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The Effect of Substrate Surface Oxides
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HVAF Thermally Sprayed onto
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The effect of substrate surface oxides on splat-substrate bonding was investigated by thermally spraying
NiCr particles onto aluminum substrates with surface oxide layers grown hydrothermally and electro-
chemically. Cross sections of bonded solid and molten splats revealed substantial deformation of both the
substrate and the surface oxide. In spite of the substantial substrate deformation, there was no significant
loss of the surface oxide material and there was no observed diffusion of the substrate oxide into the
NiCr particle or vice versa. For solid splats, the substrate oxide was still present over the entire splat-
substrate interface, however for molten splats, the oxide had been penetrated in several locations
allowing close proximity of the splat metal to the substrate metal. These results strengthen the theory
that oxide layers impede bonding and that successful bonding occurs only when the surface oxide is
substantially deformed or disrupted to produce mechanically interlocking features at the interface.

Keywords oxide, HVAF, splat-substrate bonding, splat-
substrate interaction

1. Introduction

The role of the surface oxide on interfacial bonding of
solid splats in high-velocity thermal spray coatings has
been discussed by several researchers (Ref 1-3). They
have observed that successful solid splat bonding occurs
only above certain critical velocities. Van Steenkiste et al.
(Ref 4) suggested that fracturing (or deformation) of
surface oxide layers on both the incident particle and on
the substrate becomes a necessary part of coating forma-
tion (via mechanical bonding) and that the incident
velocity must be sufficiently high for this to occur. Then,
interdiffusion or metallurgical bonding is possible once the
surface oxide on the substrate and on the coating material
has been disrupted. For molten particles, the surface oxide
has also been shown to affect the spreading characteristics
of the splats (Ref 5).
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Native oxides on both metal substrates and the NiCr
powders are typically in the region of 1-30 nm (Ref 6, 7).
Such thin oxide layers, because of their low thickness,
prevent their effect on splat-substrate bonding from being
fully investigated by microscopy techniques. To study the
effect of the substrate surface oxide in detail, NiCr alloy
particles were thermally sprayed using the high-velocity
air-fuel (HVAF) technique onto aluminum substrates
prepared using two different oxidation methods. Individ-
ual splats were investigated in detail to search for altera-
tions of the oxide layer from the impact to determine how
this affects splat bonding to the substrate.

2. Experimental Procedure

2.1 Substrate Surface Preparation

Oxidized aluminum substrates were prepared using the
hydrothermal and electrochemical oxide pretreatment
methods for growing surface oxide layers on polished
aluminum substrates (mirror finish). The hydrothermal
oxide was prepared by boiling a degreased aluminum
substrate in de-ionized water for 4 h (Ref 8). The elec-
trochemical oxide was prepared by electrolyzing a
degreased aluminum substrate for 25 min at 20 V DC in
40 g L™! H5PO,, at room temperature (Ref 9).

2.2 How Splats were Made

To study the effect of the substrate surface oxide layers
on splat-substrate bonding in thermal spray coatings, oxi-
dized substrates were thermally sprayed with commercial
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NiCr alloy powder (Ni80/Cr20, 5-45 um) supplied from
Sulzer Metco using the HVAF technique (Ref 10).
A Browning Aerospray (150 model) gun was operated with
a chamber pressure of 325 kPa (47 psi) and a gun-substrate
spray distance of 15 cm. Single splat samples were
achieved by passing the HVAF gun across the substrate at
a speed of 25 cm s . To ensure that identical spray con-
ditions where used for each substrate sample, the sub-
strates (with dimensions 100 mm x 30 mm) were sprayed
at the same time with the same pass of the gun.

2.3 How the Oxides and Splats were Analyzed

The single splats were investigated with a focused ion
beam (FIB) microscope and cross-sectional SEM. The
FEI xP200 (FEI, Portland, OR) FIB (Ref 11, 12) uses a
focused beam of 30 keV gallium ions to scan the surface of
a specimen. The gallium beam at low currents (10-70 pA)
can be used to produce images (resolution <100 nm) of
the sample via secondary electrons emitted during inter-
actions of the incident ions with the specimen. Alterna-
tively, at high currents (1000-7000 pA), the beam can be
used to rapidly sputter away the specimen to expose a
cross-sectional surface without the distortion or alteration
found in other cross-sectioning techniques. This capability
is appropriate in this study to section individual splats and
observe microstructural features at the splat-substrate
interface. A further capability of the FIB is the ability to
produce thin (~100 nm) cross-sectional samples at almost
any desired location in a sample, suitable for examination
by a transmission electron microscope (TEM). A number
of electron transparent sections were prepared through
different splats and examined in a Philips CM200 TEM. In
addition, a FEI Nova 200 Nanolab dual beam FIB was
used to prepare serial sections of images through indi-
vidual splats. These serial section data sets were used to
generate three-dimensional images of the splat-substrate
interface. Details of this technique can be found elsewhere
(Ref 13).

<

3. Results and Discussion

The electrochemical method results in a porous oxide,
the other a sealed oxide. The hydrothermal oxide thick-
ness was measured using a FIB microscope to be
845 + 70 nm (as shown in Fig. 1a), while the composition
was determined by Ion Beam Analysis (IBA) to be alu-
minum oxy-hydroxide (AIOOH). The hydrothermal oxide
consists of a ~600 nm AIOOH surface layer together with
a 245 nm interface layer. The structure of the hydrother-
mally grown oxide was observed to have fine pore holes
(<20 nm) with a smooth external surface. Conversely, the
structure of the electrochemically grown oxide has larger
pore holes, approximately 50 nm in diameter, in the sec-
tioned surface, together with large pore holes on the
external surface 300-600 nm in diameter. The electro-
chemical oxide thickness was measured in the FIB to be
650 £ 20 nm (as shown in Fig. 1b), and the composition
was determined by IBA to be alumina (Al,O3). The SEM
thickness measurements and the IBA compositions were
used to estimate the density values for the hydrothermal
oxide (3.2 + 0.4 g cm ) and the electrochemical oxide
(3.32 + 0.5 g cm*). By comparing these estimated den-
sities with the nominal densities of fully dense AIOOH
(344 gem™®) and ALO; (3.985 g cm ™), respectively,
estimates of porosity were determined for the hydrother-
mal oxide (7 £ 12%) and the electrochemical oxide
(17 £ 15%).

Data from these two specimens were compared with
experiments previously performed on polished aluminum
substrates with a native oxide (thickness 10-30 nm)
(Ref 14).

3.1 Splats on Hydrothermal Oxide Coating

Investigation of the HVAF thermally sprayed alumi-
num substrate with a hydrothermal oxide revealed that
many particle impacts had occurred but no particles
had bonded to the substrate. For example, an overview

(a)Hydrothermally grown oxide
' - sample
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Fig. 1 Oxidized aluminum substrates. (a) FIB sectioned hydrothermally grown oxidized aluminum sample with an oxide layer thickness
of 845 £+ 70 nm. The oxide consists of a ~600 nm AIOOH surface layer together with a 244 nm interface layer. (b) FIB sectioned
electrochemically grown oxidized aluminum sample with a surface oxide layer thickness of 650 + 20 nm composition of Al,Os. (cs) =

cross section
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Fig. 2 Only impacts where found on an aluminum substrate with a hydrothermally grown oxide layer thermally sprayed with NiCr
particles using the HVAF technique. (a) Secondary electron image of the overall surface area showing indents on the oxidized Al surface.
(b) Secondary electron image of a FIB-section through an indentation which shows the effect of an impact on the substrate. The quality of

the images was impaired due to charging of the surface oxide

secondary electron image of this sample is shown in
Fig. 2(a). A higher magnification cross-sectional image of
particle impacts shown in Fig. 2(b) confirms that no par-
ticles had bonded to the substrate and that only indents
remain. The indent shown in Fig. 2(b) penetrate several
microns into the surface. The FIB-sectioned indent shows
that the Al substrate and the surface oxide have both been
deformed and that the surface oxide remains on the sur-
face of the indent crater. The presence of this oxide was
confirmed by energy dispersive x-ray analysis (EDS).

3.2 Splats on the Electrochemical Oxide Coating

Investigation of the aluminum substrate with an elec-
trochemical oxide layer thermally sprayed with the HVAF
technique revealed that many NiCr particles had bonded
successfully. A variety of splat types and sizes can be
observed in the overview image of the sample shown in
Fig. 3(a). The splat types observed include: (a) solid,
(b) semi-molten, and (c) molten splats as well as indents
(where no splat remained after impact). Secondary elec-
tron images recorded at higher magnification of indents,
solid splats, semi-molten splats, and molten splats are
shown in Fig. 3(b-e), respectively.

The HVAF thermally sprayed electrochemically grown
oxide layer exhibited a mixture of indents (18 + 4%),
solid particles (40 + 7%), semi-molten (13 &+ 4%), and
molten splats (29 + 6%). This was based on an examina-
tion of 90 splats to derive a statistical breakdown of the
different splat types. These values are compared in
Table 1 with the percentages of splat types observed on
other aluminum substrates, including aluminum with only
a native oxide present. The interesting difference between
the aluminum substrate with a native oxide and the alu-
minum substrate with the electrochemically grown alu-
mina oxide layer is the increased percentage of molten
splats. The percentage of molten splats observed on the
electrochemically oxidized aluminum in this study, is
similar to the percentage of molten splats on substrates
with a hardness similar to alumina (Al,O3: 1700 MPa)
observed in the previous study (Ref 15), whereas the
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percentage of solid splats is closer to that observed on
aluminum substrates (Al: 338 MPa). The oxidized surface
layer has affected the splat types differently. Molten
droplets or solid particles that have become molten during
impact, have spread laterally, dissipating energy in a
direction parallel to the substrate surface, whereas solid
and semi-molten particles have deformed both the surface
oxide layer and the underlying aluminum substrate. The
amount of deformation caused by solid and semi-molten
particles was less on the oxidized layer than the native
oxide. In previous studies (Ref 15, 16), the percentage of
splat types sprayed onto substrates of different hardnesses
was investigated, where it was shown that a larger amount
of particle deformation and particle heating occurs in
particles during impact on harder substrates. Evidence of
particle heating during impact has also been observed
recently (Ref 17) for copper particles cold-sprayed onto
aluminum substrates.

3.3 Solid Splat-Substrate Interface

To investigate how the substrate surface oxide is dis-
placed during a solid particle impact and how it affects
solid splat bonding, two representative individual solid
splats, of different sizes, on the electrochemically grown
oxide layer were investigated in detail via FIB milling and
cross-sectional TEM. Figure 4 shows a series of images of
solid splats, of which Fig. 4(a, b) are cross-sectioned solid
splats embedded in the substrate with diameters of 15 and
35 pm, respectively. Figure 4(c, d) shows TEM bright field
images of the splat-substrate interface at the center and at
the periphery of the splat, respectively. The splat is darker
because the splat material (NiCr alloy) is denser than the
aluminum substrate. Although the oxide shows structure,
it was found to be largely amorphous. These images were
very surprising as they suggest that the oxide at the splat-
substrate interface (under the splat) was plastically
deformed without fracturing. This was unexpected because
oxides are normally brittle below melting point tempera-
tures. Perhaps the interfacial oxide has been able to
plastically deform during high pressures experienced
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Fig. 3 Impacts and splats where found on the aluminum substrate with an electrochemically grown oxide layer thermally sprayed using
the HVAF technique. Secondary electron images show: (a) general area image, (b) an indent where the splat has not remained, (c) solid
splat, (d) semi-molten splat, and (e) fully molten splat. The quality of the images was impaired due to charging of the surface oxide

Table 1 Indents and types of splats observed on various aluminum substrates

Number Bonded Bonded Bonded
Al substrate examined Indents, % solid splats, % semi-molten splats, % molten splats, %
Electrochemical grown oxide layer 90 18+ 4 40 7 13+4 29+ 6
Native oxide layer 235 46 £ 4 28 £2 25+£3 2+1
Hydrothermally grown oxide layer 400 100 £ 5 0+1 0+1 0+1

during impact? Conversely, the oxide beside the splat,
shown in Fig. 3(c) shows a brittle nature as cracks can be
observed extending radially outward from the splat. The
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images also suggest that the surface oxide is not removed
during the particle impact, but is still present at the
interface across the entire splat-substrate interface.
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Fig. 4 Solid NiCr splats bonded to an electrochemically oxidized aluminum substrate: (a) 15 um diameter cross-sectioned solid splat
(the inset image is of the splat prior to cross-sectioning), (b) 35 um diameter cross-sectioned solid splat, (c) TEM bright field image at the
center of splat-substrate interface (the inset image is the elemental concentrations of the line scan), and (d) TEM bright field image at the

edge of the splat-substrate interface

Table 2 Dimensions and oxide thicknesses for two
sectioned splats

Splat 1 Splat 2
Parameter (Fig. 4a) (Fig. 4b)
Splat diameter, pm 15+2 35+£2
Splat penetration, pm 45+0.5 8§+05
“Postimpact” oxide thickness 100-300 20-150
at splat-substrate interface, nm
Preimpact “‘substrate” 650 + 20 650 + 20
oxide thickness, nm
Oxide thickness reduction 54-85% 77-97%

The amount of deformation to the substrate can be
assessed in the images of the splat cross sections (Fig. 4a
and b) which show that the substrate has been deformed
inward by approximately 25% of the particle diameter.
The dimensions of the splat sizes and oxide thicknesses
listed in Table 2 show a relationship between particle
impact kinetic energy (pressure) and the thickness of the
oxide at the interface. Similarly, the splat cross sections
also show the deformation to the impacted particles. The
raw powder particles are typically spherical in shape prior
to impact, but the splats have a much shallower curvature
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at the splat-substrate interface compared to the splat
curvature on the top surface of the splat.

The amount of deformation to the oxide can be assessed
in Fig. 4(c, d) by comparing the thickness of the interfacial
oxide directly underneath the splat with the oxide adjacent
to the splat. Although the interfacial oxide is still intact, it
has been deformed (along with the substrate) and is much
thinner due to the impact of the particle. Because of
the high deformation of the substrate, the surface area of
the oxide at the splat-substrate interface is larger than the
surface area of the oxide prior to impact. Hence the oxide
is thinner at the splat-substrate interface compared to the
original surface oxide thickness (~650 nm). The thickness
and uniformity of the original preimpact oxides can be
observed in Fig. 1. Variations in thickness of the original
oxides are much smaller in scale than the particle dimen-
sions. During impact, the oxide is deformed to be much
thinner (20-150 nm in some local regions) underneath the
larger diameter splats, compared to the oxide under the
smaller 15 pm diameter splat (100-300 nm).

The cross section images in Fig. 4(c and d) also show
the structure and local compression of the oxide at the
interface. The somewhat porous and needle-like micro-
structure of the oxide is continuous and is very similar at
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both the substrate-splat interface and on the substrate
adjacent to the splat. Elemental maps and line scans (e.g.,
see inset of Fig. 4c) performed using an energy dispersive
spectroscopy (EDS) in conjunction with the TEM show
that the solid splat-oxide layer interface is chemically
abrupt with no evidence of the oxide diffusing into the
NiCr splat or vice versa. Hence, no chemical bonding is
observed in these samples. The splat has bonded
mechanically due to the deformation of the substrate and
the surface oxide during the particle impact. The repre-
sentative solid splats investigated in this section show that
the solid splats have deformed, but have not penetrated
the oxide. At some locations, the oxide is very thin
(~20 nm) but the oxide is still present between the splat
and the substrate material even in these very thin local
regions.

3.4 Molten Splat-Substrate Interface

The microstructure of molten splats was also investi-
gated in detail on the electrochemically oxidized alumi-
num substrate. The molten splat shown in Fig. 5(a) was
sectioned using FIB milling to investigate the splat cross
section (shown in Fig. 5b). The oxide layer (which exhibits
dark contrast in Fig. 5b) has been deformed during the
particle impact. This has resulted in specific locations
where the splat has penetrated through the oxide layer to
make contact with the aluminum metal substrate. FIB/
TEM investigations of Ti splats kinetically sprayed onto
steel substrates (Ref 18) found similar features in the cross
sections images including a thin interfacial (~10 nm) oxide
layer at bonding locations.

Fig. 5 (a) The inset image is of a molten splat bonded to the
electrochemically oxidized aluminum substrate prior to section-
ing, (b) FIB cross section of the molten splat which shows how
the substrate and the surface oxide have been deformed during
the particle impact. The image of the cross section also shows
specific locations where the splat has penetrated through the
oxide layer to make contact with the underlying aluminum metal
substrate

Journal of Thermal Spray Technology

_.<

A dual beam FIB has the ability to automatically
repeat millings and take images from successive locations
in a sample (Ref 13). One hundred “slice and view”” images
across the molten splat shown in Fig. 6(a) were used to
produce 3D reconstructed images of various features in a
molten splat, these are shown in Fig. 6(b, c, and d). The
3D reconstructions of the NiCr splat, Al oxide, voids and
the Al substrate provide a unique visual aid for investi-
gating the shape and interaction of these features at the
interfaces. The underside of the NiCr splat shows a
roughened splat surface adjacent to the interface. In par-
ticular, the images show that close contact is occurring at
the center of the splat, where the impacting particle makes
first contact and where most of the momentum is imparted
to the substrate. The center of the splat is also where the
oxide is most disturbed and where the splat has broken
through the oxide layer to make close contact with
the metal substrate underneath. Metal-to-metal contact
between the splat and the aluminum metal substrate occurs
only in regions where the aluminum oxide has been dis-
rupted. Conversely, at the periphery of the splat-substrate
interface, voids are located indicating a region of poor
bonding. The 3D reconstruction images also show how the
oxide at the interface has been deformed and that no
significant loss of the oxide has occurred.

These images confirm that molten splats can penetrate
into the oxide layer forming strong interlocking bonding
features. In comparison, the larger solid splats deformed
the substrate and surface oxide to a greater extent, but did
not penetrate the surface oxide. From this observation, it
is concluded that penetration of the oxide by the smaller
molten splats was aided by the molten state of the
impacting splat providing enhanced viscous flow during
impact.

3.5 Comparison of Hydrothermal
and Electrochemical Oxide Coatings

Bonding of splats was observed on electrochemically
grown oxide layers (650 nm), but not on hydrothermally
grown oxide layers (845 nm). Several differences between
the two oxidized substrates may account for this obser-
vation. Key differences between these two substrates are
discussed in the following sections.

3.5.1 Thickness. The hydrothermally grown (boiled)
oxide layer is somewhat thicker (845 + 70 nm) compared
to the electrochemically grown oxide layer (650 £+ 20 nm).
The effect of the surface oxide on interfacial bonding in
high-velocity thermal-spray coatings for solid splat coat-
ings has been discussed by others (Ref 1-3). These
researchers have observed that successful particle bonding
occurs above certain critical velocities. It has been sug-
gested that fracturing of surface oxide layers on the inci-
dent particle and on the substrate becomes a necessary
part of coating formation to allow inter-diffusion or met-
allurgical bonding to occur (Ref 4). This suggests that
based on the oxide layer thickness, the thicker hydro-
thermally grown oxide layers are a larger impediment for
splat bonding than the electrochemically grown oxide
layers.
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Fig. 6 A 3D reconstruction of a molten NiCr splat on an electrochemically oxidized aluminum substrate. (a) Secondary electron image
of the molten splat, (b) reconstructed image of the turbulent underside of the NiCr splat, (c) reconstructed image of the indent oxide
layer showing deformation an cracking, and (d) reconstructed image of the splat-substrate cross section showing locations where the splat

material has penetrated the interfacial oxide

3.5.2 Microstructure. The electrochemical method
produces a porous oxide (porous volume=17 + 15%),
whereas the hydrothermal method a sealed oxide (porous
volume =7 + 12%). The differences in oxide microstruc-
ture affect the hardness of the oxide. The hardness of the
oxide, in turn, affects the ability of the incident particle to
fracture and penetrate the oxide layer to allow inter-
diffusion or metallurgical bonding to occur. The low
porosity of the hydrothermally grown oxide layers would
therefore be more resistant to fracturing and penetration
compared to the electrochemically grown oxide, which has
a significantly higher porosity.

3.5.3 Composition. The composition of the hydro-
thermally grown oxide has been determined to be
AIOOH. Upon heating, AIOOH looses water and forms
Al,Os. The temperature range of this transition is between
440 and 1200 °C (Ref 19).

4Al100H — 2A1,05 +2H,0

The image in Fig. 2(b) of a sectioned indent in the
hydrothermally grown oxide layer shows a 1-2 um thick
layer on the surface of the indent. This layer may be due
to a loss of water during particle impact. The oxide
decomposition, loss of water, and gas release upon heating
during particle impact could affect the ability of a particle
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to penetrate the oxide and bond to the metal substrate
underneath.

4. Conclusions

The experiments in this study showed that the thickness
and composition of substrate surface layers strongly
influenced the ability of splats to bond to a substrate. No
splats were found on the aluminum oxy-hydroxide oxide
layer (845 nm), whereas bonding did occur on an alumina
layer (650 nm) grown on an aluminum substrate. Bonded
splats on the alumina substrate were investigated in more
detail. Cross sections of solid splats showed that the alu-
minum substrate and surface oxide had been deformed
during the particle impact. This has resulted in some
locations where the oxide was as thin as 20 nm but was
still present between the splat and the substrate even in
these very thin local regions. Cross-sectional measure-
ments of molten particles show that the oxide has been
penetrated in several locations allowing close proximity of
the splat metal to the substrate metal to occur. The pen-
etration of the oxide by the smaller molten splats was
aided by the molten state of the impacting splat providing
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enhanced viscous flow during impact. Images of the
interfacial oxide for both solid and molten splats were
very surprising as they suggest that the oxide is not
removed but had been plastically deformed during impact.

FIB “‘slice and view”” images, plus 3D reconstructions of
the interfacial oxide, showed that no significant loss of oxide
had occurred from the substrate, and there was no evidence
of diffusion of the oxide into the NiCr splat. During the
particle impact, the oxide and underlying substrate are
deformed. The deformation had the effect of spreading the
surface oxide over a larger surface area (compared to the
preimpact surface area). This allowed small-scale redistri-
bution and penetration of the oxide material by a molten
splat, making it possible for metal-to-metal contact to occur
and possibly metallic or metallurgical bonding. The cross-
sectional profile of the interfacial oxide penetrations show
that they provide mechanical interlocking features for
bonding the molten splat to the substrate.

These results confirm that successful bonding occurs
only when the substrate and surface oxide are significantly
deformed to produce mechanically interlocking features.
In the case of smaller molten splats, less substrate defor-
mation had occurred but in some locations the oxide layer
had been disrupted to allow possible metallurgical bonding
and provide additional mechanically interlocking features.
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