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This  paper  investigates  CoNiCrAlY/YSZ  composite  materials  produced  by  mechanical  alloying  process.
Various  amounts  of  YSZ particles  (0%, 5%,  10%  and  15  wt.%)  were  mixed  with  CoNiCrAlY  powder  and
milled  for  12, 24  and  36  h.  The  structural  and  mechanical  evolutions  of the  mechanically  milled  powders
were  executed  using  X-ray  diffractometry,  scanning  electron  microscopy,  optical  microscopy  and  micro-
hardness  test.  It  was  observed  that by increasing  milling  time,  the  internal  lattice  strain  of  �-phase  matrix
increased  while  grain  size  of  this  phase  decreased.  Also,  addition  of  YSZ  to  CoNiCrAlY  decreased  the rate
anocomposite
CrAlY/YSZ
etal matrix composite
echanical alloying

of  grain  size  reduction.  In comparison  with  milled  CoNiCrAlY  powders,  CoNiCrAlY/YSZ  milled  powders
exhibited  more  spherical  morphology  and  narrower  particle  size  range.  Moreover,  the  increase  in milling
time  caused  the  homogenous  distribution  of  ceramic  particles  in  CoNiCrAlY  matrix,  while  the  increase  in
YSZ percent  decreased  the  homogenous  distribution  of ceramic  particles  in CoNiCrAlY  matrix.  Besides,
micro-hardness  tests  illustrated  that  the  effect  of milling  on  hardness  is  more  significant  than  that  of

n.
ceramic  particles  additio

. Introduction

MCrAlY alloys (where M is Ni, Co or Co +Ni) are one of the most
amous protective coating materials applied to protect hot parts
f turbines like rotary and static blades against high temperature
xidation and hot corrosion [1,2]. Eddy flows of air in gas turbines,
igh centrifugal force at blades and solid particles suspended in
he air flow are the main failure mechanisms of protective MCrAlY
oatings [2].  As there are suspended particles in the exhaust, espe-
ially when gas turbine engines serve in the dusty environment like
esert region, NiCoCrAlY coating often fails due to high tempera-
ure wear [3].  Therefore, high hardness, mechanical strength and
ear resistance should be provided for these protective coatings,

ollowing hot corrosion and high temperature oxidation resistance
2–4].

Therefore, some efforts have been made to increase high tem-
erature strength and hardness of MCrAlY coatings. Strengthening
etal matrix with hard particles is one of the most well-known
ethods for increasing high temperature strength of CoNiCrAlY.
owadays, metal matrix composites (MMCs) are widely used at
igh temperatures. For instance, oxide dispersion strengthened

uperalloy foils prepared by advanced electron beem-physical
apor deposition (EB-PVD) technique showed excellent mechan-
cal properties [5].  On the other hand, MMCs  have been recently
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E-mail address: shamanian@cc.iut.ac.ir (M. Shamanian).
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developed to increase strength and hardness of coatings. Cr3C2 and
WC are conventional carbides used as reinforcement in coatings.
But, due to the pyrolysis at high temperatures, they are not effec-
tive in hot stages of gas turbines (first rows) [2].  Hence, MMCs
are strengthened by hard and thermally stable oxide phases. Due
to particular properties at high temperatures, Al2O3 and Ytria
Stabilized Zirconia (YSZ) are widely applied as high temperature
coatings in gas turbines [6]. Thanks to the formation of oxide layer of
active elements such as Hf and Y in vicinity of YSZ, this ceramic have
a good wetting behavior with superalloy matrix [7].  Consequently,
YSZ can be considered as a suitable reinforcement for MCrAlY
because of the formation of metallic bond with metal matrix.

The high energy ball milling is a cost-effective and interesting
technique for producing MMC  powders [8–10].  Mechanical alloying
was originally developed to produce oxide dispersion strength-
ened (ODS) alloys as high temperature materials by Benjamin in
1960s. The hard phases strengthen the alloy matrix by impeding
the motion of dislocations. Also, the work hardening resulting from
mechanical alloying leads to strengthening the ODS alloys [11].
Using this method, thermally stable MCrAlY/YSZ powders can be
produced for thermal spray applications.

Another advantage of mechanical alloying is the fabrication
of nanocrystalline materials [12]. Some researchers showed that
the utilization of nanostructured powders as thermal spraying

feedstock could greatly improve oxidation properties of MCrAlY
coatings [13–15].  The improved oxidation resistance can be
attributed to two main factors: (1) nanocrystalline powders will
accelerate the nucleation and growth of uniform �-Al2O3 layer.

dx.doi.org/10.1016/j.jallcom.2012.01.161
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shamanian@cc.iut.ac.ir
dx.doi.org/10.1016/j.jallcom.2012.01.161
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Fig. 1. Secondary electron micrograp

t could be due to the uniform distribution of aluminum in this
tructure. Furthermore, increasing the volume fraction of grain
oundaries increases the Al diffusion rate. The grain size reduction

n nanocrystalline structures also decreases the diffusion distance
f Al. These factors favor the formation of a continuous �-Al2O3
ayer as a result of Al diffusion to surface layers. (2) Improved
dhesion of oxide scale to bond coat is another advantage of grain
efinement reducing the oxidation rate in the bond coat [15].

In this study, CoNiCrAlY/YSZ powders were produced by
echanical milling. The microstructure, morphology and distribu-

ion of powders were also investigated.

. Experimental procedures

The gas atomized 60.90.1 GTV was used in this study as feedstock powder. It
s a commercially available spray powder CoNiCrAlY with particle size distribution
anging from 15 to 45 �m. YSZ thermal spray powder was used as reinforcement.
article size distribution of YSZ is ranging from 20 to 120 �m. Fig. 1 shows the
econdary electron micrographs of CoNiCrAlY and YSZ powders. The morphology of
hese powders is completely spherical. The chemical compositions of these powders
re shown in Table 1.

The powders were mechanically milled in a high energy planetary ball mill at
 revolution speed of 180 rpm. MM process was carried out at room temperature
nder argon atmosphere. The milling process was performed with the time interval
f  3 h to prevent sample overheating. The stoppage time of milling was  1 h. The ball
o  powders weight ratio was 10:1. 10 mm diameter hardened steel balls were used
or  ball milling. CoNiCrAlY powders were mixed with 0%, 5%, 10% and 15 wt.% YSZ. In
ddition, 0.4 wt.% stearic acid was used as a process control agent (PCA) to prevent

xcessive cold welding of powders during milling.

For  microstructural, morphological and mechanical assessments, the sampling
as  performed at selected time intervals. Table 2 shows numbering of these sam-
les. X-ray diffraction (XRD) in a Philips X’PERT MPD  diffractometer using filtered

able 1
hemical compositions of CoNiCrAlY and YSZ powders.

Element (wt.%) Co Ni Cr Al Y ZrO2 Y2O3

CoNiCrAlY Bal 32 21 8 0.5 – –
YSZ – – – – – 92 8

able 2
umbering samples with different amounts YSZ and milling time.

Sample number YSZ (wt.%) Milling time (h)

M12  0 12
M24  0 24
M36  0 36
MY0512 5 12
MY0524 5 24
MY0536 5 36
MY1012 10 12
MY1024 10 24
MY1036 10 36
MY1512 15 12
MY1524 15 24
MY1536 15 36
 (a) CoNiCrAlY and (b) YSZ powders.

Cu K� radiation (� = 0.1542 nm)  was used to estimate the crystallite size and internal
lattice strain of powders using Williamson–Hall method [16–18].

ˇ  cos � = k�

d
+ 2Aε sin �

where d is the average crystallite size, ε is the average internal strain, � is Bragg
diffraction angle, � is the X-ray wavelength,  ̌ is the peak widths at half-maximum
intensities (in radians), k is the Scherrer constant (0.91) and A is the coefficient
dependent on the distribution of strain.

The morphological and microstructural characterization of the powder particles
during MA was  carried out using scanning electron microscopy (SEM) and optical
microscopy (OM).

To evaluate the hardness of the composite powders and distribution of ceram-
ics in metal matrix, a small amount of powder particles was mounted in the resin.
Before indentation, the mounted powders were polished progressively using 320,
600,  1200, 2400 and 4000 sandpaper followed by 0.5 �m Al2O3. Vickers microhard-
ness at the polished cross-section of powders was measured using a Vickers micro
hardness tester with a load of 100 g and dwell time of 15 s. The reported hardness
is  the average of twenty Vickers indentation marks on each sample.

3. Results and discussion

3.1. Structural characterization

Fig. 2 shows XRD patterns of as-received and milled CoNiCrAlY
powders after different milling times. The phase identification
studies showed that as-received CoNiCrAlY contains two main
phases. Three (1 1 1), (2 0 0) and (2 2 0) sharp peaks belong to fcc-
� phase and the other peaks belong to bcc-� phase. The matrix
phase, �, consists of Co–Ni–Cr solid solution. A secondary phase, �,
comprised the NiAl intermetallic [19].

It can be observed that �-phase precipitates disappear dur-
ing milling process, probably due to dissolution into � phase. It
is obvious that dissolution process occurred under severe plastic
deformation. Richer et al. reported similar results [19]. They sug-
gested that crystal structure of �-phase is more stable than that of
�-phase under sever plastic deformation. Fig. 3 shows the lattice
stability as a function of the average valence electrons per atom (Z)
for fcc and bcc structure. It can be seen that � phase has bcc struc-
ture at equilibrium condition since this structure shows the lowest
energy level for � average valence electrons per atom (Z = 6.5).
According to Fig. 3, the stable crystal lattice of Co-Ni–Cr solid solu-
tion (� phase) is fcc because the average valence electrons per atom
is Z = 8.25. Fig. 3 shows that � to � phase transformation involves
an energy increase equal to �1 (∼7.1 kJ/mol). But the energy level
of � phase increases about �2 (∼21.4 kJ/mol) for fcc to bcc transfor-
mation. The severe plastic deformation during mechanical milling
leads to formation of high dislocation densities in the materials. The
high density of dislocation results in high average strain at atomic

levels. The increases in energy and strain level are the driving force
for phase transition with suitable energy and strain level. On the
other hand, decreasing the energy and strain level may  be caused
by breaking down larger grains into finer subgrains, eventually
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Fig. 2. XRD patterns of as-received CoNiCr

esulting in grain refinement. It was showed that in atomized CoN-
CrAlY powders, the �-phase precipitates are considerably finer
ompared with �-phase. It was revealed that a larger portion
f milling energy involves the grain refinement of �-phase. The
train and energy level of �-phase before phase transformation
ere decreased by grain refinement, while fine-grain � precip-

tates could not absorb high energy resulting in dissolution into
-matrix [19]. In fact, �-phase peaks become shorter and broader
ith increasing milling time. The broadening is because of grain

efinement, an increase in lattice defects such as dislocations
nd vacancies and an increase in internal strain of crystal lattice
20–22].  In the first stage of milling, severe plastic deformation
s localized into shear bands consisting of an array of dislocations

ith high density [23]. By increasing the milling time, at a certain
train level, a cell structure combined of dislocations is produced
orming low angle grain boundaries. With increase in milling time,
ow angle boundaries are changed to nanocrystalline structure with
andom orientation. The grain size is continuously decreased until

nal stages at which saturated size is achieved [20,24].

The crystallite size and the internal strain of �-phase were calcu-
ated using the Williamson–Hall equation. The results are shown in

ig. 3. Lattice stability as a function of the average number of valence electrons per
tom (Z) for two types of crystal structure: bcc (solid curve) and fcc (dashed curve)
19].
d CoNiCrAlY after different milling times.

Fig. 4. At early stages of milling, with increasing milling time to 4 h,
the grain size and internal strain were decreased rapidly. The crys-
tallite size was decreased rapidly by increasing milling time from
4 to 8 h, but the growing rate of internal strain decreases. After 8 h
milling, the crystallite size was decreased slowly until 24 h. Then, it
reached a steady-state value of 25 nm.  At the same time, the internal
strain increased slowly until 24 h and then approached a constant
value of 1.2%

Fig. 5(a–c) shows XRD patterns of as-received CoNiCrAlY and
CoNiCrAlY samples with different YSZ contents as a function of
milling time. It can be observed that in these samples, �-phase
precipitates disappear due to severe plastic deformation. The
grain size and internal strain of �-phase were estimated using
Williamson–Hall equation. The calculated grain size and internal
strain are reported in Fig. 6(a–c). Comparing Figs. 4 and 6(a–c)
shows that the addition of YSZ to CoNiCrAlY reduces the decreas-
ing rate of grain size. The decreasing rate of grain size was further
reduced with increasing YSZ. Generally, ceramic particles have two
effects on milling process. Ceramic particles absorb a large portion
of milling energy during their fragmentation instead of deformation
of metal matrix [25–27].  On the other hand, the presence of ceramic
particles in metal matrix enhances local deformation in the vicinity
of the hard particles [28–30]. Here, the first mechanism seems to
be dominant.

It can be observed that the internal lattice strain of �-phase
matrix was  increased with increasing the amount of ceramic.

Ceramic particles prevent movement and arrangement of disloca-
tion during milling process. So, the recovery rate of dislocations
was decreased with increasing hard particles. Therefore, the grow-
ing rate of internal strain was  increased with the addition of YSZ.

Fig. 4. Variation of crystallite size and internal strain of �-phase in CoNiCrAlY pow-
der with increasing milling time.
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Fig. 5. XRD patterns of (a) CoNiCrAlY + 5% YSZ, (b) CoNiCrAlY + 10%

ogagnolo et al. showed that the presence of AlN in Al matrix
ncreases internal strain of matrix during mechanical alloying
31].

Diagrams of ceramic content vs. grain size are shown in Fig. 7.
t can be seen that by increasing YSZ at different milling times,
he grain size increases. It is worth noting that the slope of these
raphs decreased with increasing milling time, indicating that grain
ize in samples with different ceramic contents became closer to
ach other. Probably, more milling energy is consumed by fragment
eramic particle in the earlier stages of milling. Then, fragmented

nd dispersed ceramic particles in metal matrix enhanced the local
eformation of matrix. So, the increase in ceramic content at long
illing times facilitated deformation of matrix. Therefore, the dif-

erences in grain size are decreased.
nd (c) CoNiCrAlY + 15% YSZ powders after different milling times.

3.2. Morphological evaluations

Fig. 8(a–l) shows secondary electron micrograph of MCrAlY/YSZ
powders at different milling times. The collisions among the pow-
ders, balls and the vial walls result in severe plastic deformation,
cold welding and fragmentation of powder particles in different
stages of mechanical milling. During initial stages, plastic defor-
mation and cold welding are the dominant phenomena. Then, work
hardening and fracture occur [32–34].  Finally, there will be a bal-
ance between welding and fracturing of powders resulting in the

formation of particles with approximately equiaxed morphology.
This stage is known to be steady state conditions because particle
size and distribution size of particles are in equilibrated conditions
[33,35].
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Fig. 6. Variations of crystallite size and internal strain of �-phase in (a) CoNi-
CrAlY + 5% YSZ, (b) CoNiCrAlY + 10% YSZ and (c) CoNiCrAlY + 15% YSZ powders with
increasing milling time.

Fig. 7. The effect of YSZ percent on crystallite size of �-phase of powders at 12, 24
and  36 h milling time.
 Compounds 525 (2012) 44– 52

Fig. 8(a) shows that CoNiCrAlY particles were enlarged due to
cold welding and their morphology seems to be flake-like due to
severe plastic deformation. This shows that cold welding is the
predominant phenomenon until 12 h milling. It can be seen that
CoNiCrAlY powders became finer and somewhat spherical after
24 h milling (Fig. 8(b)). It seems that cold welding and fragmen-
tation of work hardened particles have occurred simultaneously.
However, the cold welding is still the dominant phenomenon.
Fig. 8(c) shows that CoNiCrAlY powder is fine and somewhat spher-
ical after 36 h milling. Sachan et al. reported a similar behavior
during the ball milling process [36]. But, it is clear that the steady
state conditions are not reached yet because the powder morphol-
ogy is not spherical completely and particle distribution is not
uniform.

Fig. 8(d–f) shows the morphology of CoNiCrAlY + 5% YSZ pow-
ders after 12, 24 and 36 h of milling. It can be observed that the
addition of YSZ to CoNiCrAlY prevented the formation of flake-
like morphology and large particles at initial stages of milling
(Fig. 8(d)). The powder presents a compact and rounded but not
flattened morphology. Powder particles with a high deformation
capability usually show such a morphology at the initial stage of
mechanical milling, where cold welding is the main mechanism
in this stage [28]. It can be seen that with increasing the milling
time, more coarse particles are formed (Fig. 8(e)). In addition, the
amount of fine particles has been increased too. Probably, contin-
ued cold welding after 12 h milling causes the formation of large
particles. Then, fracturing mechanism is started and large particles
are fragmented to finer particles. With increasing the milling time,
fracturing became the predominant phenomenon so that fragmen-
tation of large particles increases. It can be observed that after 36 h
milling, most of the particles have a similar size and distribution
(Fig. 8(f)). It can be seen after 36 h milling, MA  process has reached
the steady state condition.

Comparison of Fig. 8(d and e) with (g and h) shows that
increasing the ceramic content delays the formation of large par-
ticles formed in powder containing 10% YSZ. It was previously
demonstrated that increasing the ceramic content decreases plastic
deformation rate at the initial stages of mechanical milling. Hence,
the presence of large particles of YSZ and the decrease of plastic
deformation delay cold welding phenomenon. On the other hand,
the presence of ceramic particles enhanced brittleness of powders
containing 10% YSZ in comparison with 5% YSZ powder. So, the final
particles of 10% YSZ are finer than those of 5% YSZ powders after
36 h milling (Fig. 8(i)) [34]. Fig. 8(j–l) confirms the above discus-
sions. But, it can be observed that increasing the ceramic content
decreases the powder particle size [37]. The increase in fracture rate
of composite powder along with the increase in the amount YSZ
results in the formation of equiaxed and fine composite particles
in comparison with unreinforced powders. Other researchers also
reported that ceramic particles decrease the milling time needed
for reaching steady state condition [34]. Additionally, the presence
of YSZ particles resulted in the formation close particle-size distri-
bution of particles.

To assess the predominant mechanisms in different stages of
mechanical milling, the secondary micrograph of fracture surface
of powders was investigated. Fig. 9 shows that in the initial steps
of mechanical milling, fracture surfaces are completely ductile and
plastic deformation is dominant. As milling time increased, duc-
tile fracture was transformed to brittle fracture. These demonstrate
that increasing milling time promotes brittleness of powders. On
the other hand, Fig. 9 shows that with increasing the amount of YSZ
in composite powders, the ductile to brittle fracture transforma-
tion has been delayed. It can be observed that although brittleness
of 15% YSZ powder is lower than that of 5% YSZ powder, it shows

a finer particle. The presence of YSZ particles in metal matrix has
facilitated crack growth and fracture in powder particles.
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Fig. 8. Secondary electron micrographs of variations of particle morphology of (a) M12, (b) M24, (c) M36, (d) MY0512, (e) MY0524, (f) MY0536, (g) MY1012, (h) MY1024, (i)
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Y1036, (j) MY1512, (k) MY1524, and (l) MY1536 powders.

.3. Microstructure evaluation

The presence of hard particles mixed with CoNiCrAlY changed
he milling classification to a ductile/brittle system. In the first stage
f milling, the predominant mechanism is the fragmentation of
ard particles and plastic deformation of ductile particles. Then, due
o collisions, hard particles are embedded in cold welded ductile
articles. As a result, fine reinforcement particles will be confined

n the interfacial boundaries of the agglomerated metal particles
ausing the formation of a real composite particle [18,29].

To evaluate the distribution and size of YSZ particles in CoN-

CrAlY matrix, back scattered SEM and optical micrographs were
sed. Fig. 10 shows the distribution of YSZ in CoNiCrAlY matrix

n the powders containing 15% YSZ. Since the average atomic
umber of YSZ is greater than that of CoNiCrAlY, these particles
seem brighter than matrix in back scattered micrographs. It can be
observed that in the first stage of milling (after 12 h), YSZ parti-
cles are visible. But, with increasing milling time, YSZ particles are
invisible at 1000× magnification because the size of YSZ powders is
decreased. Zhao et al. showed that increase in milling time resulted
in the fragmentation of hard particles due to the impacts of balls
[38]. On the other hand, the increase in milling time caused the
homogenous distribution of reinforcements in the matrix [28,38].
Fig. 11 shows distribution of hard particles in CoNiCrAlY matrix
in optical micrographs. It can be seen that YSZ particles have been
homogeneously dispersed in the alloy and their size is reduced with

increasing milling time. As YSZ content was  increased, the distri-
bution became inhomogeneous and the final powder size is raised.
The higher the amount of ceramic content, the higher the energy
needed for structural refinement.
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Fig. 9. Secondary micrograph of fracture surface of (a) MY0512, (b) MY0524, (c) MY0536, (d) MY1012, (e) MY1024, (f) MY1036, (g) MY1512, (h) MY1524, and (i) MY1536
powders.

Fig. 10. Back scattered micrograph of distribution and size of YSZ particles in CoNiCrAlY matrix in (a) MY1512, (b) MY1524 and (c) MY1536.
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ness of mechanically milled unreinforced matrix is twice higher
than that of as-received powders. Fogagnolo et al. reported similar
results for Al/AlN composite powder [29]. It can be observed that at
ig. 11. Distribution of hard particles into CoNiCrAlY matrix in (a) MY0512, (b) MY0
Y1536  powders.

.4. Microhardness measurements

The most important hardening mechanisms of metals and alloys
re deformation, grain refinement and solid dispersion [29,39]. One
f the well-known methods for producing hard materials through
hese mechanisms is mechanical alloying.

Mechanical alloying involves a high degree of deformation
hich can reduce the grain size to nanometer level and produce

n extremely fine distribution of hard particles in a metal matrix
29]. According to Orowan mechanism, hard particles reinforce-

ents act as a barrier to the dislocation movement within the
atrix and exhibit greater resistance to indentation of the hard-

ess tester [40]. Unlike as-received CoNiCrAlY powders, milled
owders have a high density of dislocations due to severe plastic
eformation. Recovery of dislocations results in the refinement of
icrostructure during milling process. Therefore, milled powders

xhibit higher hardness in comparison with as-received powders.
he hardness of milled and as-received powders is presented in
ig. 12.  Two factors affect the hardness of the composite pow-
ers. One is the effect of fine dispersion of reinforcement and the
ther is the effect of mechanical alloying process and severe plas-

ic deformation on the metal matrix. These results showed that
he effect of fine dispersion of reinforcement on the hardness is
ower than that of mechanical milling process. The hardness of
omposite powders and unreinforced powders under the same
(c) MY0536, (d) MY1012, (e) MY1024, (f) MY1036, (g) MY1512, (h) MY1524, and (i)

mechanical milling conditions seems to be similar. But, the hard-
Fig. 12. Hardness of the milled powders with respect to the mechanical milling
time.



5 ys and

i
c
p
o
d
U
h
d
r

4

t

-

-

-

R

[
[
[
[

[
[

[
[
[

[

[

[
[
[

[
[

[

[

[

[

[

[
[

[
[

[

[
[

2 M. Tahari et al. / Journal of Allo

nitial times of milling (24 h), unreinforced powders are harder than
omposite powders, but with increasing milling time, composite
owders became harder. It was previously said that large particles
f YSZ decreased plastic deformation tendency of composite pow-
ers. So, these powders exhibit lower hardness at initial stages.
nlike unreinforced powders, increasing milling time increases
ardness of composite powders. It can be due to the homogeneous
istribution of hard particles, increasing internal strains, inhibited
ecovery of dislocations and the decrease in grain size.

. Conclusions

CoNiCrAlY/YSZ composite powders were synthesized using MA
echnique. The following conclusions can be drawn:

 The grain size of CoNiCrAlY decreased with increasing the milling
time. The addition of YSZ delayed the decrease in grain size of
matrix.

 Increasing the milling time and YSZ percent resulted in the spher-
ical morphology and homogenous distribution of powders. The
addition of YSZ also delayed cold welding phenomenon.

 At initial stage of milling, CoNiCrAlY powder showed the greatest
hardness but with increasing the milling time powders containing
15% YSZ, it showed the maximum hardness.
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