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The HVOF process is a widely applied thermal spray technique used to form dense coatings with high
bond strength. However, little is known about the mechanisms by which the coating forms and adheres to
the substrate. The present study investigates the splat formation process by examining the morphology
and microstructure of NiCr single splats sprayed on to stainless steel, using a range of electron
microscopy techniques. Notable features include evidence of the deformation of the steel substrate by
the impacting particle, the presence of porosity towards the centre of the splat, and under the rim due to
the curling-up of the splat, and the identification of several oxide phases, including Cr,03, FeO and NiO.
From these observations, a description of the splat formation process is proposed. Effects of the substrate
surface chemistry were studied by comparing the morphology of the splats on several substrates having

undergone various pre-treatments.

Keywords HVOF spray, interface, nickel chromium, oxide,
splat, stainless steel

1. Introduction

The high-velocity oxy-fuel (HVOF) spray process
allows the manufacturing of coatings of a very wide range
of materials (ceramics, metallic alloys, polymers) on a
range of substrates, by spraying a fine powder through a
mixed oxygen/fuel gas (hydrogen, heptane, kerosene, etc.)
flame. The coatings produced, typically, have high bond
strength and a dense microstructure in comparison to
other thermal spray processes for which particles may be
sprayed at higher temperature and lower velocities. Other
advantages include higher coating thickness capacity, a
smoother surface finish, a lower porosity content, and a
lower concentration of oxides in the coating (Ref 1, 2).

Many properties (mechanical, thermal, dielectric,
resistance to corrosion, etc.) of the finished coating
depend significantly on its microstructure and its interac-
tion with the substrate. Microstructures of thick HVOF
coatings have been widely studied (Ref 3-5) and it has
been shown that they depend on several factors, such as
the feedstock powder and spray conditions (Ref 6, 7).
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The mechanisms of coating formation are, however, not
fully understood. Studying single splats, specifically their
formation and their interaction with the substrate, is
essential in obtaining a more complete understanding of
coating formation to allow optimization of spray conditions.

One notable characteristic of the HVOF process is that,
depending on the materials used as feedstock powder
(nature and size), the substrate (particularly its hardness)
and on the spray conditions (which influence particle
temperature and velocity/momentum), splats may form on
the substrate either in a fully melted state, in a partially
melted state or in an non-melted (i.e. solid) state (Ref 6,
7). These three different states may then be found to be
present together within a single coating, giving the coating
a bimodal microstructure with a mixture of melted and
non-melted zones (Ref 3-5).

Splat formation, in circumstances where the particle
impacts on the substrate in a non-melted state, may be
compared with the cold spray process. That is, the inter-
action between substrate and particle upon impact
depends significantly on the particle velocity or momen-
tum; if the particle velocity is above a critical value, the
particle and/or substrate will undergo plastic deformation
as the kinetic energy of the particle is transformed into
mechanical deformation and thermal energy. Adhesion of
the particle on to the substrate may include the phenom-
ena of mechanical interlocking and adiabatic shear insta-
bility (i.e., there is localized deformation at the particle-
substrate interface) (Ref 8-10).

Conversely, the situation where the particles impact the
substrate in a fully melted state may be more readily
compared to the plasma spray process. Splat formation
for this process has been more widely studied through
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modeling, studies of splat splashing, and investigations of
the possibility of substrate melting (Ref 11-16).

However, studies on the splat formation specifically
associated with the HVOF process, in particular where the
particles impact the substrate in a semi-melted state, are
relatively limited. Trompetter et al., who HVAF sprayed
NiCr particles on to a range of substrates with differing
hardnesses, observed three distinct types of splats, ranging
to fully melted to non-melted, and that their proportion
was influenced by the substrate hardness. However, they
did not investigate, in detail, either the splat microstruc-
ture or the splat-substrate interface (Ref 17). Another
study performed by Guilemany et al. examined the sub-
strate-coating interface for a fully deposited WC-Co
coating HVOF sprayed on both a polished and a grit-
blasted Cu substrate. They found that at the coating-
substrate interface a layer of very fine grains. The layer
thickness was thinner for the smooth substrate and
somewhat thicker for the grit-blasted substrate. This was
interpreted as evidence of substrate melting upon impact
of the WC-Co particles (Ref 18). Lastly, a model proposed
by Sobolev et al. studied the effect of in-flight oxidation of
the particle on the splat formation during the HVOF
process, leading to the conclusion that this oxidation leads
to an increase in splat thickness, with a decrease in both
the splat radius and in the pressure developed upon
impact. As a result, the splat and substrate made less
contact and consequently a decrease in the adhesion and
increase in porosity was observed. However, this effect
was noted to be in competition with an increase in the
wetting of the splat on the substrate due to the oxygen
dissolved in the particle (Ref 19).

This study was motivated by the current lack of
understanding concerning the splat formation in the
HVOF process and the influence of surface chemistry on
this process. In this study, NiCr (an alloy often used in
thermal sprayed coatings as bond coat or for protection of
steel against heat, corrosion (Ref 20), erosion, for example
in boilers (Ref 2)) was HVOF sprayed on to stainless steel
substrates. These substrates underwent various pre-
treatment, such as polishing, heat treating and/or boiling
in distilled water. The aim of these pre-treatments was to
create different substrate surface conditions in terms of
chemistry and roughness. This, then, allowed an investi-
gation of how the substrate conditions may affect splat
morphology and the mechanisms of splat formation. The
splat microstructure and its interface with the substrate
were investigated using a range of microscopy techniques
and related to both the spray conditions and substrate
chemistry.

2. Experimental Procedure

Four different substrates were used; all prepared from
304 L stainless steel. These are listed in Table 1.

All substrates were first mechanically ground and
mirror-polished with diamond paste to a nanoscale
roughness. The boiled substrates were placed into boiling
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Table 1 Substrate nomenclature and condition

Specimen Substrate Pre-treatment

SS_P Stainless steel 304 Polished (to a nanoscale
smoothness)

SS_PT Stainless steel 304 Polished and thermally
treated

SS_B Stainless steel 304 Boiled

SS_BT Stainless steel 304 Boiled and thermally
treated

distilled water for 30 min, while the thermally treated
substrates were heated at 350 °C for 90 min in air. The
aim of these treatments is to form surface oxides (or
hydroxides for the boiled specimens) and/or to induce
some level of surface roughness. All treatments were
performed at least several hours before spraying.

The sprayed material was a commercial NiCr alloy
powder (Ni80-Cr20, Sulzer Metco 43 VF-NS, Switzerland
(+45, —5 pm)). HVOF spraying was carried out with a
Sulzer Metco (Switzerland) Diamond jet (DJ-2600) gun,
fuelled with air at 160 psi and propylene at 110 psi. The
feeding rate of the powder was of 26 g/min, the carrier gas
being nitrogen at 140 psi. A single swipe pass was made, at
the velocity of 0.4 ms™' and at a spray distance of
266 mm.

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 21). 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
described elsewhere (Ref 21) and examined in a Philips
CM200 transmission electron microscope (TEM) to which
energy dispersive x-ray spectroscopy (EDS) facilities have
been interfaced.

A number of FIB and TEM cross-sections were made
and studied, at least one for each particular feature and/or
type of splat, but only a small number of representative
images will be presented here. The preparation of cross-
section involves the deposition of a layer of platinum on
top of the area of interest prior to milling for protection
purposes. This layer is then present in the images shown
here.

3. Results and Discussion

3.1 Description of the Different Types of Splats
Observed by SEM

SEM images of 50-60 splats were observed for each
specimen. From these observations it was noted that the
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Fig. 1 SEM images of the different types of splats: large fully melted splat (a) with an irregular dendritic/granular rim, (b) with a smooth
rim and thin splashed fingers, (c) with a rim displaying an undulating surface, (d) with an irregular rim with radial cracks, (e¢) small

circular splat, (f) partially melted splat

majority of the splats observed, for the all four substrates,
appeared to be formed from fully melted NiCr and pre-
sented a mainly disc-shaped morphology. Figure 1 pre-
sents typical SEM images of the different splats found for
the various substrates. Amongst these splats, two types
can be seen: large fully melted splats (diameter between
30 and 200 pum, see Fig. 1a-d), with a shallow depression in
their centre (marked 1 on Fig. 1b), and small fully melted
splats (diameter usually between 10 and 30 pm, see
Fig. le), with no depression observed. Evaluating the
diameter D was performed by taking the smallest and
largest diameter value measured from the splat, which is
not perfectly circular, and calculating the average value;
features such as splashed fingers were ignored (see for
example Fig. 1d). The large fully melted splats shown
were found to present differences principally in the mor-
phology of their rim, which may be either significantly
irregular, with a granular or dendritic aspect (Fig. 1a), or
quite smooth with thin splashed fingers (Fig. 1b), or
smooth with a surface that has become irregular and
undulating (Fig. 1c) or finally very irregular with some
radial cracks (Fig. 1d).

For the all four substrate conditions, a small number of
splats (~8%) appeared to have formed from a partially
melted particle. Figure 1(f) displays a SEM image of such
a splat. These are usually disc-shaped; such splats appar-
ently consist of a mixture of non-melted fragments within
a melted matrix. Their diameter ranged from ~70 to
~210 pm.

3.2 Structure and Formation of the Large Fully
Melted Splats

3.2.1 Description of their Microstructure as Observed
by FIB and TEM. For these large fully melted splats, a
number of characteristics features were observed which
were noted for all four substrates.

Firstly, the substrate at the centre of these splats always
exhibited a depression, or shallow crater. For example on
the FIB cross-section presented Fig. 2, towards the centre
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Fig. 2 FIB cross-sections on a fully melted splat with an
irregular rim (the inset image shows an image of the splat in plan
view before sectioning) found on SS_P: (a) across the centre,
(b) across the rim of the crater and (c) across the rim of the splat

of the splat it can be noted that the splat-substrate inter-
face is curved (marked 1). Also, porosity is almost always
found towards the centre of the splats, near the splat-
substrate interface. For the cross-section in Fig. 2, at the
centre of the splat, a large single pore (marked 2),
together with a number of some smaller pores (marked 3),
can be observed. Large pores were not always present.
Instead, some smaller pores may be observed, such as for
the splat whose TEM cross-section is displayed in Fig. 3
(marked 1).

Another important feature is the splat-substrate inter-
face. In the large fully melted splats, the contact between
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Fig. 3 TEM cross-section across the centre of a fully melted splat found on SS_P (see inset image): (a) bright field image, (b) elemental
linescan across the splat-substrate interface at the region L1, elemental maps for (c¢) Cr and (d) O

splat and substrate was usually very good, such as for
example Fig. 2 (marked 4), at least away from the rim of
the splat. TEM study of the splat-substrate interface, for
example Fig. 3, shows that the interface appears quite
distinct in the bright-field TEM images (marked 2).
However, the elemental linescan performed across the
same interface showed the presence of an interdiffusion
zone between Ni and Fe over distances of up to 200 nm,
depending on the exact location of the linescan. In most
cases, the interdiffusion is significant where the interface
becomes slanted towards the periphery of the crater
(marked 3 on Fig. 3, 150 nm), while there is no, or limited,
interdiffusion, observed at both the centre of the splat or
closer to the splat rim.

The splats’ rims, as noted in the SEM images, may
differ from splat to splat. On Fig. 2(c), one can observe the
structure under an irregular rim, where delamination has
clearly occurred (marked 5). On the other hand, Fig. 4
displays a FIB cross-section of the rim of a splat showing
an undulating outer surface towards the splat periphery
(marked 1). Here, the contact between substrate and splat
is good (marked 2).

Observation of the grain structure is consistent with the
previous comments. For example in Fig. 2, inside the
crater the grain structure is fine and columnar (marked 6),
which is consistent with the good contact between splat
and substrate, since this is an indication of rapid solidifi-
cation and effective removal of the heat through the
substrate. Towards the periphery, however, the grain
structure becomes coarser and more equiaxed (marked 7):
the solidification rate in this region must have been lower
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Fig. 4 FIB cross-section across the rim of a splat found on
SS_PT and presenting a undulating outer surface close to the
splat periphery (see inset image)

and, correspondingly, the contact between splat and sub-
strate is poorer (marked 5), preventing efficient heat
removal through the substrate. On Fig. 4, however, the
contact is better at the periphery, thus the grain structure
is much finer (marked 3).

Several oxide phases were identified in characteristic
locations around the splat. First, nickel and iron oxides
were found to often form in the pores found at the
centre of the splats. In large pores, a thick and dense
layer was often observed to cover the walls of the pores,
such as that seen on Fig. 2 (marked 2), but also visible on
Fig. 5 (marked 1). Such a layer was identified using TEM
as being FeO: the EDS elemental maps (see Fig. 5d
and e) show that Fe is present in the layer (O is present
as well, but EDS is less sensitive to the presence of
oxygen), and the electron diffraction pattern obtained
from this region is consistent with FeO (see diffraction
pattern, Fig. 6a). NiO was found to be more prone to
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Fig. 5 TEM cross-section across the centre of a fully melted splat found on SS_P (see inset image) and presenting a large central pore:
(a) bright-field image and elemental maps of (b) Ni, (c) Cr, (d) Fe and (e) O

1 [ﬁ} m

Fig. 6 Diffraction patterns of the different oxides found: (a) FeO, (b) NiO, (c) NiCr,0y, (d) Cr,03

form in the smaller pores, for example on the TEM
cross-section shown in Fig. 7 (marked 1). NiCr,O, spinel
was also found in similar locations in other, similar splats.
Both types of oxides were identified using EDS, together
with electron diffraction methods (see their diffraction
patterns shown in Fig. 6b and c). More detail on the
identification of oxide phases in NiCr splats on steel
substrates using TEM can be found elsewhere (Ref 16).
Furthermore, at the periphery of splats where delami-
nation is observed, a layer of oxide was often seen on the
lower surface of the splat, such as on Fig. 2 (marked 8).
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Identification by TEM-EDS and electron diffraction
showed that this phase was FeO.

Finally, it was often found that a thin layer of Cr oxide
is present on the outer surface of the splats (marked 4 on
Fig. 3 and 2 on Fig. 7). When this layer was thick enough
for an electron diffraction pattern to be readily obtained,
it was identified as Cr,Oj (see diffraction pattern Fig. 6d),
which is, indeed, the Cr oxide phase most likely to be
formed on these splats (Ref 22, 23). In some cases, the
layer of Cr,O; was notably thicker and appears to have
cracked upon cooling and solidification due to thermal
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Fig. 7 TEM cross-section across the centre of a fully melted splat found on SS_BT presenting small pores at the splat-substrate interface
with NiO: (a) bright-field image and EDS elemental maps of (b) Ni, (c) Cr, (d) O

Fig. 8 TEM cross-section of a small fully melted splat (see inset
maps for (b) Cr and (c) O

expansion mismatch (chromium oxide coefficient of ther-
mal expansion is ~7 pm/m - °C (Ref 24), in comparison to
~16 pm/m - °C for NiCr (Ref 25)), as it can be observed on
the TEM cross-section displayed in Fig. 8 (marked 1),
made on a small fully melted splat (a similar structure was
found on some large fully melted splats). This phenome-
non creates the patterns of cracks that can be observed on
the outer surface of some splats (marked 2 on the inset
SEM image in Fig. 8). Chromium oxide was also observed
by EDS mapping at the splat-substrate interface, for
instance in Fig. 5 (marked 2), but in such cases it could not
be unambiguously identified by electron diffraction. This
oxide may arise from either the oxidation of the steel
substrate (Ref 26, 27), or the oxidation of the splat.

3.2.2 Description of the Splat Formation Process. FIB
and TEM cross-sections of these splats did not reveal the
presence of any non-melted remnants from the original
sprayed particle. However, this may not mean that the
sprayed particle was completely molten when it impacted
on the substrate. Indeed, analysis of similar fully melted
splats prepared by plasma spray processes (Ref 15)
showed that in this case the substrate shows no evidence of
deformation. However, in this study the observation of a
shallow crater indicates that the substrate must have been
deformed by the impinging particle. Substrate deforma-
tion, observed usually for the cold spray process where the
particles impact the substrate in a solid state, has also been
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image) from the SS_BT specimen: (a) bright field image and elemental

observed to varying degrees for HVOF in a number of
previous studies and, therefore, is not unexpected (Ref 17,
28, 29). The deformation of the substrate is attributed to
the ““peening effect”, is said to lead to an increased
adhesion of the coating by inducing a high level of com-
pressive residual stress in the coating (Ref 28-30).

Zhang et al. noted, for HVOF sprayed particles in a
partially melted state, that they were comprised of a non-
melted core surrounded by a layer of melted material
(Ref 31). Based on the hypothesis that the NiCr particles
impacted the steel substrate in such a state, the non-melted
core could then have been responsible for the substrate
deformation observed. This brings the question of the
behavior of the non-melted components following impact.

Previous studies have shown that further melting may
have occurred upon impact from the transformation of the
kinetic energy of the particle in heat and plastic defor-
mation (Ref 17). However, this may account for only a
limited volume of material. Diameters of the largest splats
are around 200 um, and examination of the FIB and TEM
cross-sections showed that the thickness of the splats may
be up to 2 um. An estimate of splat volume would,
therefore, correspond to the volume of a sphere of
diameter of around 24 pm. This is far less than the maxi-
mum diameter of the feedstock powder (45 pm).

A possible explanation may be that the non-melted
core may have rebounded from the substrate upon impact.

Volume 19(5) September 2010—995

pamaInay Jead




3
=
2
]
c
w
8
Q

Study of the cold spray process showed, indeed, that for a
solid Ni particle to adhere on steel, it must impact the
substrate with a velocity superior to a critical velocity of
640 m - s~' (Ref 32). Considering the range of impact
velocity that is typical for HVOF (400-800 m - s *
(Ref 1)), this velocity may not be achieved on primary
impact of the particle and is certainly unlikely to be
achieved on secondary impact after a rebound. Thus, the
solid core, if it has rebounded away the substrate, does not
subsequently adhere to the substrate.

One may note though that the splats are fully contig-
uous: there is not evident sign of the rebound of a solid
core. Another possibility would be then to consider the
fact that smaller particles impact on the substrate in a
more molten state compared to larger ones (Ref 6). The
largest particles could then have simply not adhered to the
substrate because they impacted in a mostly solid state.
However this would lead to the presence of many impact
marks on the substrate, while only very few of these were
observed. Consequently, the hypothesis of the rebound of
a solid core is more plausible, and the absence of evidence
of rebound in the shape of the splat may be explained by
the solidification rate of the splats which may have been
slow enough to allow the molten NiCr splat to smoothen.

It was observed that some splats displayed a large
central pore, for example as seen in Fig. 2 and 5. Porosity
at the splat-substrate interface is often found in the case of
plasma sprayed specimens: it was then hypothesized that
such pores may partly form due to gas release from the
substrate particle impact and flattening due to desorption
of asdorbates/condensates present on the surface of the
substrate (Ref 11, 15, 33). A similar phenomenon was also
studied by Sobolev et al. in the case of HVOF sprayed
coatings (Ref 34). Gases may also be entrapped under the
impacting droplet (Ref 35) or be released after having
been dissolved within the liquid droplet (Ref 33). How-
ever, the amount of these gases is limited and some pores
observed here are significantly large (a few pm in diame-
ter). Modeling of splat formation in plasma spraying has
also shown that due to the mechanics of flow of the melted
particle (change of curvature in the droplet) a large open
central pore was found to form (Ref 36, 37). This may be
applicable to the HVOF study here, with the difference
being that the pore remains closed, possibly due to the
lower temperature of the splat and the better contact
between splat and substrate leading to a faster solidifica-
tion, which would not leave sufficient time for the pore to
become unstable and burst open.

Some other splats display some fine porosity in their
centre near the splat-substrate interface, for example in
Fig. 7. In such cases, gas release is most probably the cause
of their formation. The presence of oxides, such as NiO,
within these pores supports this hypothesis, as it shows
that hot oxidizing gases must have been present within
these pores. Moreover, if gas release indeed occurs, this
should take place all along the splat-substrate interface.
However, porosity is only observed at either the centre of
the splat or towards its periphery. The gas released must
then be pushed in direction of the periphery of the splat by
the flowing melted NiCr during splat flattening. This
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would cause the presence of hot oxidizing gases at the
splat-substrate interface under the rim of the splat. At this
location delamination of the splat is often observed and a
layer of FeO on the bottom surface of the splat: possibly
when the flattened splat solidifies and cools down, curling
up of the rim occurs to accommodate the thermal stress
rising from the decrease in temperature, leading to the lift-
up of the rim of the splat (Ref 34, 38). On the bottom
surface of the splat being lifted up, some Fe must have
deposited from the steel substrate, which then is oxidized
by the hot gases from the gas release described previously.
Finally, a common feature of the splats observed was
the interdiffusion of NiCr and steel across the splat-
substrate interface, even though the images showed that
the interface appeared straight and distinct in structure.
Diffusion across the interface may not be indicative of
substrate melting. Indeed, if localized melting of the sub-
strate had taken place, variations in the splat-substrate
interface would likely have been observed (Ref 16), which
was not the case here. Thus, the diffusion observed must
arise from the very good contact between splat and sub-
strate and the diffusion of the heat from the melted NiCr
into the substrate. This is also consistent with the obser-
vation that the degree of interdiffusion observed (usually
around 200 nm) is quite limited. It should also be noted
that diffusion is maximum on the slanted walls of the
crater, while it does not occur at the centre of the splat or
at the periphery. At these locations, the contact between
splat and substrate is poor possibly because of the porosity
formation for the centre of the splat, and the decrease of
the pressure applied by the impacting and flowing particle
on the substrate towards the periphery. Consequently, it is
expected that no, or limited, diffusion occurred there.
Figure 9 displays a schematic representation summa-
rizing the splat formation process: upon impact the sub-
strate gets deformed by the non-melted core (1), while the
melted NiCr starts spreading to form a splat (2), then the
non-melted core rebounds (3). In the centre a large pore
may form (or alternatively a number of smaller pores) (4),
while the melted NiCr spreads, pushing outwards gas that
may be released from the substrate (5), and interdiffusion
across the splat substrate interface takes place (6). In the
end, curl-up of the splat occurs at its periphery (7) and

Non- Non-

melted melted K Ly

core NiCr (2) core (3) \. NiCr splat (2)

H H (\"’) ........ T~

Steel N—" L Steel ~—

(a) (b)
NiCr Ni{?r Cr;0; (a) 7 .
— —
Y X
5 ® i .

(c) 4 6 (d) NiO/FeO (8)

Fig. 9 Schematic representation of (a) a Ni-Cr particle
impacting on the steel substrate and (b) the non-melted core
rebounding from the substrate, then (c) the splat flattening and
(d) solidifying and cooling down
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oxides (FeO, NiO...) may form in the central pore and/or
under the rim of the splat (8). Cr oxide was also found to
form as a thin layer on the outer surface of the splat (9).

3.3 Structure and Formation of the Small Fully
Melted Splats

Such splats have typically a diameter ~30 pm and a
thickness of ~0.5 pm. The volume of these splats corre-
sponds to an initial spherical particle of diameter of
~9 um. They would then most probably originate from the
smallest particles of the feedstock powder.

For these splats, their structure is quite similar to that
of the larger fully melted splats, in terms of grain struc-
ture, porosity and oxide phases. However, some notice-
able differences were found: firstly, as it can be seen in
Fig. 8a (marked 3), no crater or evidence of substrate
deformation was observed. Consequently, unlike the large
splats described in the previous section, it is probable that
the NiCr particle was fully melted when impacting the
substrate, which is consistent with the observation that
smaller particles undergo further melting than the larger
ones. Also, no interdiffusion was detected across the splat-
substrate interface (marked 3 on Fig. 8a). This could be
linked to the thinness of the splats leading to rapid
solidification, hindering the occurrence of interdiffusion,
the small size of the particles meaning a lower momentum
upon impact, and also to the absence of substrate defor-
mation, which shows the pressure applied by the impact-
ing particle on the substrate was limited.

3.4 Structure and Formation of the Partially
Melted Splats

FIB cross-sections of a partially melted splat, similar to
that shown in Fig. 1(f), confirmed the assumption that
they comprise a mixture of non-melted fragments in a
matrix of NiCr that had melted. Figure 10 presents two
cross-sections on such a splat. A mix of fine grains

NiCr (1)

§

Fig. 10 FIB cross-sections of a partially melted splat (see inset
image), found on SS_B, (a) across the periphery and (b) towards
the centre of the splat
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(marked 1, d < 1 um, from the phase that was fully
melted) and very large grains (marked 2, d ~ 2-10 pm,
probably originating from the non-melted particle) can be
observed. The melted phase allows the splat here to have a
good contact with the substrate (marked 3). However,
some pores were observed close to the splat periphery,
possibly due to a lack of melted material to fill them
(marked 4). On some other splats the voids were found to
be significantly large (<10 pm) and towards the centre of
the splat. When examining the splat-substrate interface,
especially towards the centre of the splat, one can note
that it is slightly curved (marked 5). This is due to the
deformation of the substrate by the impact from the par-
ticle, forming a shallow crater.

Chemical analysis using EDS in the TEM did not show
the presence any particular oxide phase. One may expect
some of the oxides that have been observed on the fully
melted splats, such as NiO, FeO or NiCr,0Oy; presumably
these oxides, if present, were in such small amounts that
they were not detected using TEM.

Such splats, compared to the large fully melted splats,
display a shallow central crater as well, showing that
deformation has also occurred. However, the partially
melted splats are much thicker and display large non-
melted fragments embedded in a fine grained matrix that
appears to have been fully melted upon splat formation.
Consequently, it seems that such splats were formed from
the impact of a partially melted particle, the non-melted
core causing the deformation of the substrate, in the same
way as the fully melted splats, except such a core may
break up upon impact, the fragments being then embed-
ded within the melted NiCr. This large thickness, however,
inhibits the preparation of TEM specimens that allows
ready observation of any oxide phase or interdiffusion
across the splat-substrate interface.

3.5 Effects of the Pre-Treatments on the Splat
Morphology and Formation

Stainless steel exhibits on its surface very thin layers of
oxide comprising an outer layer of mainly of Fe,O3, and
an inner layer of mainly of a mixture of Cr and Fe oxides
(Cr,03, Fe,03, spinel type Fe(Fe,Cr),04 or NiFe;_,Oy)
(Ref 26, 27)). X-ray photoelectron spectroscopy (XPS)
studies also showed that some hydroxide may be present
on the surface (Ref 39). Previous studies for plasma
sprayed NiCr showed that heat treatment of a steel sub-
strate may result in increasing the oxide content, con-
verting, for example, the hydroxide into oxide, and/or
thickness of this oxide layer (Ref 15). Cedelle et al. found
that substrate heat treatment also resulted in a positive
skewness, which accounted for the better wetting of the
plasma sprayed Ni splats and a shorter spreading time
(Ref 40). On the other hand, boiling stainless steel is
expected to increase the hydroxide content (FeEOOH) of
the oxide layer. In any case, the oxide/hydroxide layers
before spraying are very thin (less than a few nanometers)
(Ref 15). The heat and boiling treatments were also found
to slightly increase the nanoscale roughness of the steel
specimens (Ref 15).
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For each specimen, SEM images of 50-60 splats were
taken and for each type of splat the average diameter and
their relative proportions were evaluated. Examination of
the splat population for each of the different substrates
conditions showed that the relative proportion of the
partially melted splats was consistent (~8%). For the small
fully melted splats, their proportion is more variable,
usually between 10 and 20% of the splats observed.
However, both categories did not present significant
variations between the various substrates.

Conversely, the fully melted splats were found to differ
between the different specimens, but only by the mor-
phology of their rims. The central part of the splat was
always broadly similar. This suggests that formation of this
central portion is mainly governed by the mechanics of the
melted (or partially melted) NiCr impacting with a high
kinetic energy on the substrate, thus, with building up of a
high pressure at the interface with the substrate, under-
mining the possible effects of the surface chemistry.
However, towards the periphery of the splat, where the
pressure applied by the melted NiCr on the substrate
becomes minimal, surface chemistry may influence the
wetting of NiCr, thus the manner in which the splat
spreads and in the differences in rim morphology.

Table 2 summarizes the different rim morphologies
that were observed along with the approximate mean
diameter of the splats, along with the standard deviation
of the diameters. Despite the uncertainties, some trends
can be observed. When observing plasma sprayed splats
on similarly treated steel substrates, it was found that the
heat-treatment improved the wetting of NiCr on steel,
giving flatter splats (Ref 15, 40). It seems here that the
heat-treatment may have had a similar action: by the
improving the wetting of NiCr on steel, the splats were
flatter, thus with a larger diameter, and with a better
contact with the substrate towards the periphery, thus
being less prone to delamination and the formation of
cracks during cooling. The undulations observed on the
surface at the rim also indicate wetting and contact: it
seems that the flow of molten NiCr becomes retarded and
stopped by the friction from the intimate contact with the
substrate. This is possibly due to the fact that the increase
in the oxide content and nanoscale roughness/skewness of
the surface produced by the heat-treatment (Ref 15, 40)

Table 2 Various splat morphologies and corresponding
average diameters for the splats found on the different
specimens

Description of the large Average
Specimen fully melted splats diameter
SS_p Irregular dendritic/granular rim (Fig. 1a) [65 + 21] um
SS_PT Rim ranging from smooth with [86 % 38] um

thin splashed fingers to circular
with an undulating surface
(Fig. 1b and ¢)
SS_B Irregular rim with radial cracks (Fig. 1d) [83 & 41] pm
SS_BT Rim ranging from irregular with radial ~ [91 &+ 32] um
cracks to circular with an undulating
surface (Fig. 1c and d)
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improves the wetting of NiCr on steel and also decreases
the amount of adsorbates/condensates on the substrate,
thus less gas is released from the substrate upon splat
formation and the contact between the splat and the
substrate is improved (more details on the effects of heat-
treating on the surface chemistry may be found in a pre-
vious work by the same authors; Ref 15). The splashed
fingers may also be caused by the increased nanoscale
surface roughness.

The boiling treatment also appears to significantly
increase the splat diameter, but splats tend to display an
irregular rim prone to delamination and radial cracks.
Such cracks may be linked to this increase in diameter: the
splats would be indeed much thinner, including regions
towards the splat periphery, and thus more prone to
cracking.

However, the manner in which boiling the substrate
creates the morphologies observed is not clear. Possibly,
the increase in the FeOOH content of the steel surface
causes on one hand a slight increase in nanoscale rough-
ness/skewness, which may improve the wetting of NiCr,
but on the other hand, due to the dehydration of the
hydroxide upon splat formation, more gas may be released
from the substrate upon splat formation, hindering the
contact between splat and substrate and causing the
irregular morphology of the rim.

In summary, pre-treatments influence splat formation
and morphology through modifying the surface chemistry
and roughness, but this affects splat morphology mainly
towards their periphery. No significant effect on the oxide
content and the porosity formed towards the centre of the
splat was found. On the other hand, it is possible that
porosity formed due to the delamination under the rim
may be affected by the pre-treatments. Porosity, along
with the oxide content, are known to be significant fea-
tures which influence the properties of the fully deposited
coating, such as thermal and dielectric conductivity or
resistance to corrosion (Ref 7, 20, 31). However, as the
effects of the pre-treatments on porosity and oxide is
limited, such pre-treatments of the substrate may not be
very influential factors on the final properties of the
HVOF sprayed coatings, especially compared to other
spray conditions factors such as the temperature and
velocity of the particles.

When comparing with plasma sprayed NiCr splats on
similar substrates (Ref 15), HVOF splats can be noted to
present interesting points of difference. For example, in
HVOF the amount of oxide is reduced. Regarding the
porosity, the amount of small pores (<1 pum) is signifi-
cantly reduced for the HVOF splats, but the central pores
are larger than the ones usually observed for the plasma
splats. This may be explained by a stronger influence, in
their formation process, of the mechanics of the flow of
the liquid splat, compared to the gas release phenomenon.
Further, despite the absence of evidence of substrate
melting, as found for plasma sprayed splats, the contact
between splat and substrate is usually better. In HVOF
the splat shapes are also more uniform and regular, as
plasma sprayed splats in most cases tend to be more
fragmented and splashy. Finally, the depression from the
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impact of the particle and the formation of very large
central pores are characteristic of HVOF splats, as there is
no deformation of the substrate in the case of plasma
spray and the pores found in the centre of the splats are
much smaller and caused mainly by the presence of gas. It
is consequently logical that HVOF coatings are often
found to be denser and with lesser oxide content com-
pared to plasma coatings (Ref 2).

4. Conclusion

In conclusion, the study of HVOF sprayed NiCr single
splats on stainless steel, and the comparison of their
morphology depending on the pre-treatment of the steel
substrate, lead to the following observations:

e The sprayed particle impacts the substrate in a par-
tially molten state, and its solid core caused the
deformation of the substrate, thus the formation of a
shallow crater.

e In the case of the fully melted splats, the solid part of
the sprayed particle rebounds from the substrate. In
the case of the partially melted splats, some non-
melted fragments remain embedded in a matrix of
melted NiCr. In both cases, only a fraction of the
initial particle adheres to the substrate.

e Splats usually display some porosity at the splat-
substrate interface in their centre, and also at the
periphery where delamination may have occurred.
Elsewhere, the contact between splat and substrate is
good, and the interdiffusion between Ni and Fe across
the interface shows that metallurgical bonding may
have taken place.

e Some Cr,0O3; may form as a thin layer on the outer
surface of the splat, while NiO and FeO may be found
where porosity has formed.

e Changes in surface conditions induced by the heat and
boiling pre-treatments may influence splat formation
through the way melted NiCr wets on the substrate
and the amount of adsorbates/condensate that may
get desorbed from the substrate. However, their effect
is quite limited.

To apply high-resolution microscopy techniques to the
study of single splats is a novel way of studying thermal
spray coatings and has shown to bring a new insight in the
splat microstructure and how splats interact with the
substrate.
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