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In this study, the effects of mechanical milling and YSZ reinforcing
on oxidation behavior of CoNiCrAlY coatings were investigated.
Various amounts of YSZ particles (0%, 5%, 10% and 15 wt.%) were
mixed with commercial CoNiCrAlY powder and milled for 24 h.
Then, the mechanically milled and commercial powders were
deposited on Inconel 617 substrate using the High Velocity Oxygen-
Fuel (HVOF) process. Freestanding bodies of the mechanically
milled composit and conventional HVOF CoNiCrAlY coatings were
oxidized at 1000 °C for different times to form the thermally grown
oxide layer. X-ray diffraction analysis, scanning electron
microscopy and X-ray mapping were used to analyze the scales
formed on the surface of the oxidized samples. The results showed
that the composite coatings exhibited higher porosity due to
undesirable morphology of the feedstock powders. This factor
accelerated the diffusion rate of oxygen into the coating body. On
the other hand, undesirable oxidation of the composite particles
during spraying leads to increase in the oxidation rate of the
coatings.

1. Introduction
In gas turbine engines, increasing the operating
temperature results inhigher efficiency [1-3].
Nevertheless, the increasing temperature may
decrease the creep life ofthe turbine
componentswhich are usually made of
superalloys [4, 5]. Here, air cooling systems
and/orthermal barrier coatingssystem
(TBCs)can beusedto increase the service
temperature of superalloys [6-8]. A TBC
system typically consists of two layers; the top
(ceramic) coat with low thermal conductivity
and the bond coat which provides high
temperature corrosion resistance [9]. Another
function ofthe bond coat in the TBC systemis

to reduce stresses resulted from different
thermal expansion coefficient between the top
coat andthe substrate [10].

MCrAlY( M=Co, Ni or both) alloys are well-
known materials for bond coating [11]. These
coatingscreate athermally grown oxides (TGO)
layer in the bond/top coat interface which
hinders the diffusion of oxygen through the
coating. However, a number of researchers
believed that the growth of TGO layer
introduces mechanical stresses to the top coat
which favors the formation of cracks in
theceramic top coat. On the other hand, poor
mechanical strength of the MCrAlY coatings at
high temperatures accelerates the degradation
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of the TBC systems [12, 13]. So, improvement
ofmechanical strength and oxidation resistance
of the MCrAlY alloys canincreasethe service
life of TBCs. Previous studies have shown that
nanostructured MCrAlY coatings exhibit better
oxidation resistance than conventional coatings
[10, 14]. It can be due to uniform distribution
of aluminum in nanostructured coatingsas well
as increased diffusion rate of Al due to the
lower grain size. These factors favor the
nucleation and growth of a uniform -Al2O3
layer,which can decrease the TGO growth
[15, 16]. Fast growing oxides such as NiO,
Cr2O3, CoAl2O4,  and  NiAl2O4 impose
mechanical stress on the top coat and bond coat
interface, which can result indecay of TBC
[17]. In addition, the nanostructured bond coat
improves the adhesion of TGO to the bond coat
[16].

Mechanical milling is an interesting method
for synthesis of nanostructured and high
temperature materials [18]. In this regard, high
temperature materials can be strengthenedby
dispersion of hard particles such as oxide
ceramics [19].

The oxide ceramics, such as alumina and yttria
stabilized zirconia (YSZ) are usually used for
high temperature materials due to their high
thermal stability [4]. On the other hand, due to
formation of the oxide layer of active elements
such as Hf and Y in the vicinity of YSZ, this
ceramic has a good wetting behavior with the
supperalloy matrix and MCrAlY [20]

In recent years, due to the increaseof operating
temperatures in gas turbines, development of
strengthened TBCs is necessary, but research
about the strengthening of TBCs is very
negligible. In addition to strength, the TBC
systems must have a suitable oxidation
resistance. In this study, MCrAlY/YSZ powders
produced by mechanical milling were used as
feedstock to deposit HVOF coatings and the
oxidation resistances of the coatings were
investigated.

2. Experimental
2. 1. Mechanical milling process
CommercialCoNiCrAlY(Co-38.5.wt%Ni-
32wt.%Cr-21wt.% Al-8wt>% Y-0.5wt.%) and
YSZ (ZrO2-92wt.% Y2O3-8wt.%) powders with

particle sizes of 15-45 µm and 20-120 µm,
respectivelywere used as feedstock. The
powders were mechanically milled (MM) in a
high energy planetary ball mill at a revolution
speed of 180 rpm for 24 h at room temperature
under argon atmosphere. The milling process
was performed with the time intervals of 3 h to
prevent sample overheating. The stoppage time
of milling was 1 h. The ball to powder weight
ratio  was  10:1.  10  mm diameter  hardened  steel
balls were used for ball milling. The
CoNiCrAlY powders were mixed with 0%, 5%,
10% and 15 wt. % YSZ. In addition, 0.4 wt. %
stearic acid was used as a process control agent
(PCA) to prevent excessive cold welding of the
powders during milling.

2. 2. Thermal spray process
Mechanically milled powders were sieved into
the range of 15-52 µm. This distribution of
particles is suitable for HVOF. The
morphologies of mechanically milled and
commercial powdersare shown in Fig1. A Met
Jet III HVOF system (Metallisation, UK) using
kerosene  as  a  liquid  fuel  was  utilized  to  spray
the CoNiCrAlY/YSZ composite powders. The
optimum thermal spraying parameterswere
obtained byTaguchi design of experiments
(DOE) as shown in Table 1. Inconel 617 was
used as substrate which waspolished with 320
SiC paper before spraying. This type of surface
preparation resulted in poor adhesion between
the coating and the substrate, facilitating the
removal of the coating from the substrate after
spraying. The goal was to produce a
freestanding coating. For comparison,
composite and commercial powders were
deposited on polishedsubstrates, too.

2. 3. Oxidation process
To investigatethe oxidation resistance ofthe
coatings, cyclic oxidationexperimentswere
performed at 1000 °C for 100 h onthe
freestanding coatingsunder air environment.
Then, the samples were placed in the furnace at
1000 °C and held at that temperature for
different durations ranging from 2 to 100 hand
were cooled down at room temperature. The
weight changes of the samples were measured
after each cycle with electronic balance with a
sensitivity of 1 mg to determine the kinetics of
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Fig. 1. Secondary electron micrographs of a) commercial CoNiCrAlY b) CoNiCrAlY/0%YSZ c)
CoNiCrAlY /5%YSZ d) CoNiCrAlY /10%YSZ e) CoNiCrAlY /15%YSZ powders

Table1. The optimum thermal spraying parameters obtained bytaguchi design of experiments (DOE) method

oxidation. Toinvestigate theeffect of splats
oxidation on the oxidation behavior of the
coatings, the surface of the coatingswere
polished with 180 SiC paper and then oxidized.

SEM imaging and X-ray mapping
wereconducted using a Philips XL30 FEG
SEM andX-ray diffraction patterns of the
samples were obtained by Philips X’PERT
MPD diffractometer using filtered Cu-K
radiation.

3. Result and discussion
3. 1. Characterization of the powders and
the as-sprayed coatings
Fig 2 shows the cross section of the
commercial and composite coatings. Ascan be
seen, the average thickness of all the coatingsis
about 150-200 µm. The gray layer aroundthe
splats of the composite coating is the oxide
layer. During spraying, a layer of oxide is
formed on thesurfaceof splats due to the

Oxygen flow rate
(mlit/min)

Spray distance
(cm)

Fuel flow rate
(mlit/min)

Powder feed rate
(g/min)Coating

8303525050Commercial
83035250500%YSZ
88035250505%YSZ

880352505010%YSZ
880352505015%YSZ
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Fig. 2. Cross section of a) commercial CoNiCrAlY b) CoNiCrAlY/0%YSZ c) CoNiCrAlY /5%YSZ
 d) CoNiCrAlY /10%YSZ e) CoNiCrAlY /15%YSZ coatings

Table 2. Porosity percent of all the coating calculated byimage analysis
15%YSZ10%YSZ5%YSZ0%YSZCommercialCoatings

5.42.91.61.2< 0.2Porosity %

chemical reactions between active elements
such as Y, Al, Cr and oxygen. But in the
commercial coating, the gray layer is not
formed. Due to the rough surface of the
composite powder, chemical reaction between
the powders and oxygen has been favored. On
the contrary, the smooth surface of the
commercial powder decreased the surface
exposed to oxygen. On the other hand, some
dark regions are seen in the composite coatings
which arepores [21]. Porosity percentage of all
the coatingswascalculated byimage analysis
software  (Table  2).  It  can  be  seen  that  by
increasing YSZ content, porosity increased, due
to the increaseof the unmelted particles. On the

other hand, irregular morphology of the milled
powdersincreasedthe porosity content, too, but
the porosity content of the commercial coating
is negligibledue to spherical morphology of
feedstock powder. This morphology is very
suitable for thermal spraying [22].

3. 2.Oxidation in air
3. 2. 1. Thermogravimetric analysis
Mass gain versus time curves for all as-sprayed
CoNiCrAlY coatings are shown in Fig. 3.
Weight gains in various samples are very
different. In coating with 15% YSZ, the weight
gain is very highcompared to other samples.
The gradient curve of this sampledid notvary
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Fig. 3. Mass gain versus time for all as-sprayed coatings oxidized in air at 1000 C for 100 h

Table 3. Parabolic rate constants of the coatings oxidized at 1000 °C for 100 h

with the course of the experiment, whileon the
other samples, the weight gain gradually
decreasedwith increasing the oxidation time. In
these cases, after an initial period characterized
by rapid weight gain, all samples followed
parabolic growth typical of oxidation reactions.
The parabolic growth is related to formation of
a barrier oxide layer during theoxidation
process. This layer inhibitsdiffusion of the
oxygen ions into the fresh metal and
decreasestheoxidation rate [23]. Ascan be seen
in the commercial and composite CoNiCrAlY
coatings containing 0%wt. and 5%wt. YSZ, the
oxide layer can be protective, while in
theCoNiCrAlY/10% wt. YSZ and
CoNiCrAlY/15% wt. YSZ, it cannot.

For further investigation of oxidation
kinetics,Kp(oxidation constant) values for the
all the coatings subjected to air oxidation at
1000 °C after 100 hare shown in Table 3.

It can be observed that the commercial
coating has a lower kpthan other coatings. The
comparison of Tables 3 and 4shows that by
increasing theporosity of the coatings, the
kpvalue also increased. Kai et al. [24] believed

that the porosity is a free path for penetration of
oxygen and other corrosive ions. Therefore,
porous coatings show a high oxidation
ratecompared to denseones. On the other hand,
interfaces betweenYSZ reinforcementsand the
CoNiCrAlY matrix increased penetration of the
oxygen ions too. In another study, Mahesh et
al. [25] added cerium oxide particles to the
MCrAlY coating which decreasedoxidation
resistance of the coatings. kpof the coating
produced by Mahesh et al. was about
0.28 × 10-10(  g2 cm-4 s-1),  which  is  similar  to  the
10% YSZ coating in the presentstudy. Coating
porosity and the interface between reinforcements
and matrix are reportedto be the two main reasons
for increasing the oxidation rate.

3. 2. 2. X-ray diffraction
Fig 4 shows the X-ray diffraction patterns of
the mechanically milled powders, 0% YSZ,
5%YSZ and the commercial
coatingsoxidizedat1000 °C for 2, 15, and 100 h.
It can be observed that the -NiAl phase
(bcc- phase) peaksdisappearedat the first two
hours of oxidation.

10%YSZ5%YSZ0%YSZCommercialCoatings
50723174kp(10-10 gr2 cm-4 h-1)
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Fig. 4. X-ray diffraction patterns of a) the commercial CoNiCrAlY b) CoNiCrAlY/0%YSZ c) CoNiCrAlY
/5%YSZ d) CoNiCrAlY /10%YSZ e) CoNiCrAlY /15%YSZ coatings oxidized at1000 °C for 2, 15 and 100 h

This phenomenonoccurred due to diffusionof
Al into theupper layer andformation of oxide
layers  [14].  The  XRD  pattern  of  the
commercial coating shows that the main
fraction of oxide layer formed on this coating is

-Al2O3,NiO and spineloxidesare also present.
But in the composite coating the NiO and
spinel oxides comprisethemajority of theoxide
layer. Choi et al. [26] believed that in the
porous coatings the diffusion of oxygen ion
into the coating is very high. This phenomena
resultsinincreasingthe oxygen activity in the
coating. The increasing oxygen activity in the
coating leads to NiO and CoOformed mid to
Al2O3 and Cr2O3.  NiO and CoO are unstable at
1000 °C;therefore, these oxide phases are
combined with Al2O3and Cr2O3and form spinel
phases such as Co,Ni(Cr,Al)2O4.

3. 2. 3. Surface-scale analysis
Fig 5 shows the surface morphology of the
oxide scales of the commercial, and 0% YSZ
and  5%  YSZ  coatings  after  2,  15  and  100  h
ofoxidation at 1000 °C. It can be observed that
after 2 h, particles with needle-like morphology
were formed onthe commercial coating.
Researchers believe that this morphology is
related to -Al2O3 phase, whichconfirmed the
XRD analysis results [27]. This needle shape
particles grew fast and after 2 h, oxidation

coveredthe entiresurface of the commercial
coating, but by increasing the time of oxidation,
the growth ratesof theseparticles decreased.
This is in agreement with the mass gain
changes diagram shown in Fig 3.

In the 0% YSZ and 5% YSZ coatings, the
surface of oxide scale contained polyhedral
particles. The polyhedral particles
startednucleation and growth in the early stages
of oxidation. But, in contrast to the commercial
coating, the growth rate of polyhedral particles
did not decreaserapidly with increasing the
oxidation time. Tang et al. [14] believed that
this morphology is related to spinel and NiO
phases. These phases cannot form a dense layer
to inhibit oxygen diffusion into fresh metal.
These results confirmthe high mass gain
changes of the 0% YSZ and 5% YSZ coatings
after 100 hof oxidation. Some researchers
believed that the nature and type of the oxide
phases formed during thermal spray process
affected theoxidation behavior of the coatings
[17].

4. Conclusion
The mechanically milledCoNiCrAlY/YSZ and
commercial CoNiCrAlY powderswere
thermally sprayed on Inconel 617 with HVOF
method and high temperature oxidation of the
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Fig. 5. Morphology of the oxide layer on the surface of the commercial CoNiCrAlY coating oxidized for a) 2
h, b) 15 h and c) 100 h, CoNiCrAlY/0%YSZ coating oxidized for d) 2h , e) 15 h and f) 100 h,

CoNiCrAlY/5%YSZ coating oxidized for g) 2 h, h) 15 h and i) 100 h at 1000 C

coatings were studied and the following
conclusions were drawn:

Undesirable morphology and low surface
quality of the milled powders caused
anincrease in porosity and surface oxidation
of splatsinthe composite coatings during the
thermal spray process.
High porosity of the composite coating and
surface oxidation of the splats in these
coatings caused a decrease in oxidation
resistance of these coatings.
Theinstability of CoO, NiO, and Al2O3 phases
at 1000 °C and high activity of oxygen caused
a stable phase spinelto be formed.
The surface morphology of the oxide scale in
commercial andcomposite coatings
showedneedle and polyhedral shapes,
respectively.
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