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Free-standing VPS and HVOF CoNiCrAlY coatings were produced. The as-sprayed HVOF coating
retained the y/f microstructure of the feedstock powder, and the VPS coating consisted of a single (y)
phase. A 3-h, 1100 °C heat treatment in vacuum converted the single-phase VPS coating to a two-phase
v/p microstructure and coarsened the y/f microstructure of the HVOF coating. Oxidation of free-
standing as-sprayed and heat-treated coatings of each type was carried out in air at 1100 °C for a
duration of 100 h. Parabolic rate constant(s), K,,, were determined for free-standing, as-sprayed VPS and
HVOF coatings as well as for free-standing coatings that were heat treated prior to oxidation. The
observed increase in K, following heat treatment is attributed to a sintering effect eliminating porosity
from the coating during heat treatment. The lower K, values determined for both HVOF coatings
compared to the VPS coatings is attributed to the presence of oxides in the HVOF coatings, which act as
the barrier to diffusion. Oxidation of the as-sprayed coatings produced a dual-layer oxide consisting of an
inner a-Al,O3 layer and outer spinel layer. Oxidation of the heat-treated samples resulted in a single-
layer oxide, a-Al,O3. The formation of a thin a-Al,O3 layer during heat treatment appeared to prevent

nucleation and growth of spinel oxides during subsequent oxidation.

Keywords CoNiCrAlY, heat treatment, HVOF, oxidation,
thermally grown oxide, VPS

1. Introduction

MCrAlY (M =Ni, Co, or both) coatings are commonly
used as overlay coatings and as bond coats for thermal
barrier coatings (TBCs) composed of yttria-stabilized
zirconia (YSZ) in order to protect turbines from high-
temperature oxidation (Ref 1-4). These coatings owe their
protective effect to the fact that aluminum forms a con-
tinuous oxide layer on the coating surface that is thermally
very stable while the remaining elements (e.g., Cr) control
the aluminum activity, hold the oxide in place (e.g., Y) and
adapt the coating to the properties of the base material
(Ref 5, 6). Premature failure of TBCs during thermal cy-
cling is still a critical problem, which limits the lifetime of
the coated components (Ref 7). This failure mainly occurs
by delamination of the top coat (Ref 8, 9). The cracks
leading to delamination nucleate and propagate at the top-
bond coat interface. Interfacial oxides, in particular, the
thermally grown oxide (TGO) layer, play an important
role in the cracking process (Ref 4).
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As the oxidation behavior of the thermally sprayed
MCrALlY is significantly influenced by the coating process
and the composition of the alloy (Ref 3), and plays a
major role in the TBC failure, the results of a study into
the oxidation behavior of free-standing High Velocity
Oxy-Fuel (HVOF) and Vacuum Plasma Sprayed (VPS)
CoNiCrAlY coatings are presented in this study. The
oxidation of as-sprayed and heat-treated samples was
carried out at 1100 °C for a duration of 100 h and their
microstructural features were characterized by x-ray dif-
fraction (XRD) and scanning electron microscopy (SEM)
equipped with energy dispersive spectroscopy (EDS).

1.1 Experimental Methods

A CoNiCrAlY powder supplied by Praxair (CO-210-
24) was used for both VPS and HVOF spraying. Powder
size was (45 &+ 20 um), with a mean particle diameter,
D(v, 0.5), of 34 pm, and its nominal composition is given
in Table 1. The as-received powder had a two-phase
microstructure. The XRD and EDS results identified the
presence of v and 3 phases; the y phase is fcc and is Co rich
with a lattice parameter of 0.358 nm, the B phase is (Co,
Ni)Al, an ordered B2, bcc, structure with a lattice
parameter of 0.286 nm (Ref 10, 11).

Mild steel substrates were used for both forms of
spraying: 60 x 25 x 1.8 mm substrates were used for
HVOF, whereas slightly smaller, 60 x 20 x 1.8 mm, sub-
strates were used for VPS. Prior to spraying, the substrates
were ground with 800 grade SiC paper, rather than being
grit blasted, in order to enable coating detachment after

spraying.
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HVOF spraying was carried out using a commercial
MetJet II (Metallization) gun. Kerosene was used as fuel
and nitrogen as the carrier gas. Compressed air jets were
used to cool the samples during and after spraying. The
substrates were mounted on a rotating sample holder
while the spray gun traversed vertically.

For the VPS spraying, a Plasma TECHNIK VPS sys-
tem was used. The VPS chamber was first evacuated and
back filled with Ar and waiting times of 20 seconds per
pass were allowed. The spraying parameters employed for
each spraying system are given in Table 2.

Table 1 Chemical composition of the powder, wt.%

Co Ni Cr Al Y

38.5 32 21 8 0.5

Table 2 Spraying parameters

HVOF VPS

Spray distance, mm 356  Spray distance, mm 280
Substrate cooling Air  Current, A 600
Traverse speed, m/s 1 Voltage, V 63
N, carrier gas flow rate, L/min 5.5  Power, kW 40
O, gas flow rate, L/min 890  Air flow, L/min 50
Kerosene flow rate, mL/min 470  H, flow, L/min 10
Nozzle length, mm 100 Traverse speed, mm/s 84

After the spraying process, both HVOF and VPS
coatings were detached from their substrates by bending
the substrate. Because of the deposition of large coating
thickness (~600 pm) and the fact that the substrates were
ground to an 800 grit finish prior to spraying, bending the
substrate was sufficient to detach the coating.

The heat treatment of free-standing coatings was car-
ried out at 1100 °C for 3 h in vacuum followed by furnace
cooling, a typical heat treatment for coatings of this type
(Ref 5, 10, 11). As-sprayed and heat-treated HVOF and
VPS samples were then subjected to isothermal oxidation
at 1100 °C in air for time periods of 1, 50, 75, and 100 h.
After oxidation, specimens were removed from the fur-
nace at temperature and cooled in laboratory air to room
temperature.

Polished cross sections were characterized using a FEI
XL30 scanning electron microscope equipped with energy
dispersive spectroscopy (EDS). A Bruker x-ray diffrac-
tometer (XRD) with step size of 0.01° and 2-s counting
time per step was used in order to analyze the presence of
different phases. The relative proportions of each phase
present in the coatings was determined using image
analysis.

Continuous weight measurement of the as-sprayed and
heat-treated samples during oxidation was also carried out
using a thermogravimetric analyzer (TA Instruments SDT
Q600). The reproducibility of the results was verified by
running three shorter duration repeats for each sample
type. By running the thermogravimetric analyzer without
any samples present, it was confirmed that the initial peak
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Fig. 1 SEM micrograph of cross section of (a) VPS coating, (b) HVOF coating, (c) VPS coating at higher magnification, (d) HVOF

coating at higher magnification
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seen in each set of results is a machine artifact. Parabolic
rate constants were determined by plotting the square of
the mass gain per unit area against time, and finding the
gradient of the best straight-line fit to the results. This was
carried out using the data from 500 min onward in order
to omit the initial, artificial peak.

2. Results

2.1 Characterisation of Coatings

2.1.1 Characterisation of As-sprayed Coatings. Free-
standing coatings of ~600 pm in thickness were obtained
from both spraying methods. Examination of polished
cross sections of the as-sprayed coatings showed that while
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Fig. 2 XRD spectra for HVOF and VPS as-sprayed coatings

Table 3 Volume ratios of the phases present,
as determined by image analysis

HVOF VPS
Y p Y B
As-sprayed ~78 ~22 ~100 ~0
Heat treated ~65 ~35 ~65 ~35
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there were only a few incompletely melted powder parti-
cles in the VPS coating, such particles were far more
numerous in the HVOF coating (Fig. 1). The majority of
the VPS coating was formed from well-flattened solidified
splats (Fig. 1c).

As seen in the higher magnification SEM micrographs
(Fig. 1c, d), the HVOF coating has retained the two-phase
microstructure of the feedstock powder. The VPS coating
mainly consists of a single phase, with a two-phase
microstructure only retained in the unmelted powder
particles. XRD (Fig. 2) clearly shows the presence of the y
phase in the VPS coating, the small amount of §§ present in
the unmelted particles is insufficient to be detected, and
therefore is estimated to be <2%. XRD confirmed the
presence of both y and B in the HVOF coating. The vol-
ume fractions of the phases present in each as-sprayed
coating, as determined by image analysis, are given in
Table 3.

2.1.2 Characterisation of Heat-Treated Coatings. Fol-
lowing the 3-h, 1100 °C vacuum heat treatment of the
free-standing coatings, a two-phase structure was observed
for both coatings. XRD confirmed this to be the same v/f
two-phase structure as previously seen in the feedstock
powder and the as-sprayed HVOF coating. Comparison of
Fig. 1(d) and 3(b) shows that heat treatment has resulted
in coarsening of the P phase in the HVOF coating.
The volume fractions of the phases present in each heat-
treated coating, as determined by image analysis, are
given in Table 3.

2.2 Oxidation Results

2.2.1 Oxidation of As-Sprayed Coatings. Mass gain
per unit area as a function of time for the as-sprayed
coatings is shown in Fig. 4. The parabolic rate constants
determined for the VPS and HVOF coatings are
5x 107 and 3 x 1071° g2 em * 57!, respectively.

The SEM micrographs in Fig. 5 show the oxide layers
after various exposure times. An oxide layer is clearly
visible for both coatings after 1 h. The oxide formed is a
dual-layer oxide. EDS results show that the inner layer
mainly consists of Al and O whereas the outer layer is a
mixture of Co, Ni, Cr, and O. XRD spectra (Fig. 6) show
the presence of a-Al,O5 and spinel oxides for both coat-
ings. The inner oxide layer is therefore labeled as a-Al,O3
and the outer layer as a spinel oxide.
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Fig. 3 SEM micrograph of (a) VPS, (b) HVOF heat-treated (3 h at 1100 °C) coatings
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Spinel peaks in the XRD patterns were at slightly lower
26 values than those expected for NiAl,O, and CoAl,O4
and slightly higher than NiCr,O4 and CoCr,O4 EDS
analysis showed that Co, Ni, Cr, Al, and O were all
present in the outer oxide layer. Therefore, while the
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Fig. 4 Total weight change of as-sprayed HVOF and VPS
coatings, at 1100 °C

precise spinel present cannot be specified, we can say that
it is either a mixture of some/all of the spinel-type oxides
(NiALOy4, CoAl,O4, NiCr,O4, CoCr,O4) or a substitu-
tional solid solution (Ni,Co)(Al,Cr),0,.

As can be seen in Fig. 6 with increasing exposure time,
the peaks related to the spinel-type oxides become higher
in relative intensity suggesting a higher spinel oxide
thickness, and this is confirmed by the SEM images in
Fig. 5. Mixed oxide protrusions were observed for both
coatings; however, these were more pronounced for the
VPS coating as is shown in the 100-h micrograph in Fig. 5.
Isolated brighter regions are seen within these protrusions.
EDS results are consistent with these areas being NiO, as
previously reported by other authors (Ref 12).

2.2.2 Oxidation of Heat-Treated Coatings. Mass gain
as a function of time for the heat-treated coatings is shown
in Fig. 7. The parabolic rate constants determined for the
VPS and HVOF coatings are 1 x 107° and 4 x 107'°
g2 em * s respectively.

The development of the oxide layer with time is shown
in Fig. 8. A single-layer oxide formed on both coatings.
EDS and XRD (Fig. 9) results indicated that this layer is
a-Al,O5. XRD also detected the presence of small
amounts of other oxides including the spinel phases,
NiAl,O4 and NiCr,O4. Both the XRD results and SEM
images show that spinel oxides are present to a much lesser
extent than that were seen for the as-sprayed coatings.

Spinel oxide

50 hr

VPS

(upper scale)

a-AlLO;

(sub-scale)

HVOF

Fig. 5 Oxidation of VPS and HVOF coatings at 1100 °C for different exposure times, (all images are at the same magnification)
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Fig. 6 XRD patterns from the as-sprayed oxidized surfaces for
different oxidation times, (a) VPS, (b) HVOF
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Fig. 7 Total weight change of heat-treated HVOF and VPS
coatings, at 1100 °C
3. Discussion

The as-sprayed HVOF had a two-phase microstructure
whereas the as-sprayed VPS coating had a largely
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single-phase structure. This difference results from the
different temperatures experienced by the powder in each
spraying process. In HVOF, the powder particles are
exposed to a flame temperature of ~2700-3200 K for a
relatively short time (Ref 13). This results in only partial
melting of the powder. The dual phase y/p microstructure
of the feedstock powder is therefore retained in the
resultant coating. In contrast, plasma spraying has a very
high flame temperature >10000 K (Ref 13). Coupled with
the lower particle velocity, this means that the powder is
exposed to a higher temperature for a longer time. As a
result, nearly all the powder particles melt during spraying
and resolidify when being deposited on the substrate. The
solidification is rapid, so that there is not enough time for
the B-(Co,Ni)Al phase to precipitate out, resulting in the
observed, single-phase, y, microstructure.

The thermogravimetric analyzer (TGA) results indi-
cate that oxide growth on both as-sprayed and heat-
treated VPS and HVOF coatings broadly follows the
expected parabolic behavior. For both the as-sprayed and
heat-treated coatings, the VPS coating has the larger
parabolic rate constant, K,. For each coating type, the
effect of heat treatment prior to the TGA run is to
increase Kj,, with an increase of 100 and 33% seen for the
VPS and HVOF coatings, respectively. The K, values
determined in this studyare in line with some previously
published results (Ref 3).

Heat treatment converted the single phase, v,
as-sprayed VPS coating to the two-phase y/p structure
shared by both the as-sprayed and heat-treated HVOF
coatings. If the observed change in K, was linked to this
change in structure, the heat treatment would be
expected to make the behavior of the heat-treated coat-
ings resemble each other more closely than the as-sprayed
coatings. This is not observed—in fact the heat treatment
increases the proportional difference in the K, values of
each coating type, and hence, changing the VPS coating
to the two-phase structure is ruled out as an explanation
for the difference in oxidation behavior seen after heat
treatment.

Diffusion occurring during the heat treatment heals
some of the porosity present in the as-sprayed coatings via
a sintering effect, as can be seen if Fig. 1 and 3 are com-
pared. The increase in K, values seen for both coatings is
attributed to this as the discontinuities caused by porosity
will act as barriers to diffusion, the removal or decrease in
porosity will therefore enhance diffusion within the coat-
ing. This results in an increased rate of supply of oxide-
forming elements, in this case specifically Al, to the sur-
face, and hence, an increased K. It is well established that
in v/ coatings of this type, the Al-rich B phase acts as an
Al reservoir (Ref 14-16). As oxidation proceeds, Al dif-
fuses from the  phase to the growing alumina layer,
resulting in depletion of the P phase in the near surface
regions. Hence, diffusion of Al through the coating is
highly relevant to scale formation. The heat treatment has
a greater effect on the VPS coating compared to the
HVOF coating. This is attributed to the different extents
of coating oxidation during HVOF and VPS spraying.
Whilst no attempt has been made to directly compare
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Fig. 8 SEM micrograph of heat-treated oxidized VPS and HVOF coatings at 1100 °C for different exposure times, (all the images have

the same magnification)

oxide levels in this study, it is generally accepted that VPS
coatings are essentially oxide free, because of being
sprayed under vacuum. In HVOF coatings, on the other
hand, a thin oxide layer is generated around each particle
during spraying (Ref 17). It is suggested that these oxide
layers are not affected by the heat treatment, and hence
are retained in the heat-treated HVOF coating. They act
as obstacles to diffusion, thereby inhibiting oxide growth.
Hence, for HVOF coatings K, is only slightly increased by
heat treatment as only some obstacles to diffusion are
removed. The idea that the oxides present in the HVOF
coatings inhibit diffusion and hence result in a lower K,
also explains why the as-sprayed HVOF coating has a
lower K, than the oxide-free as-sprayed VPS coating. A
similar effect and explanation has been previously put
forward by Brandl et al. (Ref 18).

Oxidation of the as-sprayed coatings produced a dual
layer oxide consisting of an inner layer of a-Al,O3 and
an outer spinel layer. This dual-layer oxide is consistent
with results previously reported by other researchers
(Ref 19, 20). Oxidation of heat-treated samples resulted
in the formation of a single layer, a-Al,Os, oxide. Of the
two oxides considered, a-Al,O3 is the more thermody-
namically stable, and hence will form at lower oxygen
partial pressures. The kinetics of spinel oxide growth are
greater than those of a-Al,Os;. Therefore, if a clean
MCrALlY surface is exposed to a sufficiently high oxygen
partial pressure, both spinel oxides and o-Al,O5; will
nucleate and grow. However, if the oxygen partial
pressure is too low, then spinel oxides will not form, and

214—Volume 18(2) June 2009

only a-Al,O5; will be present. This is what is thought to
have occurred during the heat treatment. Although the
heat treatment is nominally carried out in vacuum, there
is still some oxygen present. Assuming sufficient oxygen
was present to form a thin a-Al,O; layer, the presence
of this o-Al,O5 layer will act as a barrier which sepa-
rates the coating from the environment during the sub-
sequent oxidation experiments. Hence, nucleation of
spinel oxides is prevented and the a-Al,O3 grows slowly.
For the as-sprayed coatings there is no such pre-existing
a-Al,O; layer, and hence, spinels and o-Al,O3; both
form.

It should be noted that this study is part of a larger,
on-going comparative study of HVOF and VPS CoNiCrAlY
coatings. Here, one HVOF coating has been compared
with one VPS coating, neither of which has necessarily
been produced using optimal spraying conditions. A
thorough study will have to include several sprayings of
HVOF and VPS coatings using different process param-
eters. Comparison between the full set of coatings will
enable behavior linked to spraying type to be distin-
guished from behavior due to variations in the process
parameters within each process.

4. Conclusions

Because of the different temperature exposures of the
feedstock powder during HVOF and VPS spraying, the

Journal of Thermal Spray Technology
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Fig. 9 XRD patterns from the heat-treated oxidized surfaces
for different oxidation times, (a) VPS, (b) HVOF

as-sprayed HVOF coating retains the y/B microstructure
of the feedstock powder whereas the VPS coating gener-
ally consists of a single (y) phase. In both cases, free-
standing coatings were successfully produced.

A 3-h, 1100 °C heat treatment converts the single (y)
phase of the as-sprayed VPS coating to a two-phase v/
microstructure. The same heat treatment coarsens the /8
microstructure of the as-sprayed HVOF coating.

Prior heat treatment increases the parabolic rate con-
stant, K,,, for both types of coatings. This is attributed to a
sintering effect eliminating porosity from the coating
during heat treatment.

Both as-sprayed and heat-treated HVOF coatings have
lower K, values than the corresponding VPS coatings.
This is explained as being due to the presence of oxides in
the HVOF coatings, which act as barrier to diffusion. Such
oxides are apparently absent from the VPS coatings.

Oxidation of the free-standing as-sprayed coatings
produces a dual-layer oxide consisting of an inner layer of
a-Al,O; and an outer spinel layer. Oxidation of heat-
treated samples results in the formation of a single layer,
a-Al,Os, oxide. This is attributed to the formation of a
thin a-Al,O5 layer during heat treatment which prevents
nucleation and growth of spinel oxides during the sub-
sequent oxidation exposure.
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