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Abstract: Al2O3 nanoparticles and MCrAlY/nano-Al2O3 nanocomposite powder (M = Ni, Co, or NiCo) were produced using high-energy ball
milling. The MCrAlY/nano-Al2O3 coating was deposited by selecting an optimum nanocomposite powder as feedstock for high-velocity oxy-
gen fuel thermal spraying. The morphological and microstructural examinations of the Al2O3 nanoparticles and the commercial MCrAlY and
MCrAlY/nano-Al2O3 nanocomposite powders were investigated using X-ray diffraction analysis, field-emission scanning electron microscopy
coupled with electron dispersed spectroscopy, and transmission electron microscopy. The structural investigations and Williamson–Hall res-
ults demonstrated that the ball-milled Al2O3 powder after 48 h has the smallest crystallite size and the highest amount of lattice strain among the
as-received and ball-milled Al2O3 owing to its optimal nanocrystalline structure. In the case of developing MCrAlY/nano-Al2O3 nanocompos-
ite powder, the particle size of the nanocomposite powders decreased with increasing mechanical-milling duration of the powder mixture.
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1. Introduction

In recent decades, diffusion and overlay thermal protect-
ive coatings have been utilized to save parts and equipment
from corrosion and oxidation at high temperatures [1]. From
this  point  of  view,  thermally  sprayed  coatings  based  on
MCrAlY (M = Ni, Co, or NiCo) alloys were widely applied
on gas turbines and aero-engines to protect superalloy blades
and related components against hot corrosion and oxidation
during service [2–8]. Following the enhancement of the sus-
tainability of MCrAlY from oxidation attacks, its mechanical
and erosion properties must be preserved to an optimum level
[9–13]. Recently, several works have focused on the thermal
stability and structural attributions of MCrAlY powders and
their  developed  coatings  using  micro-  and/or  nano-scale
metallic,  carbide,  or  oxide  additives  [14–16],  applying  post
spray treatments [7,17–21], modification with spark plasma
sintering [22–25], and remelting of coated parts [14,26–27].

High-energy ball milling is a practical method for devel-
oping  oxide  nanoparticles  and  oxide  dispersion-modified
composite powders [28–33]. Li et al. [34] investigated the ef-
fect  of  a  fine dispersion of  Al2O3 on the wear  resistance of

NiCoCrAlY coatings at high temperatures. They found that
the mean friction coefficient of the modified MCrAlY coat-
ings  is  lower  than  that  of  the  original  MCrAlY  coating  at
similar  wear  parameters.  Khodsiani et  al. [35]  developed
NiCoCrAlYSi/nano-Al2O3 nanocomposite feedstock powder
by using cryomilling. They concluded that the average size of
nanocomposite agglomerates accordingly increases with pro-
longed milling time for NiCoCrAlYSi feedstock powder, but
the mean particle size distribution following cryomilling de-
creases  with  the  addition  and  dispersion  of  Al2O3 nano-
particles onto the powder.

Ghadami et  al. [30]  prepared  NiCoCrAlY/nano-CeO2

nanocomposite  powder  by  using  the  planetary  ball  milling.
They  reported  that  homogeneous  nanocomposite  powder
may be attained after 15 h of mechanical milling by adding
about 1.0wt% ethanol as a process control agent (PCA). Ma-
hesh et  al. [36]  and Kamal et  al. [37]  produced NiCrAlY–
0.4wt% CeO2 (micron-sized) composite powder by using ball
milling. They reported that the modified coating applied via
thermal  spraying shows better  oxidation resistance than the
as-received  NiCrAlY  coating.  The  addition  of  oxide  nano-
particles in MCrAlY powder may affect  the fracturing pro- 
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cess of the milled powder (e.g., fracture under severe plastic
deformation) and cause grain refining in the nanocomposite
powder  during  mechanical  milling.  The  steady-state  condi-
tions for producing nanocomposite powder may be attained
accordingly in a short milling time [35].

Numerous  investigations  focused  on  the  preparation  and
characterization  of  micro-  and  nano-scale  Al2O3 modified
MCrAlY alloys, powders, and coatings. In addition, consid-
erable examinations used commercial-grade nanoparticles to
develop nanocomposite powders. Studies about the structur-
al characteristics of MCrAlY powder feedstock reinforced by
distributed  ceramic  nanoparticles  are  still  not  widely  avail-
able. Limited research also analyzed the preparation and the
morphological  and  structural  properties  of  MCrAlY/nano-
Al2O3 nanocomposite  powder  by  using  high-energy  ball
milling. Therefore, the present study analyzed the structural
and  morphological  features  of  the  developed  Al2O3 nano-
particles  by  performing  microscopic  examinations,  and  the
obtained results were verified using Williamson–Hall analys-
is.  The  dispersion  state  of  the  Al2O3 nanoparticles  into  the
NiCoCrAlY powder and the effect of milling parameters on
the oxide dispersion and morphology of the nanocomposite

powder were discussed in detail. This study aimed to prepare
nano-sized  Al2O3 and  develop  MCrAlY/nano-Al2O3 nano-
composite feedstock powder for use in high-velocity oxygen
fuel (HVOF) thermal spraying. HVOF spraying was utilized
to  develop  MCrAlY  coatings  on  Ni-based  superalloy  sub-
strates.  The  structural  characteristics  of  the  processed
MCrAlY/nano-Al2O3 powders and developed coatings were
also investigated and discussed in detail. 

2. Experimental 

2.1. Materials

Commercial-grade  spheroidal  MCrAlY  (NiCoCrAlY)
powder  with  the  composition  of  Ni(bal.)–20wt%Co–
14wt%Cr–12wt%Al–0.5wt%Y  from  Amdry  365-1  (Oer-
likon-Metco,  USA)  was  utilized  as  the  base  powder.  Com-
mercial-grade  micro-scale  Al2O3 powder  (99.9%  purity,
Sigma-Aldrich,  USA) was also used as the starting powder
for the development of nano-Al2O3. The characteristics of the
powders  used  are  listed  in Table  1.  Nickel-based  Inconel
738LC superalloy plates were used as the substrate for apply-
ing the commercial and nanocomposite coatings.

 

Table 1.    Characteristics of NiCoCrAlY powder feedstock, micron-sized Al2O3, and nano-Al2O3 oxide dispersion

Powder Powder size Manufacturing process Product code Powder morphology Manufacturer company
NiCoCrAlY (−45 + 5) µm Gas atomized AMDRY 365-1 Spheroidal Oerlikon-Metco

Al2O3 ≤2 µm ― 265497 Crashed Sigma-Aldrich
Nano-Al2O3 (30–60) nm Developed ― Irregular ―

 
 

2.2. Nano-sized and nanocomposite powder processing

At the first  stage,  Al2O3 nanoparticles  were prepared us-
ing mechanical milling under a rotational speed of 300 r/min
up to 48 h. Al2O3 nanoparticles were obtained using mechan-
ical milling using stainless steel cups and balls in accordance
with our previous investigations [30,38]. Iron contamination
is inevitable for the ball-milled Al2O3 oxides because of the
wear of stainless steel balls and cups by hard oxide particles.
Therefore, the milled powders were leached by cleaning with
diluted nitric acid and subsequent washing with distilled wa-
ter.  At the second stage,  1.0wt% of developed Al2O3 nano-
particles were added to the MCrAlY powder to obtain homo-
geneous MCrAlY/nano-Al2O3 nanocomposite powders. The

powder  mixture  was  mechanically  milled  using  a  high-en-
ergy  planetary  ball-milling  apparatus.  Mechanical  milling
was performed for 5, 15, 25, and 35 h under inert Ar atmo-
sphere to  prevent  undesirable  oxidation and to  obtain relat-
ively uniform nanocomposite powders. In this case, a small
amount  of  ethyl  alcohol  (about  1.0wt%)  was  also  added  to
the milling mixture as a PCA to prevent excessive agglomer-
ation. The milling was interrupted every 1 h to minimize the
temperature increase and possible oxidation of the nanocom-
posite  mixture.  The  detailed  preparation  process  for  nano-
Al2O3 powders was presented in our previous investigations
[20,30–31,38–39]. The main mechanical-milling parameters
for developing MCrAlY/nano-Al2O3 nanocomposite powder
are presented in Table 2.

 

Table 2.    Process parameters of ball milling to obtain NiCoCrAlY/nano-Al2O3 nanocomposite powders

Milling medium Periodic rest time /
(min·h–1)

PCA (ethyl alcohol) /
wt%

Rotational speed /
(r·min–1)

Ball-to-powder
mass ratio

Milling duration /
h

Ar atmosphere 5 1.0 250 20:1 5, 15, 25, and 35
 
 

2.3. HVOF thermal spray deposition

HVOF  spraying  equipment  (MEC,  India)  with  propane/
oxygen system was utilized to  apply  (200 ± 50) µm of  the
conventional  MCrAlY  and  MCrAlY/nano-Al2O3 nanocom-

posite  coating  taken  from  the  commercial  and  optimized
nanocomposite  powders  on  grit-blasted  nickel-based  super-
alloy substrates. All nanocomposite powders were sieved to
30–60 µm  to  obtain  suitable  powder  feedstock  quality  for
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HVOF  spraying.  The  developed  depositions  included  two
types  of  MCrAlY  coatings  reinforced  by  nano-Al2O3 with
different  powder  feedstock  preparations  and  one  MCrAlY
coating without nanoparticles. For this case, HVOF spraying
parameters  were  set  at  the  following optimized levels:  pro-
pane and O2 gas flow, 55 and 210 L/min; carrier gas flow, 20
L/min. For this case, the powder feed rate was 35 g/min, and
the stand-off distance was 28 cm. 

2.4. Characterization techniques

The morphological properties of the MCrAlY/nano-Al2O3

nanocomposite powders were evaluated using field-emission
scanning  electron  microscopy  (FESEM)  coupled  with  en-
ergy dispersive spectroscopy (EDS). Moreover, transmission
electron microscopy (TEM) was also utilized to detect nano-
scale  oxides  in  the  MCrAlY/nano-Al2O3 nanocomposite
powder.

Structural  properties  of  the  as-received  MCrAlY  and
MCrAlY/nano-Al2O3 nanocomposite powders were investig-
ated via X-ray diffraction (XRD) with Cu Kα radiation (λ =
0.154056 nm) at 40 kV and 40 mA (X’pert, Phillips, Nether-
lands).  Obtained diffraction patterns were indexed and then
verified in accordance with the International Center for Dif-
fraction  Data  bank.  Simultaneously,  the  crystallite  size  and
strain of  Ni-  and Co-rich γ-phase for  all  types of  the as-re-
ceived  and  nanocomposite  powders  under  different  milling
times were calculated using the width of major γ-phase peaks
from  the  corresponding  XRD  patterns  [40].  The  powder
crystallite  size Dc can  be  obtained  by  the  Williamson–Hall
plot (Eq. (1)):
β · cos(θ) = k ·λ/Dc+η · sin(θ) (1)
where β is  the  full  width at  half  maximum (FWHM) value
(radians), θ is  the diffraction angle  (radians), k is  the shape
factor  (~0.91), λ is  the  wavelength  of  the  Cu  Kα radiation
(nm), and η is the percentage of lattice strain (%). In addition,
the crystalline size of the powders (Dc) can be calculated by
extrapolating the value of sin(θ) to zero to eliminate the lat-
tice strain or distortion effect. 

3. Results 

3.1. Development of Al2O3 nanoparticles

The powder morphology and EDS elemental  analysis  of
the  nano-scale  Al2O3 powders  are  presented  in Fig.  1.  Sec-
ondary  electron  FESEM  images  of  the  nano-sized  Al2O3

(Figs.  1(a) and 1(b))  show  that  each  agglomerated  oxide
powder  includes  numerous  nano-sized  alumina.  In  this  re-
gard, results of elemental analysis by EDS (Fig. 1(c)) also in-
dicated that the mechanically milled Al2O3 powders had anti-
cipated  compositions  but  were  almost  free  from  Fe-based
contamination after ball milling.
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Fig.  1.      High-resolution  secondary  electron  images  of  Al2O3

nanoparticle  agglomerate  synthesized  using  ball  milling  after
48 h under two different magnifications (a,  b),  as well  as EDS
analysis of region 1 for nano-Al2O3 powder (c).

 
XRD  patterns  of  the  commercial  and  high-energy  ball-

milled Al2O3 powders after 24 and 48 h are shown in Fig. 2.
For  all  types  of  the  commercial  and  ball-milled  Al2O3

powders, the diffraction patterns were only justified to the α-
Al2O3 phase.  Hence,  no  other  phases  (e.g.,  Fe-based  com-
pounds) were detected from the XRD of the powders.  This
result indicated that the possible Fe-based contamination was
satisfactorily  eliminated  using  the  subsequent  acid  cleaning
process after mechanical milling. The peak broadening of the
milled  powders  might  be  associated  with  the  extreme  de-
crease  in  grain  size  compared  with  the  commercial  Al2O3

powder.  This  phenomenon  may  justify  the  achievement  of
the Al2O3 nanoparticles after high-energy ball milling. 
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3.2. Williamson–Hall analysis of nanoparticles

Calculations of the crystalline size and strain value based
on  the  Williamson–Hall  method  are  shown  in Fig.  3.  The
Williamson–Hall  plots  of  FWHM βcos(θ)  versus  sin(θ)  for
the commercial and ball-milled Al2O3 powders (Fig. 3(a)) in-
dicated that the crystallite size can be obtained from the inter-

cept of the straight trend line and βcos(θ) axis. The low slope
of the trend line in the commercial  Al2O3 powder indicated
the minimum amount of strain. The slope of the trend lines
increased  as  the  ball-milling  duration  was  prolonged to  12,
24, and 48 h because of the production of a high amount of
strain  induced  by  severe  plastic  deformation  during  ball-
milling.  Other  related  investigations  on  the  calculations  of
crystallite size support this fact [40–41].

Fig. 3(b) indicates the lattice strain percentage and crystal-
line size of  the commercial  and ball-milled Al2O3 powders.
The minimum lattice strain in the commercial Al2O3 can be
attributed  to  the  production  method  of  commercial  powder
(crashed),  which  may  reduce  and/or  eliminate  the  lattice
strain.  By  contrast,  the  ball-milled  Al2O3 powders  after  12,
24, and 48 h have a considerable amount of lattice strain. The
plastic  deformation  during  high-energy  ball  milling  and
powder crashing and agglomeration is the main causes of re-
sidual  lattice  stress/strain  in  the  ball-milled  powders.  As
shown in Fig. 3(b), the crystalline size of Al2O3 extremely de-
creased from 130 to 40 nm when the milling time was pro-
longed, producing Al2O3 nanoparticles. 

3.3. Characterization of the nanocomposite powders

Fig. 4 shows the high-resolution FESEM images (second-
ary  electron  mode)  of  the  morphology  of  the  as-received
commercial  (Figs.  4(a))  and 4(b),  mechanical-milled
MCrAlY nano-Al2O3 powders after 5 h (Figs. 4(c) and 4(d)),
15 h (Figs. 4(e) and 4(f)), and 25 h (Figs. 4(g) and 4(h)) of
milling  process.  The  commercial  MCrAlY  powder  has  a
spheroidal morphology because it was produced using a gas-
atomized method. Otherwise, the ball-milled MCrAlY/nano-
Al2O3 nanocomposite  powder  after  5  h  shows  a  relatively
semi-spherical and bulky disk morphology (Fig. 4(d)). Form-
ation  of  the  powder  with  this  morphology  arises  from  the
stress  caused by severe  ball  and powder  contact  during the
first  stages  of  the  milling  process.  As  the  duration  of  ball
milling  was  prolonged,  the  value  of  processing  stress  in-
creased while the morphology of the nanocomposite powder
transferred to flaky morphology because of plastic deforma-
tion  (Fig.  4(e)).  The  continuous  collisions  among  the  pro-
cessed  MCrAlY/nano-Al2O3 nanocomposite  powder
particles, steel balls,  and vial walls caused excessive severe
plastic deformation, flaking, cold welding, breakage, and ag-
glomeration of nanocomposite particles through the different
periods of mechanical  milling [35,42–43].  The morphology
of the ball-milled MCrAlY/nano-Al2O3 powder after 25 and
35 h became completely flaky compared with the other types
of ball-milled powder (Figs. 4(h) and 4(j)).

At a certain lattice strain level,  a relatively fine structure
network  consisting  of  stress-induced  dislocations  and  low-
angle  grain  boundaries  may  appear  as  the  duration  of  ball
milling is prolonged [28–29,44]. Simultaneously, low-angle
grain  boundaries  transformed  into  a  nano-scale/amorphous

 

10 20 30 40 50 60 70 80

2θ / (°)

(012)

(104)

(110)

(006)

024

(116)

(122)

(214)

(300)

ICDD: 71-1123
(202)

Commercial α-Al2O3

24 h ball-milled

48 h ball-milled

(208)

R
el

at
iv

e 
in

te
n
si

ty
 /

 a
.u

.

Fig. 2.    XRD patterns of the commercial-grade (micron-sized)
and  nano-sized  α-Al2O3  powders  after  24  and  48  h  of  ball
milling.

 

1.6 300

1.4
250

1.2

200
1.0

1500.8

100
0.6

50

0.4

0

0.2

0
12 h milled 24 h milled 48 h milled

L
at

ti
ce

 s
tr

ai
n
 /

 %

C
ry

st
al

li
n
e 

si
ze

 /
 n

m

Crystalline size

Lattice strain

As received

(b)

0.09

0

0.08

0.07

0.10

0.06

0.05

0.20

0.04

0.03

0.30

0.02

0.01

0.40
0

0.50

βc
o
s(
θ)

sin(θ)

Commercial

Linear (Commercial)

12 h milled
24 h milled
48 h milled

Linear (12 h milled)
Linear (24 h milled)
Linear (48 h milled)

(a)

Fig. 3.      Williamson–Hall plot of FWHM βcos(θ)  versus sin(θ)
for Al2O3 nanoparticles after 12, 24, and 48 h of ball milling (a)
and  comparative  values  of  lattice  strain  percentage  and  crys-
talline  size  calculated  using  the  Williamson –Hall  method  for
ball-milled Al2O3 nanoparticles after 12, 24, and 48 h of milling
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structure  with  random  orientations  as  the  milling  duration
was  prolonged.  For  this  reason,  the  grain  size  of  the  pro-
cessed  powder  continuously  decreased  during  ball  milling
until the last stage (25 h) that the size was saturated at a con-
stant level [42].

Fig.  5 depicts  the  elemental  mapping  analysis  extracted
from  an  MCrAlY/nano-Al2O3 nanocomposite  powder
particle after 5 h of ball milling (obtained from Fig. 4(d)). As
shown  in  the  figure,  each  MCrAlY/nano-Al2O3 nanocom-
posite particle had a uniform distribution of nano-Al2O3 (see
Al  and  O  mapping  distribution).  The  average  particle  size
and  morphology  state  versus  ball-milling  process  duration
(up  to  25  h)  for  the  MCrAlY/nano-Al2O3 nanocomposite
powder  are  presented  in Fig.  6.  The  commercial  MCrAlY
powder had a mean particle size of 45 µm, which was higher
than that of ball-milled MCrAlY/nano-Al2O3 nanocomposite
powder. Besides, by increasing the milling time, the average
particle  size of  the nanocomposite  powders  decreased from

28 µm after 5 h of ball milling to less than 10 µm after 25 h of
ball milling.

Fig. 7 shows bright field (BF) and dark field (DF) TEM
images of MCrAlY/nano-Al2O3 nanocomposite powder after
25 h of ball milling. The BF TEM image (Fig. 7(a)) showed
that  each  nanocomposite  powder  consisted  of  partially  ag-
glomerated and deformed MCrAlY particles as well as dis-
persed  nano-Al2O3 oxide  nanoparticles.  The  selective  area
diffraction (SAD) pattern in Fig. 7(c) shows that the diffrac-
tion points were indexed accordingly and represented a γ (Ni)
matrix in the nanocomposite powder. Furthermore, relatively
broad and thick diffraction rings in the corresponding SAD
pattern can be detected because of the formation of a nano-
scale structure in the ball-milled MCrAlY/nano-Al2O3 nano-
composite powder. Accordingly, the nano-scale structure of
the nanocomposite powder can be further confirmed by DF
TEM. 

3.4. Characterization of the sprayed coatings

Fig.  8 indicates  the  backscattered  electron  modes  of  the
cross-section  of  MCrAlY  coatings  with  and  without  nano-
Al2O3 reinforcement. In addition, secondary electron modes
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of the surface morphology of the conventional MCrAlY and
MCrAlY/nano-Al2O3 nanocomposite coatings produced with
different types of powder feedstock are presented in Fig. 9.
As  shown  in Fig.  8,  the  average  thickness  of  the  sprayed
coatings with and without nano-Al2O3 is approximately 200
µm.  Furthermore,  all  depositions  have  relatively  similar
structural  characteristics,  demonstrating  that  the  lamellar
structure is due to the development of the coating layer by the
contact and solidification of fully melted, semi-, or unmelted
particles  onto  the  surface,  which  is  the  typical  structure  of
thermally sprayed coatings. As shown in Figs. 8(a) and 8(b),
the conventional MCrAlY coating represents a considerable

amount  of  unmelted  particles  as  well  as  structural  porosity
and oxides. The corresponding unmelted particle also can be
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observed from the coating surface, as shown in Fig. 9(a). Re-
gions representing splat detachments were also detected for
this type of coating.

For comparison, the cross-sectional image of the MCrAlY/
nano-Al2O3 coating applied from feedstock after 25 h of ball
milling  shows  a  relatively  denser  structure  and  lower
amounts of porosity and oxide contents compared with other
types of conventional and nanocomposite coatings (Figs. 8(c)
and 8(d)). The surface morphology of the mentioned coating
was also more uniform than that of other counterparts (Fig.
9(b)).  Conversely,  the  cross-sectional  image  of  the
MCrAlY/nano-Al2O3 nanocomposite coating produced from
nanocomposite powder after 35 h of ball milling (Figs. 8(e)
and 8(f)) shows the worst microstructure with a considerable
amount of porosity and oxide stringers. 

4. Discussion 

4.1. Powder processing

The  average  particle  size  and  the  morphology  of  the
powder are essential parameters that could be used to evalu-
ate  the  characteristics  of  powder  feedstock  for  MCrAlY-
based  powder  applications  (e.g.,  as  a  feedstock  for  thermal
spray  deposition  techniques)  [45].  After  ball-milling  of  the
conventional  NiCoCrAlY  and  nano-Al2O3 powders,  the
powder  particles  experienced  about  ~85%  decrease  in  its
crystalline  size,  even  though  the  microstructure  of  the  pro-
cessed powders was reduced to a nanocrystalline regime. In
this case, appropriate powder morphology suitable for HVOF
deposition is mainly consists of a spherical or semi-spherical
morphology with a particle size distribution between 15 and
50 µm [38,42].

As shown in Fig. 4, the particle size of the MCrAlY/nano-
Al2O3 nanocomposite powders differs at various milling dur-
ations.  Therefore,  the  MCrAlY/nano-Al2O3 nanocomposite
powders  obtained after  35 h of  milling (Figs.  4(i) and 4(j))
were not  applicable to use in the powder feeder  system for
thermal spraying. The particle size distribution and morpho-
logy of the nanocomposite powder are basically affected by
milling parameters.

At the initial stages of the milling process to obtain nano-
composite  powder,  Al2O3 nanoparticle  agglomerates  sur-
rounded each metallic NiCoCrAlY powder. Then, plastic de-
formation  and  cold  welding  of  powder  particles  can  pro-
gressively occur. At the middle stage of milling, the balance
between breakage and joining of the powder particles results
in  powders  with  agglomerated  morphology.  Under  this
milling condition, the joining of fine particles and the break-
age  of  work-hardened  powders  can  simultaneously  occur.
Similar statements based on ball-milling conditions were also
reported by Sachan and Park [46] and Tahari et al. [42]. As
shown in Figs.  4(c) and 4(d),  the  metallic  powder  particles

underwent  a  partial  deformation while  nano-Al2O3 agglom-
erates distributed and adhered to the surface of each powder
after 5 h of mechanical milling. The processed powder mix-
ture  gradually  deformed  and  their  morphology  changed  to
flattened/flaky shapes as the milling duration was prolonged
to 15 h (Figs. 4(e) and 4(f)). As displayed in Fig. 4(e), stakes
of the spalls were also detectable on the flake surface. At the
mentioned stage of mechanical milling, particle breakage and
fracture mechanism dominated over cold welding. Progress-
ively,  the  small  fragments  became  bulky  or  semi-spherical
agglomerates  with  a  rough  surface  as  the  milling  time  was
prolonged from 15 h to 25 h (see Figs. 4(g) and 4(h)).

From another point of view, the addition of Al2O3 nano-
particles to NiCoCrAlY inhibited the formation of the coarse
flaky particles at the early stage of the milling process. After
5  h  of  ball  milling,  the  powders  remained  compact  and  re-
tained their spherical morphology surrounded by hard Al2O3

nanoparticles  (Figs.  4(c) and 4(d)).  After  15  h  of  milling,
more  coarse  disks  and  flakes  formed  while  still  being  sur-
rounded  by  hard  and  dispersed  Al2O3 nanoparticles  (Figs.
4(e) and 4(f)). As the milling time was prolonged up to 25 h,
fragmentation of the coarse powders and agglomeration be-
came the dominant mechanisms in this stage to form nano-
composite powders with agglomerated morphology. Finally,
with excessive increasing of milling duration (35 h), break-
age  of  the  work-hardened  nanocomposite  particles  was  the
dominant mechanism and fine particles accordingly formed
because of their  further fracturing induced by ball  and wall
collisions.

Nevertheless,  the  creation  of  relatively  large  MCrAlY/
nano-Al2O3 nanocomposite  particles  might  be  attributed  to
their  FCC  crystal  structure  in  which  powder  particles  may
easily  deform  because  of  their  active  slip  planes  and  sub-
sequently weld and join to each other to form coarse agglom-
erates.  Joining  of  the  fine  particles  was  performed  by  cold
welding via the ball/ball or ball/wall collisions in accordance
with  the  investigations  accomplished  by  Ajdelsztajn et  al.
[47] for NiCrAlY coatings and Mercier et al. [43] for NiCo-
CrAlY coatings. However, the particle size and morphology
of  the  milled  MCrAlY/nano-Al2O3 nanocomposite  powders
relatively  deviated  from a  spherical  shape  and  may  be  less
than (−45 + 15) µm attained from the commercial MCrAlY
powder.

At  the  beginning  stages  of  mechanical  milling,  severe
plastic  deformation  may  form  flaky  shape  powders  [44].
Then,  MCrAlY/nano-Al2O3 nanocomposite  agglomerates
with  semi-spherical  morphology were  developed after  25 h
of milling. Finally, when the milling duration was prolonged
up to  35  h,  fracturing  may form fine  particles  with  a  relat-
ively  sharp-edged  and  angular  morphology  (Figs.  4(j) and
4(h))  owing  to  excessive  work  hardening  and  subsequent
breakage of the milled powders [48].
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The structural evolution and morphological transmutation
observed in the recent investigation via milling are in accord-
ance  with  the  findings  of  other  researchers  for  MCrAlY-
based coatings [35,38,43,49]. Sharma et al. [49] subjected a
commercial grade of CoNiCrAlY feedstock powder to mech-
anical milling and obtained nano-scale CoNiCrAlY powder
after  48  h  of  milling.  The  average  particle  size  of  the  de-
veloped feedstock was about 5–25 nm. Daroonparvar et  al.
[50] developed nanostructured NiCrAlY powder with a mean
particle  size  of  126.2  nm  through  atmosphere-controlled
mechanical milling.

The presence of ethanol as PCA may prohibit the intens-
ity  of  cold  welding  during  the  progress  of  mechanical
milling. Limited cold welding may occur between processed
particles  as  long  as  the  powder  mixture  is  sufficiently  sur-
rounded by PCA during milling at  a  high-energy rotational
speed. Rana et al. [51] milled the NiCrAlY powder under a
rotational  speed of 300 r/min for 14 h.  In this  research,  the
toluene solution was used as a PCA to prevent unwanted ag-
glomeration.  Afterward,  the  processed  nanostructured
powder  was  deposited  using  low-velocity  oxygen  fuel
(LVOF) spraying to obtain nanostructured NiCrAlY coating.

The  obtained  results  exemplified  that  apart  from Ni-rich
solid solution γ phase, Al2O3 nanoparticles with a good dis-
persion were also detected in the microstructure of the nano-
composite  coating.  During  the  mechanical-milling  process
for  the  development  of  nanocomposite  powder,  the  ductile
NiCoCrAlY and brittle nano-Al2O3 particles were incorpor-
ated  to  form  the  nanocomposite  structure  in  the  powder
particles.  Hence,  in  the  middle  stages  of  milling,  the  brittle
oxide  powders  and  the  work-hardened  matrix  were  broken
into fine particles. The mentioned fine particles can cut into
the  Ni-rich  matrix  and  be  surrounded  by  a  ductile γ-phase
matrix.  As  a  consequence,  a  nanocomposite  mixture  and  a
nanocrystalline structure were prepared [30,38,52].

In the EDS elemental mapping image (Fig. 5), a relatively
uniform  distribution  of  Al2O3 nanoparticles  in  the  NiCo-
CrAlY  matrix  could  be  observed  in  MCrAlY/nano-Al2O3

nanocomposite  powder.  With  the  contribution  of  deforma-
tion,  breakage,  cold  welding,  and  agglomeration  mechan-
isms,  an  optimized nanocomposite  powder  can be  obtained
after 25 h of ball milling.

The TEM image in Fig. 7 shows that the microstructure of
an MCrAlY/nano-Al2O3 nanocomposite powder particle was
almost uniform and homogeneous, and numerous black spots
were detected in the BF image (Fig. 7(a)). Conversely, bright
spot  regions  in  the  DF  represented  the  existence  of  a  dis-
persed  nano-scale  oxide  phase.  In  this  regard,  the  average
grain size was estimated to be 60–80 nm, which is almost in
accordance  with  the  crystalline  size  of  the  nanocomposite
MCrAlY/nano-Al2O3 powder measured by the Williamson–
Hall method. 

4.2. Microstructure  of  the  developed  nanocomposite
coatings

In practice, the variation between microstructural charac-
teristics of the developed conventional MCrAlY and MCrAlY/
nano-Al2O3 nanocomposite coatings can be attributed to the
difference in temperature and velocity of in-flight particles as
reported  elsewhere  [30].  Indeed,  the  different  behaviors  of
various types of the prepared nanocomposite powders against
HVOF  flame  heating  during  the  in-flight  situation  are
strongly influenced by the value, distribution, and size of the
Al2O3 nanoparticles in the Ni-rich γ-phase matrix [42,52−53].
In addition, the morphology and microstructure of the nano-
composite  powder can be affected by the structural  charac-
teristics  and  morphology  of  the  starting  powders  (NiCo-
CrAlY  and  developed  Al2O3 nanoparticles)  and  by  the
milling parameters.

Among the three types of the MCrAlY coatings with and
without nano-Al2O3, the presence of the structural pores and
microporosities,  as  well  as  considerable  unmelted  zones  in
the conventional MCrAlY coating, could be associated with
the relatively inadequate localized contact and deformation of
droplets  onto  the  surface  during  HVOF  spray  deposition
(Figs. 8(a) and 8(b)). In another point of view, the nanocom-
posite coating developed from the processed powder after 35
h of ball milling had higher oxide and porosity contents than
the other counterparts (Figs. 8(e) and 8(f) and Fig. 9(c)). In-
deed,  the  disk-shaped  particles  had  a  great  tendency  to  ab-
sorb and react with oxygen during time-of-flight, especially
the more active elements (e.g., Al and Y). Moreover, the spe-
cific heat of in-flight particles may increase because of their
nano-scale  structure  that  may intensify  the  oxidation  of  the
melted powders during time-of-flight (He & Lavernia, 2001).

Compared with the other types of coatings, the MCrAlY/
nano-Al2O3 nanocomposite  coating  developed  from  milled
powder obtained an optimum coating microstructure after 25
h  because  of  its  semi-spherical  and  agglomerated  morpho-
logy. As a result, the agglomerated particles were completely
flattened and adhered to the surface from a relatively dense
structure with a low amount of defects and inhomogeneities. 

5. Conclusions

(1)  Al2O3 nanoparticles  were  successfully  prepared from
the  commercial  micron-sized  powder  via  high-energy  ball
milling under 300 r/min after 48 h.

(2) Williamson–Hall plot analysis showed that the crystal-
lite size of the ball-milled Al2O3 nanocomposite powder after
48 h is smaller than that of the other conventional and nano-
composite powder.

(3)  The  calculated  lattice  strain  of  the  ball-milled  Al2O3

powder increased slightly because of the plastic deformation
and breakage of the powders during ball milling.
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(4) Al2O3 nanoparticles dispersed well into MCrAlY after
15 and 25 h of high-energy ball milling. As the milling time
was  prolonged,  the  morphology  of  the  nanocomposite
powders changed to flaky and crashed, and the mean particle
size decreased accordingly.

(5)  Structural  homogeneity  and  density  of  the  MCrAlY/
nano-Al2O3 coating  prepared  after  25  h  of  ball-milling  was
much higher than that of the counterpart without nano-Al2O3

reinforcement. 
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