrate the



coatings thus creating the potential for premature coating failure. The porous structure
also results in inferior mechanical properties for the coating. Another potential failing of
APS M0S12 coatings is the loss of Si from the particles in flight or on the hot substrate
after being deposited. As indicated above, the lesser silicides such as Mo5Si3 are
undesirable constituents of the coating since they oxidize quickly at high temperatures
without forming SiO2. It is the loss of Si during spraying and the Mo5Si3 content in the
resultant coatings which is addressed in this paper.

In order to best understand the conditions responsible for Si loss during spraying
the temperature, velocity, trajectory, and size distribution of the particles in flight must
be measured. Such particle data under conditions which span the range of typical spray
parameters is beneficial for correlating to the Si lost during spray processing.
Additionally, an understanding of the effect of spray parameters on particle
characteristics for this particular material system will be beneficial for optimizing spray
conditions in both research and production environments.

Data Collection

The first stage in the investigation was to assess the effect of argon flow, helium
flow, and arc current on the temperature and velocity of the particles. Once this
parameter space mapping was completed, spray conditions were chosen to span the range
of particle temperatures and velocities. Coatings were produced under the extreme high
and low temperature and velocity conditions and also a medium condition. The sprayed
samples were used to evaluate the Si loss as a function of spray parameters.

The MoSi2 powder used in the study was supplied by Cerac Inc., and was given
the size classification of-200/+325 mesh (-75}xm/+45(im) by the manufacturer. A
particle size analysis which was performed on a Coulter LS-100 particle sizer revealed
that the actual mean particle size was 68p.m with 10 vol% greater than 100|im and 10
vol% finer than 40um. The fine particles extend all the way down to single micron sizes.
The broad particle size distribution presented some problems during spraying due to
clogging of the powder port on the torch by the small particles. Powder port enlargement
and periodic cleaning of the opening minimized any effect of port clogging on the
experimental results.

The powder was sprayed using a Miller Thermal SG-100 plasma spray torch in a
spray cell at Sandia National Laboratories. The torch used a model 730 anode, 720
cathode, and 112 gas injector. Particle velocity was measured using a laser 2-focus
velocimeter which detects the reflected laser pulses from a particle as it passes through
two parallel laser beams separated by a known distance. The time interval between the
first and second received reflected laser pulses along with the known distance between the
beams allows for the calculation of the particle velocity. See Ref. 9 for a more detailed
description of the velocimeter. The mean velocity for each position in the particle plume
was used as the velocity value reported. Particle temperatures were also measured in
flight. A 2-color, optical fiber linked pyrometer was used for measuring particle



temperatures. The pyrometer is a model IPP-2000 manufactured by Inflight, Idaho Falls,
ID. SeeRef. 10 for a more detailed description of the pyrometer. All particles passing
through a chord in the particle plume cross section are detected by the pyrometer. The
temperature values reported are thus a weighted average of the surface temperatures of all
of the particles sampled across the chord.

A design of experiment (DOE) study was performed in which particle
temperature and velocity were correlated to three torch parameters: arc current (500-
900A); argon primary arc gas flow (40-60 SLM); and helium secondary arc gas flow (0-20
SLM). The experiment was run as a 23 full factorial with a center point thus allowing an
assessment of all primary terms and interactions free from aliasing. The data points were
collected in random order and the center point was repeated three times throughout data
collection as a reproducibility check. The parameters for the experimental runs as well as
the particle temperature and velocity results are shown in Table 1. The particle
temperature and velocity data were collected 10cm downstream from the torch exit plane
and 0.9cm above the torch centerline at the approximate center of the particle plume.

Table 1. Experimental matrix and results for the DOE study.

Pattern
000
000
000
—
— +
-++
-+-
+--
+-+
++-
+++

Ar(SCFH)
50
50
50
40
40
40
40
60
60
60
60

He(SCFH)
10
10
10
0
0
20
20
0
0
20
20

Current
700
700
700,
500
900
900
500
500
900
500
900

T(K)
2516
2503
2492
2360
2479
2635
2468
2293
2497
2419
2637

V(nVs)
129
131
126
108
161
145
117
80
94
110
161

The results of the DOE study were used to choose three different processing
conditions for study of the effect of processing conditions on final coating composition.
The three conditions were chosen to span a broad range of particle temperatures and
velocities. Three sets of plasma spray parameters were chosen to give: high temperature
and high velocity; medium temperature and medium velocity; and low temperature and
low velocity. The parameters are shown in Table 2. Since the argon flow was shown to
have minimal effect on particle temperatures or velocities in the DOE study, the helium
flow and the current were varied to change the particle temperatures and velocities.

Table 2. Plasma spray conditions for the three conditions chosen for coating composition
analysis.

1 High T, High V Med. T, Med. V Low T, Low V



Argon flow (SLM)
Helium Flow (SLM)
Current (I)
Voltage (V)

50
20
900
38

50
10
700
34

50
0
500
29

The mean particle velocities as a function of distance downstream for the high,
medium, and low spray parameters are shown in Fig. 1. Each of the velocity profiles
shows a slight increase in particle velocity from x=4cm to about x=6cm. This shows the
end of the particle acceleration region. From about x=6cm or x=7cm to x=10cm the
particle velocities drop off due to the frictional drag effects of the particles interacting
with the slower moving surrounding atmosphere. At x=10cm, the high spray parameters
give a mean particle velocity of 161m/s, the medium parameters give 136m/s, and the low
parameters give 105m/s.
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Figure 1. Mean particle velocities as a function of distance from the torch exit plane for
the high, medium, and low spray parameters.

The particle surface temperatures as a function of distance downstream for the
high, medium, and low spray parameters are shown in Fig. 2. The temperatures drop off
after x=4cm or 5cm and continue to fall to x=10cm. The particle temperatures appear to
be asymptotically approaching the melting temperature of MoSi2 which is 2300K. This
is a reasonable result as the particles are expected to stay close to the melting point for
some time as the heat of solidification is released to the atmosphere. The thermal
histories of the particles at the three conditions differ greatly. The maximum indicated
particle temperature for the high parameter particles is 3358K, for the medium parameter
particles is 2940K, and for the low parameter particles is 2456K. At x=10cm the



temperature for the high parameter particles is 248IK, for the medium parameter particles
is 2370K, and for the low parameter particles it is 2336K.

2200
10 11

Figure 2. Particle surface temperatures as a function of distance from the torch exit plane
for the high, medium, and low spray parameters.

A scan of particle temperatures and velocities in the radial direction at x=10cm
was collected to characterize radial variations in the particle characteristics. The data
collected is shown in Fig. 3. The particle surface temperatures appear to be quite
invariant to radial position at x=10cm. However, particle velocities show a noticeable
trend of decreasing velocity with increasing distance from the torch center line (larger y-
values).
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Figure 3. Particle surface temperatures and particle velocities as a function of radial
plume position at x=10cm.

Samples were sprayed onto grit blasted stainless steel substrates at the high,
medium, and low torch parameter settings. For all three conditions the substrate standoff
distance was fixed at 10cm and the powder injection gas (Ar) flow rate set at 2.0 SLM.
The powder injection hole in the anode was opened to 2.4mm diameter to minimize torch
clogging. The torch was moved horizontally across the substrates with no vertical
translation. The samples produced under the medium and low conditions had 60 torch
passes while the samples produced under the high conditions had 40 passes.

The profile of the sprayed deposits was measured for each of the three samples
and is shown in Fig. 4. The medium conditions deposit is thicker than the low conditions
deposit indicating a higher deposition efficiency. Since the high conditions deposit had
fewer passes it is difficult to gage its deposition efficiency but it looks similar to that of
the medium conditions. The deposit peak is displaced different distances from the center
line of the torch for each of the three spray conditions. For the high conditions the
deposit peak is at 5.3mm, for the medium the peak is at 7.3mm, and for the low the peak
is at 8.8mm.
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Figure 4. Thickness profiles of the coatings sprayed under the three conditions.

The three sprayed samples and the starting powder were characterized by
quantitative x-ray diffraction to identify the amount of MoSi2 and Mo5Si3 in each of the
samples. In the as sprayed condition, there was a significant amount of the meta-stable
hexagonal MoSi2 phase present in each of the sprayed samples. A heat treatment in an
Ar-H2 atmosphere at 840°C for 16 hours transformed all but a small portion of the
hexagonal phase to the stable tetragonal MoSi2 phase with minimal effect on the amount
of Mo5Si3 in the coatings. This allowed for more of the Mo5Si3 x-ray diffraction lines to
be observed in the scans. The x-ray data were collected using a Scintag Inc. XDS 2000
diffractometer. The scan went from 29 = 20° to 29 = 50° at a scan rate of 0.17minute.
Cu Ka x-rays were used with an acceleration voltage of 45kV and a current of 40mA.
The samples were spun while the diffraction data was being collected. Each of the
diffraction lines was background corrected and fit with a Pearson VII distribution shape.
The area of the fitted diffraction lines was calculated for quantitative analysis of the
phases present.

SEM backscattered electron images of the coatings and starting powder were taken
to identify the various phases based on their molecular weight. The images were
produced on a JEOL 6300 high resolution SEM. The starting powder was mostly MoSi2

with just a trace of Mo5Si3 observed. A representative backscattered electron image of
the coating is shown in Fig. 5. The dark areas are porosity (or pull outs from
metallographic preparation) the dark gray areas are MoSi2 and the light areas are Mo5Si3.



Figure 5. Backscattered SEM image of APS MoSi2 coating.

Results and Discussion

A statistical analysis of the results of the DOE allowed for the construction of
empirical models to represent the dependence of particle velocities and temperatures on
the argon flow, helium flow, and arc current. The particle temperature model had two
terms significant to a 98% confidence interval. These significant terms are the helium
flow rate and the current. The model gave a very good fit to the data. Good
reproducibility of the center point data was also observed. The model is shown below in
eq. 1

T(K) = 2482+6.625(He-10)+0.4425(I-700) (1)

where T(K) is the particle surface temperature in degrees Kelvin, He is the helium flow
rate in SLM, and I is the arc current in amps. The model is valid for the range of
parameters shown in Table 1. The model indicates that increasing the helium gas flow or
increasing the current will increase the surface temperature of the particles. Fig. 6 shows
the experimental data points along with the model predictions.
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Fig. 6. Experimental and empirical model particle temperatures from the DOE study.

The particle velocity model had four terms significant to a 98% coincidence
interval. These significant terms are the argon flow rate, the helium flow rate, the current,
and the argon*helium flow rate interaction term. This model also gave a very good fit to
the data along with good reproducibility of the center point data. The model is shown
below in eq. 2

V(m/sec) = 123.8-1.075(Ar-50)+1.125(He-10)+0.09125(I-700)
+0.13(Ar-50)(He-10)

(2)

where V(m/sec) is the particle velocity in meters per second, Ar is the argon flow rate in
SLM, He is the helium flow rate in SLM, and I is the current in amps. The model is valid
for the range of parameters shown in Table 1. The model indicates that an increase in
current produces an increase in particle velocity. In addition, the argon*helium flow rate
interaction term indicates that for low argon flow rates an increase in helium causes a
slight decrease in particle velocity. At high argon flow rates an increase in helium causes a
large increase in particle velocity. At low helium flow an increase in argon flow causes a
large decrease in velocity while at high helium flow an increase in argon flow produces a
slight increase in velocity. The particle velocity when both argon and helium flows are
low is essentially the same for when both flows are high. Fig. 7 shows the experimental
data points along with the model predictions.
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Fig. 7. Experimental and empirical model particle velocity values from the DOE study.

The results of the DOE study provide a road map for exploring torch parameter
space which gives the particle temperatures and velocities as a function of argon flow,
helium flow, and arc current. This will provide useful information while performing
parameter development studies for new powder sizes or spraying onto new substrate
materials. For example, if insufficient melting of particles is observed in coatings, the
empirical temperature model can be used to choose new spray parameters which give
higher particle temperatures. Additionally, if processing conditions (particle temperature,
size, and velocity) can be correlated to coating properties, then the torch parameters can
be chosen to give the necessary processing conditions to yield the desired coating
properties.

The variation in particle velocity in the radial scan of the plume (see Fig. 3) can be
understood in terms of particle size segregation by momentum vector addition. The
particles enter the torch throat perpendicular to the plasma flow direction. The particles
have various sizes but similar velocities as they are fed into the torch since they have
traveled through the long powder feed tube and approach an equilibrium velocity. As the
particles enter the plasma plume they are imparted an impulse in the direction of the
plasma flow. The vectoral addition of momenta yields a final velocity in a direction
mostly in the direction of the plasma but slightly in the direction of the original particle
velocity. The greater the initial particle momentum (greater particle mass in this case as
the velocities are similar) the more the particle passes above the torch center line as it
travels down stream (since the particles are injected into the bottom of the torch throat).
Thus, smaller particles travel closer to the torch centerline than do the larger particles.
Since the smaller particles have a larger surface area to mass ratio, they accelerate more



quickly than larger particles and therefore reach higher velocities. Fig. 3 shows the
expected trend of the smaller particles near the torch center line exhibiting higher velocities
and larger particles farther from the torch center line exhibiting lower velocities. In the
raw data a bi-modal distribution of particle velocities is seen close to the torch centerline.
The lower velocities are due to the larger particles and the higher velocities are from the
smaller particles. Farther away from the centerline the high velocity portion is not
observed since the small particles are concentrated closer to the center line.

The x-ray data collected and fit to the Pearson VII distribution was used for
quantitative analysis to determine the amount of MoSi2 and Mo5Si3 present in the starting
powder and each of the three sprayed samples. The "R" value constant for each material
was calculated using the Lorentz polarization factor, the multiplicity factor, and the
structure factor. See Ref. 11 for description of quantitative x-ray analysis using R factors.
In order to minimize the effect of sample texture, several diffraction lines were used for
each phase present. The strongest lines in the heat treated samples were from tetragonal
MoSi2 with small amounts of Mo5Si3 also present. There was also a trace of hexagonal
MoSi2 which was not transformed in the heat treatment process. This trace amount of
the hexagonal material was disregarded for purposes of the quantitative analysis. The
tetragonal MoSi2 lines used for the analysis were the (002), (101), (110), (103), and the
(112). The Mo5Si3 lines used were the (321), (420), and the (411). The integrated
intensities and R values for the lines from each material were added together to improve
the signal to noise ratio and to decrease texture effects. The calculated compositions for
the starting powder and the three sprayed samples are shown in Table 3. The sample
sprayed under the low spray conditions was found to contain the most Mo5Si3 while the
sample sprayed under the high conditions was found to contain the least Mo5Si3. All of
the sprayed samples showed an appreciable loss of Si compared to the starting powder.
The error in the composition calculations arises from the trace amount of hexagonal MoSi2

remaining in the coatings and from errors in estimating the x-ray background and the line
shapes. These errors may affect the absolute value of the Mo5Si3 composition of the
coatings but will not change the trend of decreasing Mo5Si3 as the spray conditions go
from low to high.

Table 3. Results

MoSi2 content
Mo5Si3 content

of quantitative
Low cond.
92.3%
7.7%

x-ray analysis.
Medium Cond.
94.4%
5.9%

High Cond.
95.2%
4.8%

Starting Powder
99.4%
0.6%

The SEM backscattered electron image in Fig. 5 shows the arrangement of the
Mo5Si3 in the coating. The percent of Mo5Si3 observed appears to fall in the range of 1%-
10% in agreement with the x-ray results. In nearly all cases where Mo5Si3 was observed,
the particles were entirely Mo5Si3 rather than a mix of MosSi3 and MoSi2. This indicates
that the particles which tend to lose Si are depleted to fully Mo5Si3. This can be seen by
the round and flattened light shaded particles in Fig. 5. An exception to this is shown on



the left side of Fig. 5. Here a round particle about 5fim in diameter has an outer shell of
MosSij with an inner core of MoSi2. This indicates that this particle has lost Si from its
outer shell but the reaction did not continue long enough for all of the M0S12 to be
converted to M05S13. Another interesting observation seen throughout the three coatings
is that the Mo5Si3 particles are almost exclusively l-4p.m in diameter in either the round
shape or a flattened shape which would result from a like sized particle. The larger size
of the partially reacted particle seems to point to a threshold particle size for Si loss
under the spray conditions investigated. Also confirming this particle size effect is the
lack of M05S13 observed in larger particles in the coating regardless of whether the
particles were molten on impact or not.

The above observations point to a condition for Si loss in APS MoSi2 particles.
The fact that the high conditions produce coatings with the least Mo5Si3 may at first be
counter intuitive. However, the particle temperature and velocity values reported here
correspond to averages for all particles. It is only the smallest particles, though, which
contain Mo5Si3. Therefore, it is the temperature-velocity history of the small particles
only which must be considered to understand the formation of Mo5Si3. The small
particles have a large surface to volume ratio which allows for rapid heating and cooling.
Very high temperatures can be reached if the particles travel through the hot center
portion of the plasma. In all three spray conditions the particles segregate in size upon
injection into the plasma due to momentum addition. The plasma has less momentum in
the low conditions and therefore the particles pass farther above the torch center line as is
shown in Fig. 4. Near the torch exit where the plasma is hottest, the small particles
penetrate into the hot part of the plasma more in the low conditions than in the high
conditions. Thus, even though the plasma is hotter in the high conditions, the small
particles can become hotter under the low conditions because of better penetration into
the plasma. Therefore, when very high temperatures are needed to cause reactions in
particles such as is needed for Si loss, the size of the particles, the trajectory of the
particles, and the plasma spraying conditions need to be considered to optimize the
deposit.

Conclusions

The following conclusions resulted from the investigation described here.

1. A DOE study which assessed the effect of argon flow, helium flow, and arc current on
particle temperatures and velocities in flight was performed. The results of the statistical
analysis of the DOE data provided empirical models for particle temperature and
velocity. The range of typical torch parameters investigated gave particle temperatures
between 2293K and 2637K and particle velocities between 80m/s and 161m/s 10cm from
the torch exit plane.



2. Silicon loss occurs during the spray deposition process as evidenced by the increase in
M05S13 from the starting powder to the coatings. Mo5Si3 content was calculated to be 4%
to 9% in the coatings and 0.6% in the starting powder by quantitative x-ray analysis. The
samples sprayed under the low spray conditions showed the highest Mo5Si3 content. The
Mo5Si3 particle were observed to be in the I-4(im size range by SEM backscattered
electron analysis. The trends observed can be explained by the trajectory of the small
particles which penetrate to hotter parts of the plume in the low conditions due to lower
impulse from the plasma.

3. It is likely that the amount of Mo5Si3 in the coatings can be decreased. One way of
accomplishing this would be to eliminate the fine particles from the feed powder.
Another way would to more carefully match the powder injection gas flow to the plasma
condition to ensure large particle penetration into the hot part of the plasma but prevent
small particle penetration.
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