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This study investigates the mechanisms of formation of plasma-sprayed coatings, through the study of
splat morphology and the splat-substrate interface of NiCr single splats sprayed onto Al substrates, at
both micro- and nano-scale levels, using a range of electron microscopy techniques. This study provides
direct observation of extensive substrate melting, together with chemical inter-mixing with the splat and
the formation of metastable interfacial phases (including both non-equilibrium phases and metallic
glasses). In addition, voids and a range of oxide phases were observed. The mechanisms of formation of
these features are discussed. Two aluminum alloys (with and without Mg additions) and three different
sets of substrate surface conditions (polished, and heat treated prior to and during spraying) were used to
investigate the variations in splat morphologies induced by the different preparation conditions. It was
found that the heating of substrate during spraying significantly reduced splashing.

Keywords aluminum, interface, nickel chromium, oxide,
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1. Introduction

In the past few decades, a number of methods have
been developed to modify the surface characteristics of
materials. These methods include thermal spray process-
ing, which is based on the projection of particles, most
usually melted onto a substrate, to build a surface coating.
In the case of plasma spraying, a plasma flame is used to
melt the sprayed particles. Its large range of temperatures
(500-25,000 �C), along with the variability in the particle
velocity (80-300 m s�1), material (any with a congruent
melting point), and size distribution (from 5 to 50 lm for
ceramics, 20-120 lm for metals), gives to the process sig-
nificant flexibility and versatility (Ref 1-3).

The study of the formation of the plasma-sprayed
coatings is critical for improving their performance. In-
deed, properties, such as thermal and electrical conduc-
tivity, density, wear resistance, or adhesion strength, may

be significantly influenced by factors such as the oxide
content (which can form in-flight or during the coating
formation), void content (usually ~1 to 5 vol.%), or the
bonding between the coating and the substrate (Ref 1, 2).
Furthermore, coatings are built up by the accumulation of
the sprayed particles which flatten on impact, forming
‘‘splats.’’ Consequently, studying coating formation
implies studying splat formation, especially, of the splats
which impact directly on to the substrate.

Therefore, the formation of single splat has often been
studied through the observation of their morphology
(Ref 4, 5) or the characteristics of the substrate (especially
surface chemistry and topography; Ref 6-11). Notably, it
was found that splashing of splats on impact with the
substrate and spreading was an important phenomenon
that was significantly reduced by heating the substrate
above a certain temperature (called transition tempera-
ture) during the spray process (Ref 5, 6, 12-15). This, in
turn, may be associated with the desorption of asdorbates/
condensates present on the substrate surface (Ref 6, 12,
13, 16), or by the splat solidification starting before flat-
tening was complete (Ref 5, 15, 17, 18) (both phenomena
may, however, be avoided by the heating of the substrate
during spraying). Adhesion of the coatings was also found
to increase when heating the substrate during spraying
(Ref 19). The mechanisms of splat formation have also
been studied using in situ experiments with millimeter-
sized droplets (Ref 8, 20-23) or by modeling (Ref 21, 24, 25).

However, studies on the direct interaction between
splat and substrate and of the splat microstructure at a
high resolution are very limited due to the difficulty in
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preparing specimens from local and precise regions of
the splat-substrate interface. Kitahara and Hasui (Ref 26)
studied the coating-substrate interface for various
sprayed material/substrate combinations, including Ni
particles sprayed onto an Al substrate, and found in that
case, using x-ray diffraction, that an intermetallic phase,
identified as Al3Ni, was present at the interface. This was
then interpreted as evidence of local substrate melting.
The occurrence of local substrate melting and formation
of an intermetallic phase was also found in a small
number of other cases involving substrates other than Al;
for example, Mo sprayed on steel, with the formation of
Fe2Mo, which was observed by transmission electron
microscopy (TEM) (Ref 5, 27). However, in a prior study
by the authors, no evidence of substrate melting or
mixing between splat and substrate materials was
observed for plasma-spray of NiCr on aluminum (Ref 28).
However, the spray conditions in that study were dif-
ferent to those used by Kitahara and Hasui (Ref 26). The
occurrence of substrate melting and intermixing between
splat and substrate are of critical importance as they
show the incidence of metallurgical, rather than mechan-
ical, bonding, which may lead to improved adhesion of
the coating.

Consequently, the aim of this study is to observe the
microstructural features of single splats, with a particular
emphasis on the splat-substrate interface. The sprayed
material was NiCr, which is commonly used in plasma
spray coatings for applications such as wear resistant
coatings or bond coats, including on aluminum sub-
strates. Substrates were made of two aluminum alloys
(5052 and 1005, alloys differing most notably by their Mg
content) and submitted to various treatments: polished,
thermally treated prior to spraying or heated during
spraying, modifying the surface chemistry to study how
this may affect splat characteristics and formation.
Indeed, surface chemistry and topography, as induced by
heat treatments, has been shown to have a significant
influence on splat morphology. Cedelle et al. (Ref 8) for
example found that heat treating stainless steel, by
inducing, amongst other things, a positive skewness,
increased the wetting of the sprayed molten NiCr parti-
cles, giving thinner splats. Moreover, a previous study by
the authors found that such treatments reduced the
occurrence of substrate melting (Ref 29). Studies with
aluminum substrates have also shown that boiling in
distilled water created a thick boehmite layer c-AlOOH
preventing adhesion of the splats (Ref 28). Moreover, as
mentioned earlier, heating during spraying above the
transition temperature was found to produce very disc-
shaped splats instead of irregularly shaped ‘‘splashy’’
splats.

As a result, the splat morphology and microstructure
have been then investigated using a range of electron
microscopy techniques, resulting in unambiguous evidence
of substrate melting the formation of non-equilibrium
phases resulting from rapid solidification and intermixing
of the splat and substrate. The observations made were
then used to discuss the splat formation process and the
effect of heat treatment of the substrate.

2. Experimental Procedure

Five different substrates were used, prepared from two
aluminum alloys 5052 and 1005. Al 5052 contains Mg (2.2-
2.8 wt.%), which is expected to become oxidized to form a
very thin layer of MgO on top of the substrate surface and
modify the surface chemistry (Ref 28, 30), while Al 1005
contains very limited amounts of Mg (£ 0.05%). The dif-
ferent substrates and their pre-treatments are listed in
Table 1.

All substrates were first mechanically ground and
mirror polished with diamond paste, to a nanoscale
roughness (~7 nm). The thermally treated substrates
(Al1005_PT and Al5052_PT) were heated at 350 �C for
90 min in air, but spraying was performed at room
temperature several hours after the specimens had
cooled, meaning that for instance moisture from the air
may have readsorbed on the substrates� surface. The
substrate heated during spraying (Al5052_PH) was
heated at a temperature of 350 �C 30 min before spray-
ing and held at the same temperature during spraying.
The aim of these thermal treatments is to form surface
oxides, and/or to induce some level of surface roughness.
Furthermore, the water chemisorbed on the substrate
surface is expected to be released from the substrate at
this temperature (Ref 31).

The sprayed material was a commercial NiCr alloy
powder (Ni80-Cr20, Sulzer Metco 43 VF-NS, Switzerland,
(�45 + 5) lm). Plasma spraying was carried out with a
Sulzer Metco (Switzerland) 7 MB gun (with a nozzle
diameter of 8 mm), operating at a current of 550 A and at
a voltage of 62 V, with a spraying distance of 100 mm. The
feeding rate of the powder was of 1 g/min, the carrier gas
being argon at a flow rate of 3 SLPM, while the plasma gas
was a mixture of nitrogen and hydrogen, at a flow rate of
47.5 and 6.2 SLPM, respectively.

The specimens were then characterized using a range of
analytical techniques. A Hitachi S3400 scanning electron
microscope (SEM) was used to image the overall mor-
phology of the splats and the substrates. A FEI xP200
Focused Ion Beam microscope (FIB) was used to mill
cross sections of the splats using an energetic gallium ion
beam, and to image them using secondary electrons
induced by the ion beam. Details have been described
elsewhere (Ref 32). A FEI xT Nova Nanolab 200 dual
beam microscope (that is a FIB and SEM combined into a
single instrument) was used to prepare cross sections of
splats (100-200 nm in thickness) suitable for TEM obser-
vation. These were prepared using the lift-out method as

Table 1 Substrate nomenclature and condition

Specimen Substrate Pre-treatment

Al5052_P Aluminum 5052 Polished (to nanoscale smoothness)
Al5052_PT Aluminum 5052 Polished and thermally treated
Al5052_PH Aluminum 5052 Polished and heated during spraying
Al1005_P Aluminum 1005 Polished (to nanoscale smoothness)
Al1005_PT Aluminum 1005 Polished and thermally treated
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described elsewhere (Ref 32) and examined in a Philips
CM200 transmission electron microscope (TEM) to which
energy dispersive x-ray spectroscopy (EDS) facilities have
been interfaced. Finally, the average surface roughness of
the polished substrates was measured using a Digital
Instruments DI3000 Atomic Force Microscope (AFM).

Several FIB and TEM cross sections were prepared and
studied for each particular feature and/or type of splat.
However, for reasons of brevity, only a small number of
representative images will be presented here. The cross
section preparation process using FIB also involves the
deposition of a layer of platinum on top of it prior to
milling for protection purposes. This layer is present on
the FIB and TEM images presented.

3. Results and Discussion

The splats, and their formation, are described from
electron microscopy observations.

Because of their overall similarity, the splats on the
polished and polished and thermally treated substrates are
detailed in a first part, then, in the second part, splats
formed on the substrate heated during spraying are
described and discussed. Details on the roughness of the
substrates surface can be found in a previous publication
(Ref 28).

3.1 Description of the Splats Found
on the Polished and Polished and Thermally
Treated Specimens

3.1.1 Various Splats Morphologies Found on the Dif-
ferent Specimens. SEM images of 50-60 splats were taken
for each specimen. Figure 1 displays some SEM images of
typical splats. Different types of morphology were
observed and are described below:

– Many of the splats displayed a very characteristic mor-
phology, with a ring of splashed fingers around the
central core of the splat (marked 1 on Fig. 1a). They will
be denoted as ‘‘RSF splats’’.

– Some have an almost circular shape, with no, or limited,
splashed fingers (Fig. 1b). They will be called ‘‘circular
splats’’.

– Other splats have no, or limited, splashed fingers, but a
very irregular shape (Fig. 1c). They will be called
‘‘irregularly shaped splats’’.

– On both polished substrates (Al5052_P and Al1005_P),
a very small number of splats were also found which
displayed a ring of splashed fingers, but the central core
of the splat was also very fragmented (Fig. 1d).

The diameter D was evaluated for each splat by
measuring the smallest and largest values and taking the
average, ignoring the splashed fingers. However, for

Fig. 1 SEM images of the different types of splats found on all of the substrates sprayed at room temperature: (a) halo splat, (b) halo
fingered splat, (c) halo doughnut splat, and (d) fragmented splat
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splats with a ring of splashed fingers, the diameter Dr for
this ring was also measured and expressed as a function
of the diameter of the splat itself (see Fig. 1a for
example). The average diameter and the relative pro-
portion, P, for each category of splats for each specimen
are presented in Table 2. The few splats found with a
ring of splashed fingers and a fragmented center were not
taken into account due to their very low frequency of
observation. Examining of the values displayed in
Table 2, and considering the errors resulting from the
fact that the values presented were calculated for only a
relatively limited amount of splats, it can be noted that
the different types of splats are present in very similar
proportions on all the four substrates. However, some
variations may be observed in the average diameters of

the splats between the non-heat treated and the heat-
treated specimens.

3.1.2 Microstructure and Formation Process of the
RSF Splats. Figure 2 displays three FIB cross sections
made across a RSF splat. The inset image shows the
location of each cross section on the splat. It can be
observed that all along the central part of the splat (see
the zones marked 1 on Fig. 2a, b), contact between the
splat and the substrate is very good. Toward the periphery
of the splat, jetting of the Al substrate within the splat, and
mixing of both splat and substrate can be seen (for
example, marked 2 on Fig. 2b). This shows that substrate
melting has occurred. When examining the splat-substrate
interface by TEM, such as the cross section presented in
Fig. 3, the interface appears irregularly shaped and indis-
tinct (1), as seen on the bright field image (Fig. 3a) and on
the elemental EDS maps (Fig. 3b, c). However, a very
specific structure can be observed at the interface. On the
bright field image (Fig. 3a), a layer exhibiting a darker
contrast than the Al substrate can be seen just under the
splat interface (1), which is also very irregularly shaped.
On the higher magnification bright field image (Fig. 3e), it
can be seen that there are actually two layers. The layer
adjacent to the NiCr splat appears amorphous (2), as no
grain structure can be observed. Moreover the electron
diffraction pattern obtained for this area only displayed a
very diffuse ring, consistent with being a glassy phase. The
second layer appears to be composed of very fine grains,
firstly equiaxed (3), then, closer to the Al substrate, more
needle-like grains can be observed (4). The electron dif-
fraction pattern obtained from the finely grained layers

Table 2 Relative proportions and average diameter
of the splats (and average diameter of the ring of splashed
fingers if applicable) found on polished and polished and
thermally treated Al substrates

Al5052_P Al1005_P Al5052_PT Al1005_PT

RSF splats
P 55% 56% 60% 51%
Dm [92 ± 30] lm [89 ± 26] lm [110 ± 47] lm [115 ± 51] lm
Dr [2.7 ± 1.0] D [3.4 ± 1.7] D [2.6 ± 0.9] D [1.9 ± 0.8] D

Circular splats
P 16% 19% 17% 26%
Dm [58 ± 36] lm [78 ± 32] lm [28 ± 6] lm [23 ± 8] lm

Irregularly shaped splats
P 29% 25% 23% 23%
Dm [100 ± 46] lm [119 ± 40] lm [138 ± 44] lm [136 ± 35] lm

Fig. 2 FIB cross sections of a RSF splat (see inset picture) found on Al1005_P
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exhibits an irregular array of reflections. Thus, it was not
possible to obtain an unambiguous identification of an
interfacial phase. However, on the elemental linescan, L1,
performed across the interface (Fig. 3d), one can note that
the variations in the Al and Ni concentrations are not
sharp, but gradual (5), showing interdiffusion has occurred
over a distance of more than 500 nm (which is large
compared to the electron probe size that is estimated to be
~5 nm in diameter). Moreover, there is no step-like
change in composition, but an almost uniform change,
thus ruling out the presence of a stochiometrically defined
intermetallic phase. The most possible explanation would
be these are metastable phases, with a layer of metallic
glass and a layer made of non-equilibrium Ni-Al crystal-
line phases. Hung et al., when studying glass formation in
the Al/Ni system, found that intermetallic compounds,
such as Ni3Al and NiAl3, were able to be amorphized,
while NiAl would remain crystalline (Ref 33). The pres-
ence of these glassy and metastable phases shows that
solidification must have occurred at a very high rate, and
as shown by the columnar shape of the grains composing
the splat (see 3 on Fig. 2a and 6 on Fig. 3a), the heat is
removed mainly through the substrate.

The interfacial layers described are not uniform. As it
can be seen on the TEM cross section presented in Fig. 4,
the splat-substrate interface may, in some areas, be
straight and defined (1), with no evidence of substrate/
splat mixing, juxtaposed to zones of substrate melting (2).
The linescan, L1, performed across the interface in such
zone show sharp variations in the concentration of Ni and
Al (see 3 on Fig. 4f), in comparison with the linescan L2
(see 4 on Fig. 4g) acquired across the zone of substrate
melting, denoting the absence of melting. On the EDS
elemental maps (Fig. 4d, e), segregation of Cr in a thin
layer may also be observed (5), which most likely occurred
by the oxidation of Cr leading to the formation of an
oxide, most probably Cr2O3. Such oxidation process may
have occurred in-flight (Ref 12) or upon splat solidification
and cooling down from the gases released either from the
substrate or from the splat (Ref 34) (the gas release pro-
cess is discussed in more detail later).

In the center of the splat, some large voids (up to 10 lm
in diameter) were often noted to be present. These may be
located either within the splat, such as on Fig. 2(b) (4) and
Fig. 4(a) (6), or within the substrate, for example those
present in the TEM cross section presented Fig. 5.

Fig. 3 TEM cross section made across a RSF splat (see inset picture) found on Al5052_P: (a) bright field image, EDS elemental maps
for (b) Al, (c) Ni, (d) EDS elemental linescan, (e) high magnification bright field image of the splat-substrate interface
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Dense and thick oxide layers are often found on the walls
of such voids. EDS elemental maps (Fig. 5b, e) and elec-
tron diffraction studies (see diffraction pattern presented
Fig. 5f) suggest that this layer may be alumina c-Al2O3

(1). On the bottom surface of the void, however, the EDS
elemental maps (Fig. 5c-e) show that the layers of oxide
contains not only Al, but also Ni and Cr (2), it therefore
may be a mix of spinel NiAl2O4, as identified by the
electron diffraction pattern presented Fig. 5(g) (despite
being made of poorly defined rings) and Cr2O3, or the
spinel NiCr2O4, which has a similar diffraction pattern to
NiAl2O4. All these oxides species are expected to form on
alloys containing Al, Ni and Cr (Ref 35).

Figure 2(c) shows a FIB cross section prepared across a
splashed finger at the periphery of the splat: it appears that
here the contact between splat and substrate is very poor
(5). The poor adhesion between these phases was possibly
associated with the accommodation of stresses arising
during the cooling of the splat, such that the splat gets
lifted-up above the substrate. This phenomenon has often
been observed before (Ref 36), and has been denoted as

curling-up. An oxide, identified as Al2O3, was found to
have form on the bottom surface of the splat in these
locations (6). Some Al may have adhered to the bottom
surface on the splat when it was still in contact with the
substrate, and upon lifting-up, have become oxidized to
form alumina.

Previous studies attributed, at least partly, the occur-
rence of splashing to desorption of adsorbates/condensates
present on the substrate surface, causing the formation of
an instable gas cushion (Ref 6, 12, 13, 16). Qu and
Gouldstone also suggested the release of gas from the
splat itself during solidification and cooling, in which gas
would have been dissolved upon impact due to the pres-
sure build-up (Ref 34). The presence of oxides in voids
observed here, or on the bottom surface of the splat where
curling-up has occurred, may be seen as an evidence of
such gas release, as it shows that hot oxidizing gases were
present, either entrapped in the voids formed, or pushed
toward the periphery of the splat by the flowing molten
NiCr. However, while the small voids (<4 lm) present
within the substrate as shown in Fig. 2(b) (4) have most

Fig. 4 TEM cross section made across a RSF splat (see inset picture) found on Al1005_P: (a) bright field image, EDS elemental maps
for (b) Al, (c) Ni, (d) Cr, (e) O, (f and g) EDS elemental linescans
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probably formed from gas bubbles (Ref 34), it should be
noted that the size and location of the very large voids
seen within the substrate, see Fig. 5, indicate that they
may have been formed by a different process. Modeling of
the splat formation process, which usually does not take
substrate melting into account, has shown that central
voids are often formed because of the mechanics of the
flow of the spreading splat, due to the change in curvature
of the droplet upon impact (Ref 23, 37). The mixing
between Al and NiCr observed toward the periphery of

the splat, such as seen Fig. 2(a) (2), suggests turbulence of
the flow of such molten materials. Some voids may also be
formed in this region, similar to the ones found toward the
center of the splat within the substrate. Mixing of the two
phases also contributes to the splat, displaying a raised
ring close to the rim, which can be seen in the SEM images
(see for instance the region marked 2 on Fig. 1a). The
presence of such a ring may then allow prediction of those
splats, which have undergone substrate melting, solely
from inspection of a SEM image.

Fig. 5 TEM cross section made across a RSF splat (see inset picture) found on Al5052_PT: (a) bright field image, EDS elemental maps
for (b) Al, (c) Ni, (d) Cr, (e) O, electron diffraction pattern for (f) c-Al2O3, (g) spinel NiAl2O4
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3.1.3 Microstructure and Formation Process of the
Other Types of Splats. Figure 6 shows the FIB cross
section of a splat with a ring of splashed fingers, but with a
highly fragmented central portion. One can note the very
poor contact between the splat and substrate (1), along
with the thin, but dense layer present on the bottom sur-
face on the splat (2), which was identified using TEM as
being a-Al2O3, formed, most possibly, by the same process
as described previously for the RSF splats. The splat is
also very thin (<1 lm), and the grains are, in comparison,
quite coarse (~2 lm) (3), which suggests a relatively slow
solidification linked to the poor contact between splat and
substrate and, consequently, the high thermal contact
resistance hindering the heat removal through the splat-
substrate interface. The very poor adhesion, linked to the
poor contact, may explain why relatively few of these
splats were observed, as they may be prone to delaminate
from the substrate. Finally, the presence of the splashed
fingers and oxide layers, along with the absence of sub-
strate melting, shows that splashing of the splat probably
arises from gas release from the substrate, rather than
instabilities due to melting of the substrate.

Figure 7 shows a FIB cross section across a circular
splat. The splat-substrate interface appears straight and
distinct (1), while the contact between splat and substrate
is mostly good. The splat grain structure is fine and
columnar (<1 lm) (2), indicating a relatively fast rate of
solidification with the heat removed mainly through the
substrate, which is presumably linked to the good contact
observed. Some fine voids were observed at the interface
(3), probably formed from the gas released from the
substrate. The rim of the splat has also been slightly lifted-
up (4) due to the curling up process.

The various oxides phases present on such splats were
identified using TEM, as shown in Fig. 8. In voids (1), like
the RSF splats, alumina c-Al2O3 was found (2), identified
by both EDS elemental maps (see Fig. 8b, e) and electron
diffraction. A dense thin layer of Cr2O3 was also observed
on the outer surface of the splat (3), as seen on both Cr
and O elemental maps (Fig. 8d, e). It was identified by
electron diffraction as being Cr2O3 (see Fig. 8f, which
could be identified as Cr2O3). Spinel NiCr2O4 was also
found to form at the base of one of the voids (4). Such
phases were found to form often on sprayed NiCr splats in
previous studies (Ref 38, 39). Cr2O3 layers were also
observed locally at the splat-substrate interface (5). While
the formation process of Cr oxide on the outer surface of
the splat is well understood and has been explained before
(Ref 40), the manner in which the oxide may found at the
interface is not clear. Indeed, it cannot have formed from
the oxidation of the substrate, and thus it must have arisen
from the oxidation of the NiCr particle. Fukumoto et al.
previously reported Cr oxide (CrO3 and Cr2O3) formed on
the NiCr particle in-flight (Ref 12). Consequently, this
may be the origin for the oxide observed here; however it
is surprising that it is present in such a flat film shape.

It can be noted that for all these splats, neither sub-
strate melting, nor mixing with the NiCr splat, was
observed. Moreover, as it can be seen on the SEM images
(see Fig. 1b, c), the outer surface of the splat is smooth;
the raised ring pattern observed previously for the RSF
splats, due to the substrate melting, is absent.

3.1.4 Summary of the Splat Formation Process. When
the NiCr particles impact on the substrate, they are,
mostly, in a fully molten state—thus at a temperature at
least equal to the melting point of NiCr (~1400 �C), which

Fig. 6 FIB cross section of a very fragmented splat with a ring of splashed fingers (see inset picture) found on Al5052_P

Fig. 7 FIB cross section of a circular splat (see inset picture) found on Al1005_P
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is significantly higher than the melting point of aluminum
(649 �C). Consequently, localized melting of the substrate
may be expected, and this was clearly observed for the
RSF splats. The depth of the substrate melting is up to
several microns, as indicated by the depth of voids or
zones of NiCr-Al mixing. It should also be noted that the
occurrence of substrate melting was accompanied by the
presence of a dense ring of splashed fingers. For the cir-
cular and the irregularly shaped splats, there was no, or
very limited, splashed fingers. In a previous study, where
NiCr particles were also plasma sprayed onto aluminum
substrate, but where no substrate melting was observed,
the splats also exhibited no, or limited, splashed fingers
(Ref 28). While previous studies attributed desorption of
asdorbates/condensates, such as chemisorbed water, from
the substrate for the occurrence of splashing (Ref 6, 12, 13,
16), the observations made here lead to the hypothesis
that the formation of such characteristic ring of splashed
fingers may also be linked to the instability encountered
by the spreading NiCr particle on the molten substrate.
Some studies have also related the start of solidification of
the splat before the end of the spreading process as a
cause of the splashing (Ref 5, 15, 17, 18). In such cases, the
good contact between splat and substrate for the RSF
splats would promote splat solidification, which would be

more likely to be inhibited for the irregularly shaped
splats where the contact is poorer. Finally, for the few
irregularly shaped splats with a ring of splashed fingers,
they may be cause by the release of a significant amount of
gas from the substrate, creating a gas cushion hindering,
on one hand, the contact with the substrate and, thus, the
degree of substrate melting, and, on the other hand, such
instability causing the extended splashing.

As a result, the formation process may be summarized
as follows: upon impact of the molten NiCr particle,
‘‘impact splashing’’ was reported to occur (Ref 20, 41),
causing the rebound of small molten NiCr droplets which,
when falling back onto the substrate, with a momentum
and temperature that are insufficient to create substrate
melting, but the droplets would then form small circular
splats, which may undergo significant oxidation due to the
vicinity of hot gases from the flame for example, causing
the formation of oxides such as Cr2O3.

On the other hand, in the case of the RSF splats, upon
impact and spreading of the NiCr particle, heat is trans-
mitted to the Al substrate, causing desorption of asdor-
bates/condensates present on the substrate, and localized
substrate melting. Both phenomena, along perhaps with
the starting of the solidification of the splat, may result in
disturbing the flow of the spreading molten particle,

Fig. 8 TEM cross section made across a RSF splat (see inset picture) found on Al5052_P: (a) bright field image, EDS elemental maps
for (b) Al, (c) Ni, (d) Cr, (e) O, (f) electron diffraction pattern for Cr2O3
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translating in the mixing of Al and NiCr toward the splat
periphery, as the molten substrate gets carried and jetted by
the flowing NiCr, resulting in the formation of a ring of
splashed fingers. Owing to the mechanics of the flowing
splat forming, as described by some previous modeling
studies (Ref 23, 37), large voids may form within the sub-
strate either toward the center of the splat or toward the
periphery, when mixing between NiCr and Al takes place.
The presence of gas at the interface of the substrate and the
forming splat also plays a role, leading to potential smaller
voids at the splat-substrate interface. Furthermore in many
cases, toward the center of the splat, this may lead to the
formation of oxides such as Al2O3 or NiCr2O4. The for-
mation of such bubbles was studied by Qu et al., who sug-
gested that such gases may come from desorption of species
adsorbed on the substrate surface, but also gas which
becomes dissolved within the molten sprayed droplet upon
impact, and released upon cooling down (Ref 34).

When the molten Al and NiCr solidify, they solidify to
a very fine grain structure or a metallic glass. This suggests
that solidification must occur very quickly. Moreover, such
phases are evidence of metallurgical bonding between
splat and substrate in this zone. This may be seen as
beneficial for the adhesion strength of the coating, pro-
vided that the interfacial layers are not brittle. It has been
observed that compared to crystalline metals, metallic
glasses are significantly more brittle (fracture may occur at
stress levels around 100 times less than the ones observed
for the corresponding crystalline metal) (Ref 42). This,
however, is not sufficient to determine the actual influence
of the metallic glass layer on the adhesion properties of
the coating.

These observations are with respect to the main, cen-
tral, part of the splat; indeed, toward the splat periphery,
notably for the splashed fingers, the contact between
substrate and splat is poor and no substrate melting takes
place.

Upon splat solidification and cooling down, curling up
of the splat occurs, to accommodate the rise of thermal
stresses, and the peripheral parts of the splat that have not
strongly adhered to the substrate. This occurs at the rim of
the splat or splashed fingers linked to the central part of
the splat, get lifted-up. Some Al attached to the bottom
surface of the splat in these zones then gets oxidized,
forming thin, but dense layers of alumina. A similar phe-
nomenon may occur in voids leading to the presence of
alumina on the top wall of the void.

For the case of the irregularly shaped splats, no sub-
strate melting occurs. The molten NiCr particles flatten in
a splat, which may be made irregular by the instabilities
caused by the gas release from the substrate, which may
also cause the formation of some voids at the splat-
substrate interface and some oxides within these voids.
Upon solidification curling up of the splat was also
observed similarly as described before.

3.1.5 Effects of the Mg Content in the Substrate Al
Alloy. As it can be observed in the values presented in
Table 1, no significant difference was found between the
splats formed on the Al 5052 substrates, which contain Mg
as a major alloying addition, and Al 1005 substrate,

without Mg. Furthermore, the various FIB and TEM cross
sections did not show any noticeable difference in struc-
ture either. Mg is expected to form a very thin layer of
MgO on the surface of the substrate upon heat treatment
of the substrate (Ref 28, 30), and, indeed, this was
observed on several cross sections (see results presented in
a previous study (Ref 28) or such as on Fig. 12 (4) and
Fig. 13 (5), as described in a latter section). However, the
influence of such layer on splat morphology and formation
appears to be negligible, i.e., the surface chemistry dif-
ference induced by an Mg addition is not having any
noticeable effect.

3.1.6 Effects of Heat Treatment Before Spraying. As
discussed in a earlier study (Ref 28), the thermal treat-
ment applied to the aluminum substrate is expected to
increase the oxide layer thickness, which is already present
on the aluminum substrate as a mixture of oxide
(c-Al2O3), oxy-hydroxide and chemisorbed water with a
thickness of 2-4 nm, up to ~7 nm. Also, this treatment will
partially dehydrate the oxides, resulting in a higher con-
centration of c-Al2O3, and oxidize the Mg contained in the
Al5052 into MgO, as described above.

From analysis of Table 2, it can be concluded that this
heat treatment had negligible effects on the various pro-
portions of each type of splat. The partial dehydration
from the heat treatment of the oxides layers on the sub-
strate surface, as suggested earlier, could result in less
water released from the substrate upon splashing, but this
was not observed here, rather no irregular splats with a
ring of splashed fingers, hypothetically caused by a sig-
nificant gas release from the substrate, were found on the
thermally treated substrates.

It could also have been expected that the thicker oxide
layers increase the thermal contact resistance between
substrate and splat, and/or increase the wetting of NiCr, as
this was observed when spraying NiCr onto steel sub-
strates (Ref 8, 29). Here, a slight increase in the average
diameter of the RSF splats and the irregularly shaped
splats, after the thermal treatment, was noted, suggesting
that an improvement of the wetting of NiCr may have
occurred. However, a decrease for the diameter of the
circular splats can also be observed. A possible explana-
tion may be that, as such small splats formed from NiCr
fragments splashed away from primary feedstock powder
particles upon impact, the impact splashing process
becomes modified by the increased roughness, with the
rebounding of smaller fragments. Finally, no significant
reduction in the degree of substrate melting, which was
observed for steel substrates sprayed under similar con-
ditions (Ref 29), could be noted, excluding the possibility
of a significant change in the thermal contact resistance
between splat and substrate.

3.2 Description of the Splats Found
on the Specimen Heated During Spraying

Figure 9 displays SEM images of the different splat
morphologies that were found on Al5052_PH:

– The large majority of the splats (62%) found exhibited
the morphology shown in Fig. 9(a): a relatively irregular
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rim, with a few splashed fingers, but essentially disc-
shaped, and outer surface displaying a raised pattern
(marked 1). The average diameter Dm was evaluated to
be Dm = [124 ± 55] lm. These splats will be denoted
‘‘almost disc-shaped splats.’’

– Some much smaller splats (24%, Dm = [30 ± 10] lm)
were also found, with usually a very circular shape (see
Fig. 9b).These splats will be denoted ‘‘small circular
splats.’’

– Splat with a very irregular rim, and a smooth top sur-
face, as shown Fig. 9(c), were also found (11%, Dm =
[196 ± 46] lm). They will be denoted ‘‘irregularly
shaped splats.’’

– Finally, very few splats were observed displaying a
granular morphology, as if they formed from partially
molten NiCr particle (see Fig. 9d, 3%, Dm =
[157 ± 91] lm). They will be denoted ‘‘partially melted
splats.’’

3.2.1 Microstructure and Formation Process of the
Almost Disc-Shaped Splats. Figure 10 displays a FIB
cross section made across such a splat. It can be seen that
toward its center, the splat is relatively thin (<1 lm) and
flat, with a fine and columnar grain structure. However,
toward the splat periphery, the structure is more complex.
Mixing of the Al substrate and the NiCr splat has
occurred, causing the lift-up of the splat and consequently
the raised pattern observed on the SEM image. This shows
that localized melting of the substrate has occurred to a
significant degree. On the TEM cross section shown in
Fig. 11, prepared in a similar location on an almost disc-
shaped splat, mixing between splat and substrate can also
be observed. On the bright field image (Fig. 11a) and on

the EDS elemental maps (Fig. 11b, c), it can be observed
how the splat-substrate interface is irregularly shaped and
indistinct (1). Some Al is present even on the outer surface
of the splat (2). The linescan L1 (see Fig. 11d) made
across the interface confirmed the mixing between these
phases (3). However, the equilibrium solubility of Ni in Al
is negligible and the solubility of Al in Ni is also very
limited (<6 wt.%) (Ref 43). Thus, interdiffusion is very
less likely compared, for example, to the case of NiCr on
stainless steel (Ref 40). On the higher magnification bright
field image of the interface (Fig. 11e), a distinct micro-
structure can be observed, comprising nano-sized grains
(4) that become needle-like and normal to the interface on
the substrate side (5). Consequently, it is possible that
both molten phases, NiCr and Al, intermixed and solidi-
fied into a non-equilibrium metastable phase made of a
mixture of NiCr and Al nano-sized grains. However, the
amorphous layer observed for the splats on the substrate
sprayed at room temperature is absent here, probably
because solidification for Al5052_PH was slower due to
the heating of the substrate.

Also, compared to the previous specimens, the number
of splashed fingers is fewer. Heating during spraying above
the transition temperature has been known to significantly
reduce splashing by preventing gas release from the sub-
strate upon splat formation (Ref 5, 6, 12-15). Conse-
quently, those splashed fingers that were observed may
not be caused by the instability from the presence of gas,
but rather from the instability caused by the melting of the
substrate.

Finally, almost no void or oxide was observed here.
This means that the mechanics of the flow of the spreading
splat, which led to the formation of large splats within the
substrate for the specimens sprayed at room temperature,

Fig. 9 SEM images of the different types of splats found on Al5052_PH
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Fig. 10 FIB cross section of an almost disc-shaped splat (see inset picture) found on Al5052_PH

Fig. 11 TEM cross section made across an almost disc-shaped splat (see inset picture) found on Al5052_PH: (a) bright field image, EDS
elemental maps for (b) Al, (c) Ni, (d) EDS elemental linescan, and (e) high magnification bright field image of the splat-substrate
interface
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are modified by the heating of the splat. Another possi-
bility is that the slower solidification rate prevents such
voids to form on freezing, but instead, the voids may get
filled by flow of the molten material. The absence of
smaller voids may also account for the limitation in the
amount of gases present at the interface between the
substrate and the forming splat.

3.2.2 Microstructure and Formation Process of the
Other Types of Splats. While for the almost disc-shaped
splats, substrate melting was found to occur, for all the
other types of splats formed, no evidence of this phe-
nomenon was observed.

Figure 12 shows a TEM cross section of a small circular
splat. It appears very thin (~0.5 lm) (1), with a splat-
substrate interface that is both straight and distinct (2). On
the EDS elemental maps (Fig. 12c-e), it can be observed
that a dense layer of oxide containing Ni and Cr is present
around the entire periphery of the splat (3), including at
the splat-substrate interface. It was identified by electron
diffraction as being spinel NiCr2O4. As discussed for Fig. 8
(see Sect 3.1.3), the manner in which this oxide forms at
the splat-substrate interface is not clear. The shape of the
spinel layers, fitting closely the splat, and the formation
process of such splat, made from splashed NiCr, make the
hypothesis of in-flight oxidation improbable. Since the
substrate is heated during this time of formation, oxide
may have formed after the splat formation. Such a
hypothesis still leaves open the question of the origin of
the oxygen for the oxide present under the splat. It is
possible that this phase may have arisen from gases re-
leased either from the substrate or from the cooling splat
(Ref 34). It should be noted that not all small circular
splats may present such thick and extended oxide layers,
or in some cases maybe Cr2O3 rather than spinel. Also, for
the splats formed on the 5052 substrates formation of
MgO as a thin layer on top of the substrate (4), as dis-
cussed earlier, can be observed. See, for example, the Mg
EDS elemental map (Fig. 12f).

Moreover, a splat of such dimension (diameter of
30 lm and thickness of 0.5 lm) has a volume which cor-
responds to a spherical particle of 4.5 lm in diameter. This
is thus too small to directly originate from the feedstock
powder, especially as there is a relatively large number of
small circular splats. As a result, such a splat more prob-
ably originates from NiCr fragment splashed away upon
impact of a primary NiCr particle, also called ‘‘impact
splashing’’ (Ref 20, 41).

Figure 13 presents a TEM cross section prepared
across the center of an irregularly shaped splat. It can be
seen that the splat is quite thick (~4-5 lm) (1) and that the
splat-substrate interface is straight and distinct (2). On the
EDS elemental maps (Fig. 13d-f) and also on the linescan
L1 (Fig. 13g), thin layers of Cr oxide can be observed not
only on the top (3) but also the bottom surface of the splat
(4), possibly formed because of the heating of the
substrate, as well as a thin MgO layer on top of the
substrate (5).

For both the small circular splats and the irregularly
shaped splats, substrate melting has been inhibited, pos-
sibly by the limited temperature and momentum in the
case of the small circular splats, or for the other splats a
poor contact between the NiCr particle and the substrate.
Both Al 5052 and 1005 alloys contain Cr; c-Al2O3 is the
most likely oxide expected to form upon oxidation of the
substrate, but Cr2O3 may form as well (Ref 35). Heating of
the substrate may then locally cause formation of such
oxides on top of the substrate that would hinder the
contact with the NiCr particle and, thus, substrate melting,
in the case of the irregularly shaped splats.

Finally, in Fig. 14 is displayed a FIB cross section made
across the rim of a partially melted splat. The coarse
(2-5 lm) and irregular grain structure (1) is a sign of slow
solidification, while some other FIB cross sections showed
the presence of zones with still very large (2-7 lm), but
equiaxed grains, originating from the initial feedstock
powder particles which were found to exhibit such a grain

Fig. 12 TEM cross section made across small circular splat (see inset picture) found on Al5052_PH: (a) bright field image, EDS
elemental maps for (b) Al, (c) Ni, (d) Cr, (e) O, (f) Mg
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structure (Ref 44). Such splats are, as a result, possibly
made of a mixture of non-melted fragments and melted
zones, solidifying slowly, possibly due to the thickness of
such splats (5-10 lm) and the contact with the substrate
that may not be uniform, as it can be seen on Fig. 14 as
well (2).

3.2.3 Summary of the Splat Formation Process and the
Effects of Heating during Spraying. Upon impact of the
fully melted NiCr particle, vertical splashing occurs caus-
ing the formation of the small circular splats, in the same
way as the other Al substrates. Then, due to the heating of
the substrate above the transition temperature, desorption
of asdorbates/condensates is likely to be very limited,

upon impact and spreading of the sprayed particle. Good
contact with the substrate is achieved, leading to localized
melting of the latter to possibly a slightly greater extent
compared to the specimens sprayed at room temperature
(due to the better contact and the heat provided by
the heating treatment). No, or very limited, splashing of
the splat occurs, nor void formation either. However, the
molten substrate does get jetted within the flowing NiCr,
forming a disordered structure observed at the splat-
substrate interface toward the splat periphery, and the
raised pattern observed on the top surface of the splat.
Solidification of the splat and the molten substrate occurs
in the same way for the RSF splats, except that the heating

Fig. 13 TEM cross section made across an irregularly shaped splat (see inset picture) found on Al5052_PH: (a) bright field image, EDS
elemental maps for (b) Al, (c) Ni, (d) Cr, (e) O, (f) Mg, (g) EDS elemental linescan
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of the substrate here reduces the solidification rate so that
no metallic glass phase is observed.

For the irregularly shaped splats, their formation pro-
cess is expected to be very similar to the one of the irreg-
ularly shaped splats found on the non-heated specimens.

A few partially melted splats were found on the heated
specimen. They have formed from sprayed NiCr particles
that were only partially molten upon impact. Their lower
temperature and the presence of non-melted fragments
limited the possibility of substrate melting. Furthermore,
such partially molten particle must have also been sprayed
onto the non-heated substrate, but presumably must have
not adhered to the substrate in this instance. Heating of
the substrate must then improve the adhesion of the NiCr
particles, leading to the presence of such partially melted
particles on the Al5052_PH substrate.

Heating of the substrate may reduce splashing by two
ways: reduction or elimination of gas release from the
substrate and delaying splat solidification. The almost
complete absence of voids also shows the reduction of
desorption of gas species from the substrate. In conclu-
sion, heating the substrate during spraying may be bene-
ficial as it significantly reduces splashing along with oxide
and voids formation, but also increases the overall adhe-
sion: firstly substrate melting occurs to a greater and
deeper extent, without the occurrence of the formation of
a potentially brittle phase such as a glassy layer, leading to
a stronger metallurgical bonding, and secondly the limi-
tation of voids and splashing means limitation of regions
of poor adhesion. Consequently, properties of the com-
plete coatings, such as density, strength, adhesion, etc. will
be improved.

4. Conclusion

In order to summarize, the observation of NiCr splats,
sprayed on Al substrates, by electron microscopy, led to
the following conclusions:

– On the substrates sprayed at room temperature, sub-
strate melting, to a depth up to a few microns, and

mixing with melted NiCr was observed for splats with a
ring of splashed fingers, but not for the one without
splashed fingers. A range of non-equilibrium phases,
together with significant concentrations of oxides and
voids, was also observed, and where substrate melting
occurred, interfacial layers were found, some amor-
phous and some composed of nano-sized grains, prob-
ably formed due to the mixing between NiCr and Al
and a rapid solidification. However, the formation
mechanisms of some pores and oxide phases are still not
fully understood and further study would be required to
investigate those.

– Either using an alloy with Mg or heating the substrate
before spraying was not found to have a significant
effect on splat formation.

– Heating the substrate during spraying was found to
result in reduced splashing and potentially slower
solidification, leading to the absence of interfacial
amorphous layers, and very limited amounts of voids
and oxides.
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