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Splashing and redeposition of droplets occur during thermal spray processing, which affects the coating
porosity and morphology. Therefore, this phenomenon is important from a practical point of view such as
corrosion. Particle interaction with substrate is a function of the particle velocity, viscosity, temperature,
as well as the substrate temperature, chemistry, roughness, and geometry. In the present study, the
splashing phenomenon was studied on CrC-NiCr and stainless steel materials deposited using the high
velocity oxygen fuel process. The effect of particle splashing on the coating microstructure was inves-
tigated with respect to the corrosion properties. Particle behavior during impact was explained based on
in-flight particle velocity and temperature measurements. It was found that the conditions that favor
particle splashing promote occurrence of localized porosity. The localized porosity was a strong function
of the substrate curvature and originated from the substrate asperities.

Keywords cermet coatings, corrosion, HVOF microstruc-
tures, HVOF spray parameters

1. Introduction

HVOF technology is used to deposit coatings for wear
and corrosion protection due to its ability to form a dense
deposit compared to other processes in ambient atmo-
sphere (Ref 1). HVOF coatings are used as replacement of
hexavalent chromium on hydraulic cylinders such as
actuators and struts (Ref 2) or printing rolls (Ref 3). Due
to the complex nature and many varieties of wear, there
may (Ref 4) or may not (Ref 5) be a clear correlation
between the hardness and the wear resistance under par-
ticular service conditions. However, generally coating
porosity decreases the hardness and the elastic modulus
(Ref 4, 6, 7). Coating density is also important for the
corrosion protection especially if the coating is cathodic
with respect to the substrate (Ref 8, 9). Open porosity in
the coating allows the electrolyte to penetrate to the
anodic substrate that would be attacked by localized gal-
vanic corrosion.

Typically coating porosity decreases and hardness
increases with increasing particle velocity (Ref 5, 10) due
to a stronger peening effect. However, high particle
velocity may also be associated with higher degree of
particle splashing that has detrimental effect on coating

density and adhesion (Ref 11). Localized porosity and
high oxide content can be formed due to redeposition of
splashed metallic particles. Redeposition of splashed par-
ticles on walls of a deep notch was observed during wire
arc spray deposition (Ref 12). It was also shown that the
substrate geometry affects the flow of impacting and
splashed particles. Buildup of splashed particles around
perturbations on otherwise smooth surfaces was observed
under plasma spray conditions (Ref 13).

A significant amount of research has been dedicated
to investigation of the splashing phenomena. Impact
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splashing of liquid droplets is governed by Sommerfeld
parameter (Ref 14):

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

We �
ffiffiffiffiffiffi

Re
pq

¼ ðq � d0Þ
3
4 � V5

4

r
1
2 � l1

4

ðEq 1Þ

where We, Re, q, d0, V, r, and l are the Weber number,
Reynolds number, particle density, the initial diameter,
the particle velocity, the surface tension of the air-liquid
interface, and the viscosity. Increasing the Sommerfeld
parameter increases the tendency for particle splashing.
Higher kinetic energy results in a stronger tendency to
splashing. On the other hand, viscosity dissipates the
kinetic energy on impact and together with surface tension
act against particle splashing. Rayleigh-Taylor instability of
a fluid accelerating into a denser fluid has been suggested as
a possible mechanism of splat ‘‘fingering’’ (Ref 15).

Particle splashing is influenced not only by the in-flight
particle properties prior to impact but also other factors
such as substrate wetting by the particle material, sub-
strate roughness, adsorption of gases and condensation on
the substrate, particle solidification or even localized
substrate melting (Ref 16). Splashing that occurs due to
interaction with the substrate during splat formation is
termed flattening splashing in (Ref 17).

For example, splashing can be suppressed if the sub-
strate temperature, Ts, is higher than a transition tem-
perature, Tt (Ref 18). Transition temperature increases
with increasing the substrate thermal conductivity
(Ref 19). Smaller grains were observed at the bottom of
the central part of splashed Ni splats deposited on a sub-
strate below Tt compared to disk-shaped splats deposited
at temperatures over Tt (Ref 19), which indicated higher
cooling rate occurred at the bottom of the splats splashed
on the substrate at low temperature. On the other hand,
the splashed splats deposited at temperatures below Tt

exhibit porous microstructure at the interface with the
substrate that effectively forms a thermal barrier against
cooling of the rest of the solidifying particle (Ref 20).
Direct time-resolved observation of plasma-sprayed zir-
conia particle temperature after impact (Ref 21) showed
that the cooling rate of disk-shaped splats, deposited on
substrates at Ts > Tt, is significantly higher than the
cooling rate of splashing splats deposited on substrates at
Ts < Tt. Higher splat cooling rate at Ts > Tt occurred
due to better wetting between the particles and the
substrate (Ref 22). Larger grains within copper splats were
observed when Ts < Tt due to slower solidification that
resulted from increased thermal resistance at the splat-
substrate interface. Increase of the transition temperature
with increasing the substrate thermal conductivity
(Ref 18), which makes splashing easier to occur, is
therefore not related to an increase of the splat overall
cooling rate but promotes faster solidification at the splat-
substrate interface. Faster solidification at the interface
may increase the amount of pores that, in turn, slow down
solidification of the rest of the particle.

Flow instabilities that result in particle splashing may
also be caused by surface asperities (Ref 19) or by solidifi-
cation of a part of the particle before splat formation is

finished (Ref 21). A model of splat splashing has been
suggested (Ref 19) that is consistent with the experimental
observations. In the model, a thin porous layer of solidified
material is formed at the bottom of the central part of a splat
that impedes the particle cooling and liquid flow. The liquid
on top of the thin solid layer is then ejected further away
from the splat center. Under non-splashing conditions,
improved wetting between the particle and the substrate
promotes efficient dissipation of kinetic energy by viscosity
and the solidification occurs more uniformly (Ref 19).

A modified Sommerfeld parameter has been proposed
that is based on the splat flattening velocity and the splat
thickness rather than on the in-flight particle velocity and
diameter (Ref 17, 23):

Kf ¼ 0:5 � a1:25Re�0:3K ðEq 2Þ

where K is the Sommerfeld parameter based on the par-
ticle impact velocity and diameter prior to flattening (1)
and a relates the impact velocity V to the maximum flat-
tening velocity Vf:

Vf ¼ aV ðEq 3Þ
The modified criterion for splashing includes the effect of
substrate temperature and the critical value was estimated
from measurements of free falling nickel droplets (Ref 23)
to be about 6. However, the ratio of the flattening and the
impact velocities a has to be determined experimentally.

Other factors of practical importance that affect parti-
cle splashing include substrate roughness, oxidation,
adsorbed gases, and impact angle. Although splats are
more distorted when impacting on rough surfaces and the
flattening ratio tends to be lower (Ref 21), roughness is
typically needed to achieve sufficient coating adhesion
(Ref 24). Splat cooling rate is controlled, among other
factors, by its thickness; therefore, the observation of
smaller flattening ratio is consistent with increasing cool-
ing time of molybdenum particles when increasing
roughness of glass or molybdenum substrates (Ref 25). It
has been shown that the average cooling rate of molyb-
denum particles as a function of substrate roughness has a
minimum and the cooling rate increases above this mini-
mum due to a larger effective contact area (Ref 26).
Excessive substrate oxidation has impact on wetting
properties of the substrate and can cause splashing even if
Ts > Tt (Ref 21). However, some results indicate that
preheating at Ts > Tt forms a few nanometers thick oxide
layer, which improves the surface wettability due to an
increase in surface profile skewness at the nanometer scale
(Ref 27). Other results suggest that the wetting behavior is
modified also due to changes in nanometer-scale surface
roughness induced by heating in the absence of oxidation
(Ref 28). Ambient pressure has a strong effect on Tt and
particle splashing can be suppressed at low pressures
(Ref 20). There is a significant amount of evidence that the
particle splashing is at least partially caused by gases/
vapor adsorbed or condensed on the substrate surface
(Ref 27-29).

Plasma sprayed particles have probably been studied
most extensively with respect to the splashing behavior;

842—Volume 19(5) September 2010 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



however, the splashing phenomenon is relevant also for
other types of coating techniques. The substrate temper-
ature has been found to be a strong factor in particle
splashing under wire arc spray conditions (Ref 30). In both
plasma and arc spray, most particles are fully molten prior
to impact whereas the HVOF particles are frequently only
partially molten or even solid (Ref 31). Under HVOF or
high velocity air-fuel spray (HVAF) conditions, partially
molten or softened particles are plastically deformed and
the kinetic energy is converted into additional heat.
HVOF and HVAF sprayed particles can undergo splash-
ing similar to the plasma sprayed particles (Ref 32).
Although the HVOF splat formation cannot be described
exactly in the same fashion as the plasma splats, the
relation of the splashing tendency to the particle velocity
and viscosity (2) might be similar. Analysis of the splash-
ing phenomenon is further complicated if heterogeneous
particles such as CrC-NiCr cermets are used. In the
present study, no attempt was made to analyze the event
of an individual particle splashing but rather the effect of
splashing on the coating microstructure was studied from a
practical point of view.

Since previous experiments indicated that the trajec-
tory of splashed particles might be affected by the size or
geometry of the substrate, flat and cylindrical specimens
were used in the present study to investigate the effect of
the surface curvature. This effect is practically important;
for example a strut of a large mining truck is about
400 mm in diameter, which is significantly less curved
surface than hydraulic cylinders for small actuators that
may be only about 40 mm in diameter. In addition to the
effect of splashed particles, off-angle spraying may lower
the coating hardness and increase porosity (Ref 33, 34). In
the present study, the deviation of a particle trajectory
from the surface normal due to the curvature would not
exceed about 13 degrees since the particle stream width
was small, about 20 mm, compared to the cylinder diam-
eter, 90 mm. Therefore, the effect of the particle impact
angle on the coating porosity was considered negligible.
During coating deposition, cylindrical parts are typically
rotated about the axis and the thermal spray torch tra-
verses along the axis. Since the particle velocity is at least
two orders of magnitude higher than the velocity of the
surface with respect to the torch, the rotation effect on the
resultant particle velocity relative to the substrate and
the impact angle is negligible.

Equivalence ratio U (the ratio of the actual fuel to
oxygen ratio and the stoichiometric ratio) and the
standoff distance were other parameters in the present
study since they significantly influence the in-flight par-
ticle temperature and velocity. Although no direct
observation of particle splashing was performed, micro-
scopic observation of splashed or fragmented particles
deposited within coatings or on polished steel substrates
provided a link between the coating properties and par-
ticle splashing behavior. HVOF coatings are frequently
applied on steel components that have been heat-treated;
therefore, it was not practical to investigate the effect of
Tt on the coatings microstructure since high temperature
would excessively temper the steel.

2. Experimental Procedures

Spray-dried sintered CrC-NiCr (Sulzer Metco WOKA
GmbH, Barchfeld, Germany) and water atomized 316L
stainless steel (Hoeganaes, Cinnaminson, NJ) powders
were deposited using a JP 5000 kerosene fueled torch
(Praxair Surface Technologies TAFA Incorporated,
Concord, NH, USA). Particle velocity and temperature
were measured using the Accuraspray instrument (Tecnar,
St. Bruno, Canada), which uses cross-correlation of two
intensity signals to measure the particle velocity and two-
color pyrometry to measure the temperature (Ref 35).

The coatings were deposited low carbon steel sub-
strates that were either flat plates (F), 203 by 102 mm, or
cylinders (C) 305 mm long and 90 mm in diameter. All
specimens were grit-blasted prior to coating deposition
and the substrate roughness was approximately Ra = 8 lm.
During coating, the cylinders were rotated at 213 RPM
and the torch was moved along the axis using a robot at a
speed of 21.3 mm/s. The torch was aligned perpendicular
to the cylinder surface using a laser pointer. To coat the
plates, the torch was moved in a raster pattern with tra-
verse speed of 1000 mm, i.e., speed equivalent to the
cylinder surface speed relative to the torch, and the raster
step was 6 mm, which was the same distance that the torch
footprint travelled on the cylinders during a single revo-
lution. Substrates were not preheated prior to deposition
and air-cooling was used such that Ts did not exceed
150 �C. Powder feedstock was injected radially at two
locations 180� apart immediately before a 101.6 mm long
straight barrel. Each injector was fed from a separate
powder feeder and the total feedrate was 96 g/min.

The experimental factors and their levels are listed in
Table 1 and 2. For deposition of the CrC-NiCr, two gas
flow settings were selected such that the average particle
speeds at a given standoff distance were approximately the
same and the equivalence ratio was either low or high,
Table 2. The maximum flame temperature at a given
pressure would occur at an equivalence ratio higher than
one due to dissociation (Ref 36). The total mass flow of
oxygen and kerosene had to be set higher for the lower
equivalence ratio to reach the same velocity, which is
consistent with the particle temperature and velocity
measurements for the conditions T3 and T6 in (Ref 5).
The average particle velocity decreases as a function of
the standoff distance (SOD) and the average particle
temperature follows the opposite trend, Fig. 1. Note that
the lengths of the error bars in Fig. 1 are twice the stan-
dard deviation estimated from approximately 130 indi-
vidual measurements. The error bars for the velocity

Table 1 Experimental conditions for CrC-NiCr
deposition

Factors levels SOD, mm
Equiv.
ratio U

Substr. radius,
mm

Low 279 0.99 45 (C)
Med 305 … …
High 330 1.16 ¥ (F)
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measurements are smaller than the data point symbols.
Each individual measurement lasted about one-second
and its value represented the average of all particles that
contributed to the detected signal. The in-flight tempera-
ture measurements indicated a lower particle temperature
at a higher equivalence ratio, which contradicted the
expectation of a higher flame temperature.

Processing of the 316L stainless material was limited to
only one parameter, Table 2, since other parameters that
were tested resulted in a rapid buildup of the coating
material on the inside diameter of the torch barrel. The
buildup disturbed the gas flow and caused a drop in the
particle velocity that was typically detected by the in-flight
diagnostic equipment even before a visible change in the
plume occurred. The buildup is frequently caused by
excessive amount of fine particles in the feedstock;
therefore, the 316L material was screened to remove
particles less than 20 lm in diameter. The 316L material
was deposited at 305, 330, and 356 mm standoff.

Cross sections of coating specimens were polished
using diamond abrasives. Microstructure of the cross
sections was examined with respect to redeposition of
splashed particles. Additionally, splashed particles were
collected on polished steel plates, 20 by 80 mm that were
placed close to the spot where the HVOF plume impinged
on planar or cylindrical grit-blasted surfaces. The center-
line of the HVOF plume passed close to the plates at a
speed of 1000 mm/s parallel to their planes and at a dis-
tance of 12 mm above the polished surface, Fig. 2. Laser
pointer aligned with the HVOF plume was used to align
the path of the torch, attached to a robot, with the pol-
ished plates and the grit-blasted substrates. The plates

were perpendicular to the substrate plane or to the
tangent at the point of impact. Three cases were exam-
ined; (a) stationary plate, (b) stationary cylinder, and
(c) rotating cylinder. Note that the edge of the polished
plate did not make contact with the surface of the rotating
cylinder and the edge was about 1 mm away from its
surface; therefore, the particles splashed at an angle di-
rected immediately above the substrate surface could be
collected only in the cases of the stationary cylinder and
the plate.

Hardness and elastic modulus were measured using a
MHT depth-sensitive indentation instrument (CSEM,
Neufchatel, Switzerland) and a computerized AMH43
microhardness tester (LECO, St. Joseph, MI) that uses
optical measurement of the indent size. All hardness
measurements were performed at 300 g load and the
indents were placed in an equidistant array with 100 lm
spacing. The mechanical properties in some areas of
interest were mapped in arrays using equidistant spacing
of 62 lm. The spacing was selected such that the diagonal
of an indent that was representative of the average coating
hardness would be about 2.5 times smaller than the array
spacing, a practice described in the ASTM standard E 92
for testing of metallic materials. However, some indents,
especially in the porous areas, were as large as about 50%
of the array spacing. Therefore, the shorter spacing may
have had effect on some indentations; nevertheless, the
shorter spacing was used since the purpose of the mapping
was to document only the relative variation of mechanical
properties within the microstructure and not to obtain a
certified hardness value. Using lower load, on the other
hand, would result in smaller indents so the spacing would
have less effect on the measurement; however, small
indents within the heterogeneous coating structure would
be more difficult to measure and the measurements would
be more affected if indentations coincide with pores.

Table 2 Oxygen and fuel flow details

K1 flow,
lph

O2 flow,
slpm

Equiv.
ratio U

Mass flow,
g/min

Carrier gas (N2)
flow, slpm

CrC-NiCr 27.3 806 1.16 1524 6.1
24.8 860 0.99 1567 6.1

316L 23.2 806 0.99 1468 7.0

Fig. 1 Particle velocity and temperature data for the CrC-NiCr
powder 15-75 lm particle size

Fig. 2 Perpendicular polished plates used to collect splashed
particles; the setup schematics and images of the surfaces after
exposure to splashing particles: (a) plate, (b) stationary cylinder,
(c) rotating cylinder (the plate edge ~0.5 mm from the surface)
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The load-displacement curve can be analyzed to esti-
mate the indenter contact area, which together with the
initial unloading contact stiffness yields the elastic modu-
lus (Ref 37). In the present study, the elastic modulus was
estimated based on the stiffness and the contact area that
was measured optically using the AMH43 hardness tester.

The corrosion resistance of the coatings was qualita-
tively compared by the amount of red rust on the surface
after a continuous exposure to a salt fog (ASTM B117).
The coatings were tested in the as-sprayed condition.

3. The Effect of the Process Parameters
on the Coating Surface Morphology,
Microstructure, and Deposition
Efficiency

Macro roughness features—speckles—were formed
when parameters associated with higher particle velocities
and higher equivalence ratios were used. The particle
velocity was a strong function of the standoff distance over
the 51 mm range. Under the high equivalence ratio con-
dition, Table 1, the speckles formed on CrC-NiCr coatings
extensively at 279 mm standoff. A representative sample
of such coating surface, Fig. 3a, was recorded using a
digital microscope, VHX-600 (Keyence, Osaka, Japan),
capable of digital depth composition. The effect was less
obvious at 305 mm and completely disappeared at
330 mm, Fig. 3(b) and (c). No macro roughness features

were formed under the low equivalence ratio condition at
all standoff distances. Similar speckles were formed on
316L coatings at 305 and 330 mm standoff and the effect
disappeared at 356 mm standoff, Fig. 3(d).

The speckles, having a highly porous microstructure,
appeared to grow during the coating deposition in a con-
ical shape that often originated at a substrate protrusion,
Fig. 4(a). The speckle microstructure consisted of small
highly oxidized particles, Fig. 4(b); the rest of the coating
was built up by relatively larger splats with oxides at the
splat boundaries, Fig. 5. The excessive oxidation likely
occurred after splashing due to high specific surface area
of the small particles. Under conditions that did not favor
the speckle growth, porosity could be formed at a pro-
trusion initially; however, at a later stage a typical coating
morphology with no macro roughness features covered
the defective microstructure, Fig. 6(a). The porosity on
the side of a protrusion under non-speckle conditions,
Fig. 6(b), is similar to the porosity of a macro speckle,
Fig. 4(b) except the effect that formed the excessive
porosity faded soon. The oxidized particles that formed
the porous microstructure were similar to the splashed
particles deposited on polished steel plates, Fig. 7.

The amount of particles splashed from the flat grit-
blasted substrate and deposited on the polished plate
decreased with increasing the splashing angle a, Fig. 2(a),
i.e., with increasing distance from the surface, Fig. 7. The
splashing patterns from the rotating and stationary cylin-
ders were both moved toward the substrates, Fig. 2(b) and
(c); however, the overall amount of redeposited particles

Fig. 3 The effect of standoff distance on the CrC-Ni coating surface profile (a) 279 mm, (b) 305 mm, (c) 330 mm, and (d) density of
speckles with height over 100 lm

Journal of Thermal Spray Technology Volume 19(5) September 2010—845

P
e
e
r

R
e
v
ie

w
e
d



appeared to be similar among the three configurations.
There were splashed particles deposited below the tangent
of the stationary cylinder; however, the amount of spla-
shed particle decreased closer to the substrate, Fig. 7. The
polished plate used to collect splashed particles from
the rotating cylinder did not cover most of the zone under
the tangent since the plate had to be set back to avoid
contact with the rotating surface.

The deposition efficiency (DE) was higher when the
higher equivalence ratio was used, Fig. 8, which would be
typically expected since the adiabatic flame temperature is
higher. Note that the error bars represent uncertainty
estimates that were calculated from the uncertainties of
measurement of the quantities that were used to calculate
the deposition efficiency, i.e., the target weight, dimen-
sions, and the powder feed rate. The standard deviation of
the powder feed rate was determined in a separate
experiment by recording the powder hopper weight and
the time. The DE increased with decreasing standoff dis-
tance under the high equivalence ratio condition, which

Fig. 4 An optical micrograph of the cross section of a CrC-Ni
HVOF coating; (a) a porosity speckle emanating from a substrate
protrusion, (b) detail of the particles deposited on the protrusion
side

Fig. 5 An optical micrograph of a typical HVOF CrC-Ni
HVOF coating morphology observed outside the areas of
speckles; (a) splat boundaries oxides and (b) voids

Fig. 6 Porosity in a CrC-NiCr coating formed around a sub-
strate protrusion; (a) a relatively smooth coating that covers the
defective microstructure, (b) detail of the oxidized redeposited
droplets
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indicated that the mass of splashed particles that form the
speckles contributed to the higher DE. Under the low
equivalence ratio condition the DE increased with
increasing SOD.

4. The Effect of the Process Parameters
on the Mechanical Properties

The porous and oxidized microstructure within the
speckles had an impact on the hardness and the elastic
modulus. Both the elastic modulus and the hardness were

lower within the region of porous oxidized microstructure,
Fig. 9. The coating integrity within the speckles was low
and the loosely bonded particles were pulled out during
grinding, Fig. 10.

The speckles exhibited extremely variable hardness
between 120 and 1100 HV300; however, the hardness
measured only outside the speckles was in the same range
as the speckle-free coatings, Fig. 11. Therefore, it appears
that the poor integrity of these coatings was concentrated
only in the regions of speckles. It should be noted that
speckles under the polished plane of the samples might
have affected some indents. The coatings deposited on the

Fig. 7 The effect of distance from the substrate surface on the splashed particles deposited on polished plates observed using SEM

Fig. 8 CrC-NiCr deposition efficiency as a function of the
standoff distance

Fig. 9 Lower elastic modulus over the area of a speckle
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cylindrical surfaces possessed higher hardness that the
coatings deposited on the flat surfaces.

5. Corrosion Resistance

The coatings were inspected after a 24 h salt fog
exposure. The coatings were qualitatively compared by
the amount of red rust on the surface, Fig. 12 where the
level of speckles is noted as a number of speckles that are
higher than 100 lm. The coatings with speckles were
corroded the most, Fig. 12(b(2)). Although the coatings
without speckles performed significantly better, the red
rust was present almost on all specimens.

Unlike the CrC-NiCr coatings there was little differ-
ence in the corrosion patterns of the 316L coatings,
Fig. 13. Both the coating with speckles, Fig. 13(b), and the
speckle-free coating, Fig. 13(d), had a significant amount
of red rust. The leave-like pattern on the corroded 316L
coated specimens is due to the flow pattern of the rust

from corrosion pits. The plate specimens were tilted at
30 degrees and rust pattern was opening toward the bot-
tom; for example the right side of the plate in Fig. 13(c)
was up while the right side of the plate in Fig. 13(d) was at
the bottom.

6. Discussion

Microstructural analysis of the macro-rough coatings
revealed that the speckles often originated at a substrate

Fig. 10 Ground CrC-NiCr coating surface over a speckle,
U = 1.16, 15-75 lm particle size, 279 mm standoff

Fig. 11 Interval plot of HV300 hardness for CrC-NiCr coatings

Fig. 12 CrC-NiCr coatings deposited on cylindrical (C) and flat
(F) surfaces under various SOD and equivalence ratio conditions
after 24 h salt fog exposure: (a(1-4)) U = 0.99, (a(1)) 279 mm C,
(a(2)) 279 mm F, (a(3)) 305 mm F, (a(4)) 330 mm F; (b(1-4))
U = 1.16, (b(1)) 279 mm C, (b(2)) 279 mm F, (b(3)) 305 mm F,
(a(4)) 330 mm F

Fig. 13 As-sprayed 316L coatings deposited on cylindrical (C)
and flat (F) surfaces at various SOD after 24 h salt fog exposure:
(a) 305 mm C, (b) 305 mm F, (c) 330 mm F, and (d) 356 mm F
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protrusion and grew in size progressively with coating
deposition forming an approximately conical volume of
porosity. This indicates that under certain conditions the
growth rate of a speckle was proportional to its size. The
porous microstructure was formed by small, sub splat-
sized, particles that were highly oxidized. It is hypothe-
sized that droplets or fragments of splashed or fractured
particles were responsible for the effect that lead to a
speckle formation. Since the trajectories of the splashed
particles were more parallel to the substrate particles
re-deposited primarily on surfaces inclined to the sub-
strate plane such as the sides of a substrate protrusion,
Fig. 4(b). As the speckle or protrusion height over the
surrounding coating surface increased the effect was
multiplied due to an increased projected area where the
splashed particles deposited, Fig. 14. An edge on the
surface such as a contact mask would provide an increased
projected area for the splashed particles and a micro-
structure similar to the speckles may form.

The CrC-NiCr coatings sprayed on cylindrical surfaces
did not exhibit speckle formation and possessed higher
hardness, Fig. 11, and corrosion resistance, Fig. 12. The
speckles did not form on the cylindrical surface even at the
standoff distance and the flow settings that were associ-
ated with speckle formation on the flat specimens. The
absence of speckles is in agreement with the suggested
mechanism since less splashed particles would be depos-
ited on the cylindrical surface, Fig. 15. Due to the surface
curvature of the cylindrical surface, the droplets or frag-
ments would travel higher above the surface and fewer
protrusions would extend to their path. Observation of
splashed particles collected on polished steel plates also
confirmed that the curved surface does not eliminate or
mitigate particle splashing but there are fewer particles
splashed below the tangent that extends from the point of
impact, Fig. 2 and 7.

The same mechanism probably governs the speckle
formation on the 316L coatings since speckles occurred at
a standoff distance less than 356 mm. Relatively, few
speckles were formed on the cylindrical substrate; how-
ever, the corrosion resistance appeared unaffected.

Higher particle temperature would be expected at the
higher equivalence ratio where the combustion temperature

is close to its peak value (Ref 36). However, the in-flight
temperature measurements did not indicate a higher
particle temperature at a higher equivalence ratio, Fig. 1.
This may be a systematic error caused by factors such as:
(i) unknown exact particle emissivity at the process tem-
peratures and its changes due to oxidation (ii) emission/
absorption from hot gas (Ref 38); however, these effects
were not further investigated in the present study. It
should be noted that the in-flight diagnostic equipment
can measure only the particle surface temperature and
particles with different thermal histories and degree of
melting may exhibit the same surface temperatures as
measured using the in-flight pyrometry (Ref 39). Adjust-
ing the oxygen and fuel mixture to a more lean condition,
which would be expected to translate into a colder flame
and less melting, resulted in the formation of CrC-NiCr
coatings without macro roughness at all standoff distances.
Although particle velocity measurement using the in-flight
diagnostic equipment may be affected by certain condi-
tions such as too cold particles not being detected
(Ref 35), the velocity measurement does not depend on
the above-mentioned unknown parameters related to the
temperature measurement; therefore, it is assumed that
the velocity measurements are relatively correct. Since the
average particle velocities under both lean and rich flame
conditions, i.e., cold and hot, respectively, were about the
same, the splashing behavior was probably governed by
the particle viscosity.

It appears that under the low equivalence ratio condi-
tion a shorter standoff distance resulted in a more corro-
sion resistant coating, Fig. 12(a(1-4)). The coating
hardness exhibits a similar trend with respect to the
standoff distance, Fig. 11, which would be expected since
both the corrosion resistance and the mechanical proper-
ties such as hardness (Ref 4, 7) and elastic modulus (Ref 6)
depend on the coating density.

Speckles were formed within the coatings deposited on
the flat specimens at the shorter standoff distances under
the high equivalence ratio condition, which had an adverse

Fig. 14 Suggested mechanism of the speckle formation

Fig. 15 The relation between the substrate curvature and the
suggested speckle formation mechanism; (a) cylindrical and
(b) flat surface
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effect on the corrosion resistance. The coating deposited
on the cylindrical surface under the same conditions pos-
sessed, on the other hand, possessed the best resistance to
red rust. The results indicate that unless the conditions
favor particle splashing the higher the particle kinetic
energy the denser coating is formed.

7. Summary

It is important to control the splashing phenomenon
during HVOF coating deposition to avoid excessive
porosity and oxide content. The splashing can generate
macro roughness on the coating surface due to droplet
redeposition. The macro roughness features consist of
porous material with high oxide content. Surface curva-
ture is an important factor for droplet redeposition; highly
curved surfaces tend to mitigate the droplet redeposition
effect. Localized porosity that can extend through the
coating thickness often originates on small surface asper-
ities such as a residual grit particle. This effect is inter-
esting with respect to macro-roughened surfaces that have
been investigated as a way to improve coating adhesion.
Particle splashing may affect the coating formation around
the protrusions. It is possible that if speckles arranged in
an array grow to the extent that they contact each other,
further growth would be impeded and smoother coating
would be formed on top of the speckles. Particle velocity
and temperature are among the factors that have effect on
splashing. Particles are typically not fully molten during
HVOF processing; however, higher particle temperature
results in higher liquid content and lower viscosity. High
kinetic energy and low viscosity tends to promote
splashing, which is consistent with prior studies of plasma
spray processes. Adjusting the process parameters such as
flows of the process gases and the standoff distance can
effectively control the splashing phenomenon. To better
understand the effect of process parameters on splashing,
it would be beneficial to determine the degree of particle
melting for example by observation of particles trapped in
a gel target (Ref 31). Substrate temperature and chemical
composition strongly affect the particle deposition and
should be investigated in the future studies.
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