
Effect of Substrate Hardness
on Splat Morphology in

High-Velocity Thermal Spray Coatings
W. Trompetter, M. Hyland, D. McGrouther, P. Munroe, and A. Markwitz

(Submitted February 23, 2006; in revised form May 4, 2006)

In this study, Ni-chrome alloy particles were thermally sprayed onto a variety of substrate materials using
the high-velocity air fuel (HVAF) technique. Although the various substrate materials were sprayed using
identical powder material and thermal spray conditions, the type and variation of splat morphologies were
strongly dependent on the substrate material. Predominantly solid splats are observed penetrating deeply
into softer substrates, such as aluminum, whereas molten splats were observed on harder substrates, which
resisted particle penetration. The observed correlation between molten splats and substrate hardness could
be due a dependency of deposition efficiencies of solid and molten splats on the substrate material. However,
it was found that conversion of particle kinetic energy into plastic deformation and heat, dependent on
substrate hardness, can make a significant contribution towards explaining the observed behavior.

Keywords coating-substrate interaction, HVAF, splat tempera-
ture, substrate hardness.

1. Introduction

In general, the temperature of the powder material being
coated is dependent on the thermal spray technique used. The
cold spray process only slightly heats the spray coating material
(<300 °C) (Ref 1) and usually produces solid splats. The plasma
spray process uses very high temperatures (>3800 °C) (Ref 2),
producing only molten droplets. High-velocity oxyfuel (HVOF)
and high-velocity air fuel (HVAF) thermal spray methods cover
the intermediate temperature region where sprayed particles
reach temperatures in the range of 500-2500 °C (Ref 2, 3). For
the HVOF/HVAF methods, the solid or molten state of the par-
ticle depends on the heat gained during acceleration in a hot gas
plus the conversion of the particle kinetic energy into heat, rela-
tive to the melting point of the particle material. The microstruc-
ture of the resultant splats will ultimately affect the bulk thermal,
mechanical, and electrical properties of the coating. The high-
velocity spray processes are interesting in this respect because a
wide spectrum of splat thermal states will be sprayed. In this
paper, the influence of the substrate on resultant splat micro-
structures for NiCr splats deposited by HVAF thermal spray is
examined.

2. Experimental Procedures

Commercial Ni-chrome alloy powder (Ni80/Cr20, 5-45 µm),
supplied from Sulzer Metco (Winterthor, Switzerland), was
thermally sprayed onto a variety of substrate materials listed in
Table 1, using the HVAF thermal spraying technique (Ref 3).
The substrates were clamped between 2 mm thick steel plates,
for support and as a heat sink during HVAF thermal spraying.
This would reduce any possible effects of substrate thickness
variations on the results. HVAF is a low-temperature thermal
spray process, compared with HVOF, where their typical com-
bustion temperatures have been estimated (Ref 3) to be ∼1870
and 2650 °C, respectively. The gas cools as it leaves the com-
bustion chamber and expands into the nozzle where the gas jet
achieves supersonic expansion. Hence, the gas temperature in
the nozzle, where the feedstock powder is inserted, is much
lower than the gas temperature in the combustion chamber. For
a chamber pressure of 414 kPa (60 psi), the gas temperature falls
to ∼1300 °C in the diverging section of the nozzle (Ref 3), which
is below the melting point of NiCr powder (Tm = 1400 °C). In
addition, the contact time of the spray particles with the gas jet is
quite short (∼200 µs for a particle velocity of 700 m s−1 and a spray
distance of 150 mm), and the particles will become only partially
heated. As the spray particles and gas travel from the gun to the
substrate, the gas continues to cool as it expands, resulting in par-
ticles with high kinetic energy but with low thermal energies.

The morphology of the splats was investigated with a focused
ion beam (FIB) microscope and cross-sectional scanning elec-
tron microscopy (SEM). The FEI xP200 (FEI, Portland, OR)
FIB miller (Ref 4, 5) uses a focused beam of 30 keV gallium ions
which is scanned over the surface of a specimen. The gallium
beam at low currents (10-70 pA) can be used to produce images
with resolution <100 nm of the sample via secondary electrons
emitted during interactions of the ions with the specimen.
Alternatively, at high currents (1000-7000 pA), the beam can
be used to rapidly sputter away the specimen to expose a cross-
sectioned surface without the distortion or alteration found in
other sectioning techniques. A further capability of the FIB is
the ability to produce very thin (∼100 nm) sections at almost any
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desired location in a sample, suitable for examination by
transmission electron microscopy (TEM) as well as the ability to
section splats for investigating splat-substrate interfaces.
FIB images were used to determine splat diameters. The diameter
of the splash splats was measured to where the splat started to so-
lidify (i.e., the splash fingers were not included). Splat heights
could also be determined from FIB images of sectioned splats.

3. Results
A wide variety of splat formations were observed when Ni-

chrome alloy particles were thermally sprayed onto a variety of
substrates with varying hardnesses using the HVAF technique.
Although identical conditions were used during thermal spray-
ing, the amount of different types of splats varied significantly
for different substrate materials. Images of splat microstructures on
the various substrates are shown in Fig. 1 and summarized in Table
2 and Fig. 2. Three types of “splat” morphologies are observed:

• Solid splats: During the thermal spray process, the tempera-
ture (T) remains below the melting point (Tm) of the spray
coating material (T < Tm) (Ref 6-8). Images of sectioned
solid splats can be seen in Fig. 1(a).

• Slushy/broken/semimolten: During the thermal spray pro-
cess, particles are thermally softened or partial melting of
the particle occurs. Additionally, during impact, further local-
ized heating can occur due to conversion of kinetic energy to
heat energy from plastic deformation of the particle (T ≈ Tm)
(Ref 9). Images of semimolten splats can be seen in Fig. 1(b).

• Molten (“splash” splats and “disc” splats): For particles
that become molten during the spray coating process, two
types of splats can be observed: “splash” splats and “disc”
splats. Splash splats occur when the splat starts to solidify
before the splat has come to rest (T > Tm). Disc splats occur
when the splat solidifies after the splat has come to a rest
and has stopped spreading (T � Tm) (Ref 10). Images of
“splash splats” and “disk splats” can be seen in Fig. 1(c) and
(d), respectively.

Predominantly solid splats with minimal deformation were ob-
served penetrating deeply into softer substrates such as alumi-
num. Conversely, splats were observed to deform strongly when
incident on harder substrates, such as silicon, which resisted par-
ticle penetration. In addition, a higher incidence of molten splats
was observed on harder substrates.

Table 2 and Fig. 2 are quantitative overviews of splat types
observed on a variety of different substrate materials. Note that
the distribution of splat types varied markedly with substrate
type. As expected, few solid splats were found on the harder
substrates, as such splats probably rebound after impact. For
harder substrates, predominantly slushy and molten splats ad-
hered. For soft substrates such as aluminum, NiCr particles pen-

etrated deeply into the substrate material, forming a mixture of
solid and broken splats. Interestingly, the softer substrates had
proportionally fewer molten splats; on aluminum, only 3% of
the splats were molten.

FIB cross sections in Fig. 1(a) show the extent of substrate
deformation by solid NiCr particles. Measurements of sectioned
NiCr splats showed that they frequently embed into aluminum
substrates, displacing a substrate volume comparable to the particle
volume. Conversely, sectioned NiCr splats on harder substrates
such as glassy carbon or silicon showed that the NiCr splats dis-
placed very little substrate volume comparable to the splat volume.

The relationship between substrate hardness and particle de-
formation was investigated by measuring splat flattening ratios
(Fig. 3) and diameters (Fig. 4, 5). Figure 3 shows that:

• Splats with flattening ratios <1.4 remain solid.

• Splats with flattening ratios between 1.4 and 1.9 become
broken, slushy, or melt.

Splats with flattening ratios >1.9 were not sectioned but were found
to be molten splats. Dykhuizen (Ref 6) also found that particle flat-
tening depends on substrate hardness and particle temperature.

Figure 5 shows that, in general, the size range of the solid
splats observed on the various substrate materials is representa-
tive of the powder feedstock (5-45 µm). However, the size range
of molten splats (Fig. 4) indicates that, in general, there is a re-
lationship with the substrate hardness. In particular, molten
splats on the softer substrates have a smaller size range, whereas
the harder substrates have a larger size range. This may be due to
a greater collection efficiency of larger molten splats on harder
substrates, a greater degree of spreading of the splats on the
harder surfaces, or more plastic deformation of solid splats on
harder substrates causing more heat and strain energy, which
melts previously solid particles.

4. Discussion

The most significant difference in the splat distributions on
the substrates studied is the lack of molten splats on the softer
substrates and the preponderance of molten splats on the harder
substrates. The relationship between the type of splat and sub-
strate hardness shown in the results could be due to several dif-
ferent effects. For example,

• The relationship between deposition efficiencies for solid
and molten splats may depend on the substrate material.

• In the process of plastic deformation, some of the particle
kinetic energy can be converted into heat and strain energy,
which can melt a previously solid particle.

In the literature, modeling the impact of “splats” onto substrates
has been described for both solid (Ref 6-8) and molten (Ref 10)
splats. For fully molten droplets, the substrate hardness is gen-
erally not considered an important influence on the splat forma-
tion morphology and is not included in splat flattening formulae
found in the literature. Conversely, for solid particles impacting
on a substrate, the substrate hardness plays an intimate/
important role in the final profile of a splat. Additionally, in cold
spray deformation models, melting is not considered because, in
general, the particles have not been observed to melt (Ref 6-8).
Interfacial melting has been observed only in a few cold spray
coatings (Ref 11, 12). In the process of plastic deformation,

Table 1 Substrates deposited with single splat particles

Substrate Source Thickness, mm Purity, %

Al Alcan NZ 1200 1.2 99.50
Cu HC high conductivity 3.0 99.90
Fe Cold-rolled steel 2.0 99.70
Ti Goodfellow Ti foil 0.25 99.6
Ta Goodfellow Ta foil 1.0 99.9
C Goodfellow glassy carbon 1.0 100
Si MMRC, polished, [1, 0, 0] 0.5 100
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some of the particles’ kinetic energy can be converted into heat
and strain energy, which can melt a previously solid particle.
Hence, there is a gap in the available models covering the region

of thermal spray processes where heated solid particles can be-
come molten during the impact process. This has only recently
been discussed by Vleck (Ref 11).

Fig. 1 (a) Solid splats (some sectioned) on various types of substrates HVAF sprayed with NiCr particles; (b) semimolten splats (some sectioned) on
various types of substrates HVAF sprayed with NiCr particles; (c) molten-splash splats on various types of substrates HVAF sprayed with NiCr
particles; (d) molten-disc splats on various types of substrates HVAF sprayed with NiCr particles
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To test the feasibility of this notion, an estimate of the particle
temperature both before and after impact was made from which
the expected fraction of solid and molten splats was determined.
The estimate is based on two energy components:

• Heat gained during acceleration from the hot gas in the
HVAF gun.

• Conversion of particle kinetic energy into heat during impact.

4.1 Estimation of Heat Gained during
Acceleration in the HVAF Gun

The average particle velocity, temperature and their distribu-
tions were not measured during the HVAF coating, however
typical values can be obtained from the literature. For a chamber
pressure of 414 kPa (60 psi), it has been estimated that the aver-
age particle velocity is 670 m s−1 (2222 ft s−1) and the average

gas temperature is ∼1274 °C (2326 °F) in the diverging section
of the nozzle (Ref 3), which is below the melting point of NiCr
powder (Tm = 1400 °C). Hence, the majority of the impacting
NiCr splats are expected to be solid. The temperature distribu-
tion of particles from the similar HVOF coating process has been
measured (Ref 13) and was found to follow a Gaussian distribu-
tion with an average value of 2119 °C with a standard deviation
of 296 °C (14%). For the purposes of this paper, a similar Gauss-
ian distribution with a 14% standard deviation will be used to
approximate the temperature distribution of particles in HVAF
thermal coating.

4.2 Estimation of Particle Kinetic Energy
Conversion into Heat during Impact

NiCr particles deformed very little when impacted into soft
substrates such as aluminum. Hence, very little of the particles’

Fig. 1 (cont.) (a) Solid splats (some sectioned) on various types of substrates HVAF sprayed with NiCr particles; (b) semimolten splats (some
sectioned) on various types of substrates HVAF sprayed with NiCr particles; (c) molten-splash splats on various types of substrates HVAF sprayed with
NiCr particles; (d) molten-disc splats on various types of substrates HVAF sprayed with NiCr particles
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kinetic energies (e.g., 5%) would have been converted into plas-
tic deformation and heat. Conversely, NiCr particles suffered
heavy deformation impacting into hard substrates. In this case,
most of the particles kinetic energy (e.g., 95%) would have been
converted into plastic deformation and heat.

To calculate the particle temperature after impact, a heat ca-
pacity (Cp) of 0.460 J K−1 g−1 and an estimated enthalpy of fu-
sion (�Hfus) of 286 J g−1 were used as outlined in Table 3 and
shown in Fig. 6. Heat conduction during the collision process
can be ignored and assumed to be adiabatic, i.e., heat transfer
does not need to be considered (Ref 1, 6, 7).

The pre-impact Gaussian distribution with an average tem-
perature of 1274 °C (2326 °F) and a standard deviation of 14%
(178 °C) is estimated to be predominantly solid particles. The
effect of additional particle heating from the conversion of the
particle kinetic energy into plastic deformation and heat was
considered. In Table 4, the splat temperature plus the percentage
of solid and molten splats, was estimated for different percent-
ages of kinetic energy transferred into heat energy. In the calcu-
lations, an average pre-impact particle temperature (Tp) of
1274 °C with a standard deviation of 14% and an average par-
ticle velocity of 670 m s−1 was used. It was found that, when 90%
of the kinetic energy is transferred into heat energy, only 8% of
the splats were estimated to be molten. However, if the average
particle velocity is increased by 46% to 975 m s−1, the estimate
of molten splats increases to 80%, which is similar to the ob-
served percentage of molten splats on hard substrates. In Table
5, the percentage of solid and molten splats for varying amounts
of kinetic energy transferred into heat energy were calculated
using an average particle velocity of 975 m s−1. These results
show a similar trend with the percentages of solid and molten
splats observed on the spray-coated samples for soft and hard
substrates in Fig. 1.

Measurements of HVOF particle velocities show distribu-
tions with standard deviations similar to the temperature distri-
bution (Ref 14, 15). Previous studies have observed threshold
velocity behavior (Ref 7) where thermal spraying is successful

Table 2 Survey results of splat morphology types on
various substrates

Substrate

Nominal
Vickers

hardness,
MPa

Yield
strength,

MPa

Solid
splats,

%

Semi-molten
splats,

%

Molten
splats,

%

Al 338 10-35 52 45 3
Ti 588 140-250 14 56 31
Cu 667 54 32 45 23
Fe 785 120-150 17 57 26
Ta 1422 310-380 14 55 31
C 3334 … 2 17 81
Si 11,082 1000-2000 3 27 70

Fig. 2 Graph of splat type percentage vs. substrate hardness (error bars
represent 2 SD)

Fig. 3 Plot of splat flattening ratio (splat diameter/pre-impact particle
diameter) vs. substrate hardness

Fig. 4 Molten splat diameter vs. substrate hardness (error bars repre-
sent 1 SD)

Fig. 5 Solid splat diameter vs. substrate hardness (error bars represent
1 SD)
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only above a critical velocity. Particles below the critical veloc-
ity have insufficient energy to break surface oxides and achieve
sufficient plastic deformation for successful bonding.

Although it has been shown that the substrate (and splat)
hardness appears to be the primary cause of the additional heat-
ing due to the splat deformation, other material properties of the
substrate (and splat) are also likely to influence the splat forma-
tion. Theoretical studies of solid particle impacts (Ref 1, 6, 7)
have shown that heat conduction during the collision process can
be ignored and assumed to be adiabatic. For molten splat im-
pacts, it has been shown (Ref 10) that heat transfer due to the
substrate and splat thermal conductivity, particle wetting prop-
erties does influence the final morphology of molten splats.

5. Conclusions
NiCr alloy particles were thermally sprayed onto a variety of

substrate materials using the HVAF technique. Soft substrates
predominantly had deeply penetrating solid splats, whereas
harder substrates that resisted particle penetration had a higher
percentage of molten splats. Although the observed correlation
between molten splats and substrate hardness could be due a
dependency of the deposition efficiencies for solid and molten
splats on the substrate material, a more promising explanation
can originate from the conversion of particle kinetic energy into
heat depending on the amount of plastic deformation due to sub-
strate hardness. In the process of plastic deformation, some of
the particles kinetic energy can be converted into heat and strain
energy, which can melt a previously solid particle. The percent-
age of kinetic energy transferred into heat energy appears to be
greater for harder substrates.

The expected fraction of solid and molten splats on different
substrates were estimated based on the heat gained during the
particle acceleration in the HVAF gun and the conversion of
particle kinetic energy into heat during impact. To achieve esti-
mated percentages of molten splats, similar to the observed per-
centages of molten splats on soft and hard substrates, it was nec-
essary to use a higher average particle velocity of 975 m s−1. The
use of a velocity ∼50% higher than the expected is consistent
with studies where successful particle bonding is observed only
above a critical velocity. Particles below the critical velocity
have insufficient energy to break surface oxides and achieve suf-
ficient plastic deformation for successful bonding. Hence, the
conversion of particle kinetic energy into heat can make a sig-
nificant contribution toward explaining the observed correlation
between molten splats and substrate hardness.
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