
Kovove Mater. 48 2010 307–312
DOI: 10.4149/km 2010 5 307

307

Innovative solutions for roughness problems related
to MCrAlY coatings manufacturing by HVOF II:

Bond Coat/Top Coat Interface

C. Giolli*, D. Russo, A. Lanzi, M. Spagnoli, G. Rizzi, A. Giorgetti, A. Scrivani

Turbocoating S.p.A., Via Mistrali 7, Rubbiano di Solignano, Parma, Italy

Received 22 June 2009, received in revised form 18 March 2010, accepted 30 June 2010

Abstract

MCrAlY (where M is Ni, Co or NiCo) coatings are used as single overlay coating or as
bond coat for thermal barrier coating (TBC) systems. Vacuum plasma spray (VPS) MCrAlY
coatings are considered state of the art today. Nevertheless high velocity oxygen fuel (HVOF)
sprayed MCrAlY coating is gaining in popularity due to its quality and cost effectiveness. On
the other hand HVOF process has some limits: It requires heavy sand blasting of the substrates
to obtain an adequate base metal roughness for the good adhesion of the deposited MCrAlY
coatings and this causes a high interface pollution. Moreover, HVOF process allows to obtain
relatively low surface roughness of the MCrAlY coatings, which leads to a poor adhesion of
the ceramic yttria partially stabilized zirconia (YPSZ) top coat. Studies performed by the
authors tried to resolve these two problems by providing an adequate pollution free interface
between substrate and coating and a rough surface of the HVOF coating in order to be used
as bond coat for overlaying TBC coating.
This paper is the second part of two and addresses the developments of new MCrAlY

HVOF deposition process, in order to obtain a rough MCrAlY coating to be used as bond
coat for YPSZ top coat. Optical and electronic microscopies were used to evaluate the quality
of the obtained coating, in comparison with the standard dense one. Air plasma spray (APS)
was used to apply TBC systems on blades and vanes coated by the enhanced HVOF MCrAlY
bond coat. TBC coated blade and vane sections successfully passed thermal fatigue tests
following the procedure of an important original equipment manufacturer (OEM).
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1. Introduction

The development of more efficient gas turbines for
aircraft propulsion and power generation has always
been related to the results of research in the con-
current fields of design and materials technology. In-
creases in temperature and therefore in efficiency led
to a wide use of thermal spray coatings in order to
improve the surface characteristics of the structural
superalloys.
Namely the systems called TBCs (thermal barrier

coatings) consist of air plasma sprayed top coat of (6–
8 wt.%) Y2O3, partially stabilized ZrO2 and MCrAlY
bond coat (where M is Ni, Co or NiCo) deposited by
different thermal spray processes.
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Usually, the specifications of the main OEMs (ori-
ginal equipment manufacturers) require the depos-
ition of MCrAlY alloys by low pressure plasma spray
(LPPS) or vacuum plasma spray (VPS). Other meth-
ods such as air plasma spray (APS) and high velocity
oxygen fuel (HVOF) may be desirable for their lower
cost.
HVOF coating is today under evaluation as altern-

ative for the LPPS/VPS process. The HVOF process
shows some advantages such as the lower cost for the
installation and maintenance of the plants and the
similar coating quality [1–3].
On the other hand, at the state of the art, HVOF

process, used for deposition of MCrAlY coatings,
shows some disadvantages:
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– a final coating richer in oxides in comparison with
LPPS/VPS MCrAlY coating,
– the necessity of heavy sand blasting of the sub-

strates to guarantee a good coating adhesion, but this
leads to high pollution of the interface between coating
and substrate [4–6],
– a relatively low surface roughness of MCrAlY

coatings deposited by HVOF, which makes it difficult
to be used as bond coat for TBC, therefore having
limitations to the exploitation of HVOF as extensive
MCrAlY deposition process [5, 6].
The developments performed by the authors were

aimed to overcome these problems and are reported
in two papers, of which this is the second part, and it
addresses the development of a new MCrAlY HVOF
coating with enhanced roughness, to be used as bond
coat for TBC coating.
The above mentioned disadvantage of HVOF pro-

cess for the manufacturing of MCrAlY bond coat for
TBC systems is the relatively low coating surface
roughness, which hinders the possibility to act as bond
coat for a TBC coating layer.
Several methods exist to overcome this problem,

for example:
– to coat a bi-layer, the first dense, thick and non-

-rough by HVOF, the second thin, porous and rough
using APS followed by a heat treatment [5],
– to coat a bi-layer, the first dense, thick and

non-rough, the second thin, porous and rough using
MCrAlY powder mixed with a plastic filler (polyester
5–15 % in wt.%) [6],
– to adjust the torch parameters in order to obtain

higher roughness with the commercial available liquid
fuelled torch: this leads to an increasing of the average
roughness (to Ra of 9–11 µm) but does not allow to
get a good morphology. The particles are rounded and
the TBC attach on rounded edges, what is not ideal
for a good adhesion.
The present study leads to the development of a

process based on the modification of the HVOF para-
meters, as the torch characteristics and functional
variables such as gases, flows, etc. The final MCrAlY
coating is a bi-layer: the first layer is dense, thick and
non-porous, the second is thin, porous and roughly de-
posited by a newly developed process. No interruption
between the deposition of the two layers was necessary
to obtain the desired coating.
Surface roughness of the MCrAlY coating has been

obtained with Ra greater than 10 µm and has been ap-
plied on several blades and vanes to test the repeat-
ability of the results on complex shape substrates.

2. Experimental

For the development of rough MCrAlY bond coat
deposited by HVOF, in the first trials, pieces of mild

steel welded onto a commercial blade were used as sub-
strate material to optimize the proprietary deposition
process. Final deposition tests were carried out using a
commercial stage 2 blade made in Inconel 738 LC. The
surface preparation was done by corundum blasting
leading to a substrate roughness of Ra = 3–6 µm. The
process used to deposit the dense and rough HVOF
coating is not disclosed here due to industrial privacy
rights. A specific proprietary powder (NiCrAlY) was
used as requested by the proprietary OEM to coat
the stage 2 blade. Commercial YPSZ (ZrO2/8Y2O3)
powder (827.7 H.C. Starck) was used for the depos-
ition of ceramic top coat by Air Plasma Spray process.
The coated blade was sectioned in order to obtain

metallographic mounts to be submitted to characteriz-
ation by optical microscopy in order to determine the
characteristics of the HVOF/TBC system. Two differ-
ent kinds of metallographic preparation were used to
reveal the microstructure of the metallic HVOF bond
coat and ceramic APS top coat according to [1]. Fur-
thermore, micrographic examination and microprobe
analysis were performed by means of SEMmicroscope.
The bond coat roughness was evaluated by the above
mentioned stylus profilometer with a cut-off of 2.5 mm
(with 12.5 mm of measurement length).
LPPS/VPS MCrAlY coatings are nowadays con-

sidered to be state of the art for the bond coat de-
position. The results of the metallographic analysis as
well as the roughness measurements obtained on the
HVOF coated blade were compared with the ones ob-
tained on a standard LPPS coated blade.
A mid-aerofoil segment was sectioned out from the

coated stage 2 blade and submitted to the thermal
shock (TCF) cycle according to the specified proced-
ure.
Samples extracted from the treated blades and

vanes were submitted to the following thermal shock
(TCF) cycle, applied 1000 times:
– rapid heating of coated samples to about 1000◦C,
– hold time at 1000◦C for 5 min,
– rapid cooling to room temperature,
– hold time at room temperature for 5 min.
The failure criterion was the spallation of the coat-

ing within 1000 TCF cycles according to the OEM spe-
cification with the exception of the edge zones [7, 8]. In
fact, the first cracks are often observed at the extreme
edges of the samples. It is due to the extreme heating
and cooling conditions encountered at the edges [7, 8]
but it is not correlated with the objective thermal fa-
tigue resistance. The test piece was exposed to 1000
cycles with intermediate visual inspections after 1, 3,
5, 30, 100, 200, 300, 500, 700, 1000 cycles.
In order to apply to an actual component the com-

plete HVOF coating developed during this study, a
stage 2 vane was coated with the following cycle:
– Surface preparation performed by eXclean me-

thod (see the first paper of this study),
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Fig. 1. Schematic representation of the HVOF and LPPS
coated blade with areas indicated where roughness meas-

urements were performed.

– MCrAlY bond coat deposition by HVOF,
– Diffusion heat treatment,
– TBC coating (300 ± 100 µm of thickness).
Thermal shock (TCF) test has been executed on

this component, too, in order to test the complete
package object of the study and presented in this pa-
per and in the first part.

3. Rough HVOF process set-up results

3.1. Characterization

The roughness measurements were performed on a
rough HVOF MCrAlY bond coat in 12 different areas
of the coated stage 2 blade as shown in the sketch of
Fig. 1 (the coated blade was represented as a sketch in
order to respect industrial privacy rights of the blade
manufacturer). The collected values of roughness are
summarized in Table 1, where values of roughness re-
gistered for an LPPS coated blade in the same areas
are shown for comparison.
HVOF surface coating shows an average Ra value

of 13.14 µm with a standard deviation of 1.00 µm,
completely comparable with the one obtained by the
LPPS deposited coating. The LPPS roughness resul-
ted in a Ra of 12.88 µm with a standard deviation of
0.37 µm.
The metallographic analysis was performed in or-

der to determine thickness and structure of the coat-
ings. Figure 2 shows the cross section from the leading
edge of the HVOF/TBC coated blade and Fig. 3 shows
the cross section of the trailing edge of the same blade.
These cross sections were polished to reveal the micro-

Ta b l e 1. Roughness measurements performed on the
HVOF and LPPS coated blade with the relative standard

deviation

Roughness
measurements

NiCrAlY
HVOF

Coating Ra (µm)

NiCrAlY
LPPS

Coating Ra (µm)

Zone 1 13.95 ± 0.64 12.56 ± 0.50
Zone 2 13.52 ± 0.97 13.15 ± 0.79
Zone 3 14.65 ± 0.63 13.17 ± 0.58
Zone 4 11.77 ± 0.64 12.68 ± 0.56
Zone 5 12.51 ± 0.60 13.21 ± 0.64
Zone 6 12.48 ± 0.43 13.05 ± 0.73
Zone 7 13.60 ± 0.57 12.43 ± 0.19
Zone 8 13.56 ± 0.41 13.11 ± 0.34
Zone 9 14.63 ± 0.25 13.13 ± 0.27
Zone 10 11.65 ± 0.95 12.76 ± 0.32
Zone 11 12.51 ± 0.33 13.22 ± 0.81
Zone 12 12.84 ± 0.47 12.07 ± 0.88

Average
roughness

13.14 ± 1.00 12.88 ± 0.37

Fig. 2. Cross section from the leading edge of the
HVOF/TBC coated blade (metallographic preparation for
the analysis of the MCrAlY bond coat): (1) substrate, (2)

HVOF bond coat and (3) YPSZ top coat.

structure of metallic bond coat layers. It is possible to
observe that bond coat is formed by two layers: the
first is dense and well adhering to the substrate, the
outer layer is more porous and constitutes the rough
surface where the ceramic coating adheres. The bond
coat thickness ranges from 170 to 250 µm with poros-
ity in a range of 0.3–0.5 % for the dense HVOF coat-
ing and a porosity of 2–5 % for the rough and porous
HVOF coating as shown in Figs. 2, 3 and 5.
Figure 4 shows the cross section of the trailing edge

of the APS TBC coated blade. This cross section was
polished to reveal the microstructure of ceramic top
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Fig. 3. Cross section from the trailing edge of the
HVOF/TBC coated blade (metallographic preparation for
the analysis of the MCrAlY bond coat): (1) substrate, (2)

HVOF bond coat and (3) YPSZ top coat.

Fig. 4. Cross section of the pressure side of the APS/TC
coated blade (metallographic preparation for the analysis
of the TBC ceramic coating): (1) HVOF bond coat, (2)

YPSZ top coat.

coat layer. The top coat shows a thickness that ranges
from 280 to 370 µm and a porosity level in the range
12–17 % in agreement with the OEM specification.
The microstructure of the top coat was homogeneous.
The same porosity level of YPSZ ceramic top coat is
requested on LPPS bond coat coated components.
Finally the chemical composition of both the

NiCrAlY HVOF layers was analysed by SEM/EDAX
system to determine if the different deposition process
affected the chemical composition of the bond coat.
Figure 5 shows the Back Scattered Electron Image of
the analysed zones of the HVOF NiCrAlY bond coat.
The EDAX spectra of the dense HVOF NiCrAlY

layer and of the rough HVOF NiCrAlY layer are
shown in Figs. 6 and 7, respectively. The spectra res-
ulted to be very similar. It is possible to see the typ-
ical EDS K lines related to nickel, chromium and alu-
minium.

Fig. 5. Back Scattered Electron image of the HVOF
NiCrAlY bond coat. The white rectangles indicate where
microanalyses were performed: (1) dense bond coat and

(2) rough bond coat.

Fig. 6. EDAX spectrum of the zone 1 of HVOF NiCrAlY
bond coat as indicated in Fig. 5.

Fig. 7. EDAX spectrum of the zone 2 of HVOF NiCrAlY
bond coat as indicated in Fig. 5.
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Ta b l e 2. Ratio between the concentrations of Ni, Cr and
Al for both of the HVOF coated layers

Ni Cr Al

Dense HVOF layer/Rough HVOF layer 1.01 0.98 0.97

The analysis of the data suggests the presence of
a small amount of oxygen in both the layers. It is
not possible to quantify the amount of oxygen in the
coated layers by EDS technique so the ratio between
the concentrations of Ni, Cr and Al for the HVOF
coated layers [9] were evaluated.
The results are summarized in Table 2. Taking into

account the errors in the EDS analytical method, the
concentration of the main elements (Ni, Cr and Al) of
the bond coat is the same in both of the HVOF coated
layers.

3.2. Thermal fatigue resistance

TCF test has been performed running 1000 cycles
(which is the requested number to consider the test
passed according to OEM specification). No signs of
delamination were detected on the surface of the blade
section on both sides of the blades.
All the parts of the blades were not damaged and

also the leading edge showed a good TCF resistance.
The results obtained are comparable with parts coated
with a TBC system where the bond coat was deposited
by LPPS [10].
It can be stated that the developed HVOF process

achieved a good bond coat with performance similar to
a LPPS deposited MCrAlY bond coat. The developed
process was scaled up and implemented in production
on a set of the same stage 2 components.

3.3. Validation of surface preparation method
and rough MCrAlY coating

As mentioned, in order to apply to an actual com-
ponent the complete HVOF coating developed dur-
ing this study and test it, a stage 2 vane was coated
by HVOF and TBC (300 ± 100 µm of thickness)
after surface preparation obtained with the eXClean
method (see the first paper of this study).
TCF test has been performed running 1000 cycles

(which is the requested number to consider the test
passed according to OEM specification). No signs of
delamination were detected on the surface on both
sides of the vane. All the parts of the blades were
not damaged and also the leading edge showed a good
TCF resistance. The results obtained are comparable
with parts coated with a TBC system, where the bond
coat was deposited by LPPS and the preparation is
standard [10].

4. Conclusion

The study presented in this paper addressed the
development of a new surface preparation process and
of an HVOF process in order to deposit MCrAlY coat-
ing to be used as bond coat for TBC.
HVOF deposition process has been developed to

obtain a rough MCrAlY coating to be used as bond
coat for yttria partially stabilized zirconia (YPSZ) top
coat. The process was applied to a stage 2 blade and
tested by thermal cycling fatigue (TCF) test accord-
ing to the specification of an important OEM. Rough-
ness measurements for the developed HVOF process
gave Ra value in a range of 11–14 µm, comparable
with LPPS deposited MCrAlY bond coat. By metallo-
graphic investigation, it could be shown that the bond
coat was formed by two layers: the first layer is dense
and well adhering to the substrate, the outer layer is
more porous and constitutes the rough surface where
the ceramic coating adheres. EDAX analysis shows
that the chemical composition of both layers is the
same. TBC coating shows a homogeneous microstruc-
ture in all the parts of the coated blade in agreement
with the OEM specification. TCF test performed ac-
cording to the specification of blade manufacturer was
passed successfully.
Moreover, a stage 2 vane was prepared and coated

with eXclena method (see first paper of this study)
and with the new rough HVOF process. TBC has
been applied and the component passed successfully
the TCF test.
Performance wise, the developed HVOF process is

comparable with the LPPS, when acting as bond coat
for a TBC, as demonstrated by the TCF test.
Currently the improved HVOF process has ob-

tained the qualification of the most important OEM
and has been applied in production to several com-
ponents both blades and vanes.
The combination of eXclean surface preparation

methodology (see first paper of this study) and the de-
veloped HVOF deposition parameters to obtain rough
MCrAlY bond coat permit to make TBC systems with
bond coat characteristics very similar to VPS/LPPS
MCrAlY bond coat and with comparable thermal fa-
tigue resistance.
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