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Abstract

This paper investigated the wear performances of Y,0, doped MA6000 (Ni-Cr-Al) alloy produced by mechanical alloying
(MA). Produced, all powders were pre-formed by cold pressing and sintered in a vacuum environment. Sintered MA6000-
X% Y,0, superalloys were characterized by scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS),
X-ray diffraction (XRD) analysis, density, and hardness measurements. Wear tests of Y,0, added MA6000 alloys were
carried out in a block-on-ring type wear device. In the wear tests, the sliding speed of 1 ms™ at room temperature (RT) was
performed under five different sliding distances (200-1000 m) and three different loads (5 N, 10 N, and 15 N). As a result
of the studies, it was determined that the MA-ed MA6000 superalloy powders were homogeneous and flake shape. With the
increase amount of Y,0,, hardness of these superalloys increased from 267 to 431 Hv, but the density slightly decreased.
Different intermetallic/carbur phases such as Ni,Al and MoC were observed in all compositions. Wear tests show that
weight loss and wear rate decreased, and friction coefficient (u) increased with the increasing amount of Y,0, additive.
Besides, it was determined that as the applied load increased in the wear test, the weight loss increased, but the wear rate

and friction coefficient (1) decreased.
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1. Introduction

With the use of superalloys in jet engines, the
interest in these materials is increasing day by day. In
order to meet the increasing energy demands and
extend the life of jet engines, studies on the
development of these materials continue [1,2]. Most
of the superalloys used in jet engines are nickel-based
and have traditionally been strengthened by
precipitation of the y’ phase in the polycrystalline face
centered cubic (FCC) structured y matrix phase [3].
Later, these alloys were used in many fields such as
spacecraft, electricity generation, metallurgy, etc. [4].

Mechanical alloying (MA) is an effective method
for producing oxide dispersion strengthened (ODS)
alloys [5]. ODS Ni-based superalloys are widely used
in industrial gas turbines and spacecraft [6-8]. In
producing ODS Ni-based superalloys, oxide particles
such as Y,0,, AL,O,, and ThO, are added to the nickel
matrix [4]. In these alloys, the MA method provides
both strengthening by Yy’ phase precipitation and
strengthening by dispersion of oxide particles [1].
One of the first and most important ODS alloys
developed after discovering mechanical alloying
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(MA) is MA6000 [9]. When the MA6000 alloy is
compared with conventional superalloys, it is
understood that the small size (submicron) oxide
particles homogeneously dispersed in the matrix play
an essential role in developing high-temperature
strength. In Ni-based oxide-dispersed superalloys, the
thermal stability of the oxide particles distributed in
the matrix at high temperatures is excellent. Oxide
particles in the alloy structure prevent dislocation
movement and increase high-temperature strength,
creep, and fatigue strength (compared to superalloys
produced by traditional methods such as casting)
[10,11]. Kuz'min et al. [12] produced an Al-metal
matrix composite with nano carbon (CNT) (in the
range of 0.01 to 1.00 wt%) by powder metallurgy
method, and they stated that the tensile test results
were improved up to the addition of 0.1 wt.% CNT,
then the CNT powders were agglomerated. In another
study, Kuz'min et al. [13] found AL,C, intermetallic in
the microstructure investigations of nano carbon
reinforced Al-metal matrix composites. They also
emphasized that the electrical conductivity of the
produced Al-CNT composite materials was very close
to the cast material.
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Some notable parts used in gas turbines are
subjected to centrifugal forces, static and dynamic
loads at high temperatures. As a result, wear and mass
losses occur on the material surface [10,14]. In a study
by Singer and Gessinger [9], it was stated that the
MAG6000 superalloy exhibited superplastic behavior
under suitable hot working conditions. Although
many studies have been carried out on MA6000
alloys, no study has been found on the alloy's
microstructure and wear of the Y,O, reinforcement
phase.

Therefore, in this study, MA6000-X% Y0, alloys
produced by the mechanical alloying method and
added (doped) different amounts of Y,0, (wt %) were
produced. The produced MA6000-X% Y,0, alloys
were examined for microstructural and wear behavior.

2. Materials and Method

MAG6000 superalloy used in the experimental
study was produced from elemental Ni (99.9%) 44
pm, Cr (99%) 44 pum, Al (99%) (flake powder), W
(99.9%) 10 um, Ti (99.7%) 149 pm, Mo (99.9%) 1- 5
pum, Ta (99.9%) 44 um, Zr (99%) 149 pm, C (99.95%)
2-12 um, and B (99%) 2 pum powders. Elemental
powders were obtained from Sigma Aldrich. The
chemical composition of the MA6000 superalloy is
given in Table 1.

Table 1. The chemical composition of the MA6000 alloy
used in the studies (wt %)

Cr| Al | W Ti | Mo |Ta| Zr C B Ni

15145 4 | 25| 2 |2]0.15]0.05|0.01| Bal.

Elemental powders were prepared in the quantities
determined in Table 1 with a scale with a sensitivity of
1/10,000. The prepared powders were alloyed with
0.6, 1.2, 1.8, and 2.4% Y0, reinforcing phase in the
planetary  type mechanical alloying/milling
(MA/MM) device of FRITSCH pulverisette company.
300 rpm stirring speed, 8 mm stainless steel ball (1:10
ratio), stearic acid (by weight) as process control
chemical, and 300 minutes were used as mechanical
alloying parameters. In order to prevent the heating of
the powders placed in the milling jar, they were
ground for 150 minutes and then left for 30 minutes.
Elemental powders and high-energy balls were
alloyed by the effect of centrifugal force and Coriolis
force inside the container, which acted inversely to the
direction of rotation. After MA/MM process,
MA6000+X% Y,0, powders were pressed uniaxially
at room temperature with @12 steel mold under 700
MPa load. MA6000+X% Y,0, green compacts were
sintered at 1270°C for 120 minutes at a 4 °C /min
heating rate under pressure (10-6 millibars) in a
vacuum environment. Sintered MA6000+X% Y,0,
superalloys are prepared by metallographic processes

according to ASTM E3 -11 standard, in 20ml HNO,
and 80ml HCI solution for 120 seconds etched.

Density measurements of MA6000+X% Y,0,
superalloys (in Precisa brand density kit) were made
according to Archimedes principle, and hardness
measurements were made in Shimadzu brand
microhardness device (under 490.3 mN load, 10 sec).
Density and microhardness measurements were
determined by taking the average density and
microhardness values of 5 different samples. A
scanning electron microscope (SEM + EDS) (in Carl
Zeiss Ultra Plus Geminin (FEG) device) was used for
microstructure investigations. The microstructure
phases in MA6000+X% Y,0, were characterized by
X-Ray diffraction (XRD) (Rigaku Ultima IV -X-Ray
Diffraction Spectrometer).

MA6000+X% Y,O, alloys were tested on a
nitride-hardened steel abrasive ring with a hardness of
68 HRC. Wear tests were carried out in a block-on-
ring type standard test device according to the ASTM
G77 standard. The worn surfaces of the produced
MA6000+X% Y,0, superalloys were washed with
distilled water and methanol by applying standard
metallographic procedures before the test. Wear tests
were carried out at room temperature (RT) with a
sliding speed of 1 ms' using five different sliding
distances (200-1000m) and three different loads (5 N,
10 N, and 15 N). The weight loss, wear rate, and
friction coefficient averages obtained from 3 different
samples were calculated in the wear tests. The wear
rate was calculated with the Equation 1

_AG
“"d-P-S

)

where Wa is the wear rate (mm?/N.m), AG is the
weight loss (mg), d is the density (g/cm?), P is the load
(N), and S is the sliding distance (m). After the wear
test, the wear surfaces of the samples were examined
by SEM.

3. Results and Discussion
3.1. Characterization of MA6000/ Y,0, powder
particles

SEM images of the basic alloying element
powders and the Y,O, reinforcement phase are given
in Figure 1 to study the dimensional and shape effect
of the MA/MM process on elemental powders. It can
be seen that the elemental Ni powder given in Figure
l.a had a polygonal structure and reticulate, and the
powder size was less than 10 um on average. Cr
powders were seen in amorphous sharp-
edged/angular shapes and different sizes (Figure 1. b).
It is understood that the Al powders were flake-shaped
and semi-smooth with sharp edges/angular; their
thickness was relatively low (high surface
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Figure 1. The initial SEM images of the elemental powders
used in the study were a) Ni, b) Cr, ¢) Al, d) W,
and e) Y,0,

area/thickness ratio) (Figure 1. ¢). W powders were

spherical, and the powder size was less than 10 um on

average (Figure 1. d). On the other hand, Y,O,

powders were polygonal, sharp-edged/angular, with a

powder size of less than 10 um (Figure 1. e).

SEM images to determine the dimensional and
shape changes of mechanically alloyed non-
reinforced and X% Y,0, reinforced MA6000 alloy
powders are given in Figure 2. Elemental powders,
initially reticulate, flake, and spherical, broke and
shrank as they were subjected to repeated cold
welding and deformation hardening during high-
energy ball milling. The intense deformation effect
and events such as cold welding, hardening, and
fracture were related to the ductile or brittle character
of the powder particles. Ductile powder particles such
as Ni and Al became flake in the early stages of MA
under high-energy ball impacts. As the deformation
continued, the flake-shaped powder particles
hardened. In the later stages of MA, these powders'
particles broke down and became smaller [15-19].

Initially, polygonal and reticulate Ni powders (Fig.
1.a) and flake shaped Al powders (Fig. 1. ¢) appeared
to be complex-shaped as they were subjected to
intense deformation during the MA process (Fig. 2).
When the initial powders given in Figure 1 were
compared with the MA’ed powders given in Figure 2,
it was seen that the flake-shaped powders (Figure 1c)
were broken, and their surface areas decreased while
their thicknesses increased. With the effect of
deformation of ductile powders, micro-cracks were
formed as shown in Figure 2.b; micro cracks grew and

Figure 2. SEM images of MA’ed powders; a) MA6000, b)
MA6000 + 0.6% Y,0,, c) MA6000 + 1.2% Y,0,,
d) MA6000 + 1.8% Y,0, and e) MA6000 + 2.4%
Y203
then broke with the continuation of the deformation.
Kang et al [19] reported that due to severe
deformation of the matrix phase, powder particles of
various small sizes were formed alongside the large-
surfaced powder particles. The main reason why the
matrix material Ni took the form of flakes was its
ductile character. In Figure 2, it can be seen that, in

Figure 3. SEM-Mapping images of mechanically alloyed
MA6000+2.4% Y,0, powders; a) Ni, b) Cr, c) Al,

d) W, e) Y,0,
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general, powders with large surfaces turned into
powders with smaller surfaces. This happened due to
the hardness of the Y,0, reinforcement phase.

EDS (Mapping) results of mechanically alloyed
MA6000+2.4% Y,0, powders are given in Figure 3.
In Figure 3, it can be seen that Al powders (c) and
Y,0, powders (e) were evenly distributed except for
one region, while the other powders exhibited an
almost uniform distribution. After the addition of
2.4% wt. Y,0, powder to the MA6000 alloy
determined that the reinforcement phase
agglomerated in some regions. A similar situation was
observed in CNT added to the Al alloy [12,13].

7

3.2. Characterization of MA6000/X% Y,0,
Alloy Materials

SEM images of MA6000+X% Y,0, superalloys
after sintering are given in Figure 4, and EDS (point)
results are given in Table 2. When the SEM images
given in Figure 4 were examined, it was seen that
there were porosities in the structure of all MA6000
superalloys produced. Some previous studies stated
open and closed porosities in materials produced by
powder metallurgy [2,5,20]. When the EDS results
given in Table 2 were examined, it was understood
that Ni-Ti-Cr intermetallic (1), Ni-rich Ti-Cr

Figure 4. SEM images of the microstructure of MA6000/
X% Y,0, superalloys a) MA6000, b)
MAG6000+0.6% Y,0, ¢) MA6000+1.2% Y,0,, d)
MA6000+1.8% Y,0, and e) MA6000+2.4% f’203

intermetallic (1), Ta-rich Ni intermetallic (2), and a

intermetallic (2), and Ta-rich Ni intermetallic (3) were
formed in the structure (Figure 4.a). In the MA6000
superalloy (Figure 4. b) doped with 0.6% Y,0,, Ni-Cr

mottled grey, Ni-rich Al-C-Cr intermetallic (3)
appeared. There were Ni-Ti intermetallic (1), C-Ni
intermetallic/carbide (2), and Ni-Ti-Al intermetallic

Table 2. EDS analysis results of MA6000/X% Y,0; alloys

Elements (wt. %)
Alloys [Location
Ni Cr Al w Ti Mo Ta Zr C 0 Y
1 367 | 1013 | 1.84 | 1.17 | 282 | 1.04 | 23 - 8.19 | 1042 | -
MAG000| 2 | 5421 | 12.87 | 3.08 | 213 | 11.96 | 145 | 2.13 - 664 | 553 | -
3 1859 | 607 | 2.13 - 1.33 - 59.62 | - 679 | 547 | -
MAG000| 1 5545 | 1469 | 384 | 166 | 079 | 176 | 1007 | 008 | 471 | 599 | 0.98
+0.6% | 2 | 2428 | 732 | 2.02 - 171 | 032 | 5164 | - 719 | 521 | 031
Y0, I3 3781 | 1073 | 149 | 191 | 036 | 059 | 1.72 - 128 | 19.02 | 0.15
MAG000| ! 3995 | 936 | 517 | 139 | 1772 | 012 | 021 | 013 | 543 | 2035 | 0.16
+12% | 2 193 | 161 | 065 | 021 | 029 | 052 | 0.6 - | 3859 | 3815 | 0.08
Y0, [ 3 1757 | 839 | 1288 | 035 | 13.14 - 6.02 - 6.1 | 3198 |3.55
1 6426 | 11.64 | 552 | 1.96 1.1 13 | 391 - 301 | 523 | 197
1\1‘?68220 2 12727 | 657 | 643 | 224 | 1564 | 063 | 39 - 11.89 | 2051 | 492
vo, | 3 | 3509 | 897 | 804 1.2 3.02 | 116 | 9.05 - 539 | 16.82 |11.28
4 | 4676 | 1016 | 733 | 253 | 064 | 1.63 | 385 - 436 | 13.64 | 9.1
1 | 2289 | 479 | 1212 | 215 | 069 | 128 | 035 - 137 | 2359 | 1845
1\1‘23220 2 13 129 | 044 | 553 - - - - 6.04 | 17.79 |67.59
vo, | 3 | 7253 | 1174 | 256 2.9 - 229 | 147 - 433 | 218 | -
4 9.11 | 052 | 646 | 428 - 2.42 - - 507 | 22.99 |49.15
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(3) in the structure of MA6000 superalloy doped with
1.2% Y,0, (Figure 4.). Nirich Cr
intermetallic/carbides (1) (Fig. 4.d), Ni-Ti-C
intermetallic/carbide (2), Ni-Ta intermetallic (3), and
Ni-Cr intermetallic (4) in MA6000 alloy with 1.8%
Y,0, doping were found. It was observed that Ni-Y
intermetallic (1) Y-rich oxide compound (2,4) and Ni-
rich Cr intermetallic (3) were formed in the 2.4%
Y,0, doped MA6000 alloy (Figure 4.e). Again, in
Figure 4, in the SEM images of MA6000 and
MA6000+X% Y,0, doped superalloys, it was
understood that the intermetallic formed in the
structure were heterogeneously dispersed in different
sizes and shapes in the matrix. It was seen that some
of the small size intermetallic (<5 um) were close to
spherical; the rest were sharp-edged/angular. Some
small-sized intermetallic appeared to come together to
form large structures (50-60 pm) in complex shapes.
Moreover, in Figure 4.a, it was seen that Ni,Ti (1) had
traces of Ni,Al and Ni,Ta intermetallic, and Cr,,C,
and traces of MoC phases. In addition, it was
understood that Ni,Ti, Ni;Al, Ni,Ta intermetallic (2),
and Cr,,C, and a small amount of MoC metal carbide
phases were present. Furthermore, Ta-rich Ni,Ta,
trace amounts of Ni,Al, Ni,Ti intermetallic were
formed in the 3" region.

Likewise, when the regions in Figure 4. b-e were
examined, it was seen that Ni;Al, Ni,Ti, Ni,Ta
intermetallic, and MoC and Cr,,C, metal carbides
were present. Ezugwu et al. [21] reported that NijAl,
Ni,Ti, Ni,Ta (y') intermetallic phases in Ni-based
superalloys used at high temperatures and heavy
service conditions increased the strength of the alloy
by precipitating in the matrix. Palavar et al. [22] in Ni-
based superalloy studies, FCC 7v' Ni,(Al, Ti)
intermetallic phase precipitated, Li et al. [23] and He
et al. [24] reported that MC type carbides such as
MoC were located at the grain boundaries in their
studies. These carbides at the grain boundaries
prevented grain boundary movement and growth at
high temperatures. Thus, the strength of the
superalloy also increased. In their study, Wu et al. [25]
reported that Cr,,C, type carbides precipitated at the
grain boundaries depending on the aging temperature
and time by aging the Ni-based superalloy. Szczotok
et al. [26] reported that MC type and M,,C, (Cr,,C/)
type carbides were formed at grain boundaries and
between dendrites in their study to determine carbide
structures in Ni-based superalloys.

Again, when the SEM images given in Figure 4. b,
¢, d, and e were examined, it was seen that Y,O, was
homogeneously distributed in the structure. When the
Y,0, reinforcement phase ratio was 2.4%, partial
agglomeration was observed while the reinforcement
phase was homogeneously dispersed in the matrix.

In Figure 5, XRD results obtained after sintering
in MA6000/X% Y ,O, superalloys produced with MA
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Figure 5. XRD analysis results of MA6000/X% Y,0,
superalloys

are given. When the XRD results given in Figure 5
were examined, it was determined that there was y
phase (Ni) (JCPDS 00-001-1260), Ni,Al (JCPDS 03-
065-0430), Ni,Ti (JCPDS 00-002-1234), and Ni,Ta
(JCPDS 00-018-0893) intermetallic phases, Cr,,C,
(JCPDS 00-014-0407) carbide phase (M,,C, type),
Y,0, (JCPDS 00-001-0831), and three different MoC
(JCPDS 03-065-0280, JCPDS 03-065-3558 and
JCPDS 00-006-0546) phases that made up the matrix
in MA6000 superalloys in the structure. The
morphology, size, and distribution of intermetallics
such as y" (Ni,Al, Ni,Ti) and carbides such as MC and
M,.C, were crucial for controlling the metallurgical
and physical properties superalloys [27,28]. Al and Ti
were added to superalloys to form y" (Ni,Al, Ni,Ti)
intermetallic [22]. It is known that the y" (Ni,Al,
Ni,Ti) intermetallic phase formed in the structure
plays a significant role in the strengthening of
superalloys and prevents the deterioration of the
microstructure and mechanical properties of the alloy
by preserving its chemical and physical properties up
to temperatures close to the melting point (at
temperatures above 600°C) [22,29-31].

Ni,Ta (y") intermetallic phase had a strengthening
effect in superalloys. It had a high melting
temperature (1276.85°C) (1550 K). In a study by
Kosorukova et al. [32,33], the orthorhombic,
monoclinic and tetragonal Ni,Ta intermetallic after
annealing heat treatment at 699.85°C (973 K) was
obtained.

MC, M,,C,, M(C, and M,C, (rare) carbides were
also important in controlling the properties of
superalloys. MC type carbide structures provide
strength to superalloys by preventing dislocation
movement and grain boundary slippage at high
temperatures. As hard MoC particles precipitated at
the grain boundaries strengthen the grain boundaries
(pinning), they increase the strength of the superalloy
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by preventing grain growth and grain boundary
slippage at temperatures around 1000 °C [23,24,27].
In this study, MC type carbide was quite scarce. This
was because the amount of carbide-forming elements
was low. Zhang et al. [27] reported that the low peak
intensity occurred due to the low amount of MC
carbides in the sintered alloys. Cheng et al. [34] stated
that fcc was a crystalline MoC in their study. Liu et al.
[35] stated three types of MoC in structure, a-MoC, 3-
MoC, and y-MoC. M,,C, type carbides were formed
in Ni-based superalloys with high Cr content in the
650-1100 °C. It precipitated at the grain boundaries in
the temperature range of 704-871°C. Here M was
mostly Cr [29,36]. This phase dissolved at 1125 °C
[29].

Precipitated phases such as " such as Ni,Al, Ni,Ti,
Ni,Ta, and y"” such as Ni,Nb and MC, M,,C,, M.C,
and M. C, carbides could maintain their structures up
to temperatures close to melting/degradation degrees.
When these intermetallic/carbide phases were
exposed to high temperatures for a long time, they
also deteriorated at temperatures below the
melting/decay temperatures, reducing the superalloy's
strength.

Y,0, had high structural stability, strength and
elastic modulus at high temperatures [37]. It had a
high melting temperature of 2409.85 °C (2683 K).
The cubic Y,O, phase was more stable at high
temperatures [38]. Due to these properties, Y,0, was
a suitable additive phase for strengthening
superalloys. Y,0, phase could maintain the strength
of the superalloy for a long time at high temperatures
by preventing dislocation movement.

In Figure 6, the experimental density, theoretical,
and relative density results measured according to the
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Figure 6. Theoretical, experimental, and relative densities
of MA6000 superalloys

Archimedes principle are shown. As seen in Figure 6,
as the Y,O, additive increased, the theoretical,
experimental, and relative density decreased. This
was because the density of Y,0, was low (5.01
g/cm?®). Relative densities were 94.956%, 93.62%,
93.302%, 92.247%, 92.104% for MA600,
MA6000+0.6% Y,0,, MA6000+1.2% Y,0,,
MA6000+1.8% Y,0,, and MA6000+2.4% Y,O,
alloys, respectively. Depending on the increase in the
amount of Y,O, reinforcement phase added to the
matrix, the amount of porosity in the structure
increased. The harder Y,O, reinforcement phase
compared to Ni both increased the hardness of the
matrix phase and prevented the dislocation motion.
Therefore, the weight loss in the wear test of the
produced MA6000 superalloys decreased, and the
wear resistance improved [39].

In Figure 7, the microhardness changes of
superalloys are given. As the amount of Y,O,
additives increased, the microhardness increased. This
was because the additive phase Y,0O, was a hard oxide
that prevented grain boundary sliding.
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Figure 7. Microhardness changes of MA6000 superalloys

Mechanical properties such as hardness and
strength were crucial factors for wear behavior.
Therefore, these properties should be considered
when examining the wear behavior of materials. In
Figure 8 a, b and c, weight losses of MA6000
superalloys under different loads (SN, 10N, and 15N)
are given. In MA6000 and MA6000+X% Y ,O, super
alloys, weight losses increased as the sliding distance
increased at all loads (5 N, 10 N, and 15 N). While the
lowest weight loss was obtained under 5N load, the
highest weight loss was obtained at 15 N. In the wear
tests performed at 5 N, 10 N, and 15 N loads, the
highest weight losses were observed in MA6000 and



S. Celik et al. / J. Min. Metall. Sect. B-Metall. 58 (2) (2022) 285 - 297

291

MA6000+X% Y,0, superalloys, while the lowest
weight losses were in MA6000+2.4% Y,O,
superalloy. When the weight losses with SN, 10 N, 15
N loads and MA6000, MA6000+X% Y,O,
superalloys were compared, the lowest weight loss
was obtained in MA6000+2.4% Y ,0, superalloy at 5
N load, while the highest weight loss was obtained in
MAG6000 superalloy at 15 N load. The reason for the
highest weight loss (15 N) in the MA6000 superalloy
was the high applied load and the low hardness of the
alloy (267 Hv). The reason for the lowest weight loss
(5 N) in the MA6000+2.4% Y,0, alloy was the low
applied load and the high hardness of the alloy (431
Hv). As the amount of hard Y,O, additive phase
increased, the weight losses of superalloys decreased.
Y,0, additive phase increased the wear resistance of
superalloys.

Tian and Xu [40] coated the Ni plate surface with
the nano sized Y,0, phase (in the range of 1.56 to 4.40
wt.%) and reported an improvement in wear behavior.
However, they did not give information about the
wear resistance of the Ni matrix under the coating
surface. Ikeno et al. [39] stated that the wear behavior
of MA6000 alloy with 1% Y,0, reinforcement and
non-reinforced IN600, MAR-M427 alloys was higher
than Ni. It was determined that the microhardness
improved depending on the amount of Y,O,
reinforcement phase added to the MA 6000 alloy. This
happened due to the interaction of both the
reinforcement phase, the reinforcement phase, and the
matrix phase. In XRD analysis (Fig. 5), it was

determined that Ni,Al, Ni,Ti, and Ni, Ta intermetallics
were formed.

Palavar et al. [22] reported that the weight loss
increased as the sliding distance increased in
superalloys, and the lowest weight loss was obtained
in the alloy with the highest hardness. On the other
hand, Ozyiirek et al. [41] noted that with the increase
of SiC reinforcement phase amount in MMCs, the
wear weight loss decreased, and the wear resistance of
MMCs was associated with an increase in hardness.

When the wear rate results of MA6000 and
MA6000+X% Y,O, doped superalloys, given in
Figure 8 d, e and f, were examined, it was seen that
while the sliding distance increased at 5 N, 10 N, and
15 N loads, the wear rates increased. In MA6000 and
MA6000+X% Y ,0, superalloys, the highest wear rate
was obtained in the samples applied with 5 N load,
while the lowest wear rate was obtained in the
samples applied with 15 N load. Qiao et al. [42]
reported that the wear rate decreased as the applied
load increased. The highest wear rate was recorded in
MAG6000 superalloy in all three loads, while the
lowest was recorded in the MA6000+2.4% Y,0,
superalloy. The friction coefficient results obtained
from the wear test of superalloys under three different
loads (5 N, 10 N, and 15 N) are given in Figure 8 g, h
and 1.

The graph given in Figure 8 g, h and i shows that
the friction coefficient (n) of the alloys applied with
three different loads (5 N, 10 N, and 15 N) exhibited
a horizontal course. In the wear tests, the highest
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friction coefficients were obtained in the samples
applied with 5 N load in all compositions, while the
lowest friction coefficients were obtained in the
samples applied with 15 N load. At all loads, the
lowest friction coefficients in MA6000 and
MA6000+X% Y,0, superalloys were obtained in
samples applied with 15 N load, while the highest
friction coefficients were obtained in samples applied
with 5 N load. The friction coefficient () decreased
as the applied load increased in wear tests. The first
reason for the decrease in the friction coefficient (p)
can be explained by the Equation 2.

_E (@)

H N

where, Fs:Friction force (N); N:Normal Force(N);
p:Coefficient of Friction.

According to the Equation 2, it can be understood
that the friction coefficient () decreased when the
applied load (N) increased (5 N, 10 N, and 15 N). The
second reason was the heat increase in the contact
surfaces with the increasing friction due to the
increased applied load. Qiao et al. [42] reported that
the friction coefficient decreased with the increasing
of the applied load in the austenitic stainless steel
wear test studies. The effect of the oxide layer formed
on the surfaces by the effect of heat increase, making
a solid lubricant effect. The friction coefficient
depended on the friction surfaces. Since the Y,0,
additive phase was harder than the matrix phase, it
created surface roughness during friction and caused
an increase in the friction coefficient. In addition,
increasing the Y,O, additive phase increased
delamination formation. The reason for the
improvement in the wear resistance of the MA6000
alloy with the increase of the reinforcement phase was
not only the reinforcement phase, but also the Ni,Al,
Ni,Ti, and Ni,Ta intermetallic phases determined in
the structure.

Particles that broke off from the sample and the
corresponding disk acted as the third element in the
tribological system. These particles between the
friction surfaces made friction difficult and caused the
friction coefficient (n) to increase. When the weight
loss results given in Figure 8 a, b and c were
compared with the friction coefficient results shown
in Figure 8 g, h and i, it was understood that there was
an inverse relationship between them. While the
weight loss decreased in the abraded samples, the
friction coefficient (n) increased. According to the
hardness results given in Figure 7, while the hardness
of the alloys increased (the amount of Y,O, additive
phase increased), the friction coefficient (p)
increased. Thirugnanasambatham et al. [43] reported
that the particles formed between the friction surfaces
locked each other and prevented the sliding motion.

Also, Panagopoulos et al. [44] reported that while the
applied load on Ni-based superalloys increased, the
debris between the rubbing surfaces increased,
resulting in a decrease in the contact area and a
decrease in the friction coefficient. Raghav et al. [45]
added 2-8%wt. to Co-25C alloy. They alloyed with W
by mechanical alloying method and stated that
microhardness and compression strength were
improved. They also noted that it was effective on
wear resistance. Again Raghav et al. [46], in their
other studies, synthesized Mg-Co (0-25Co)
nanocomposites by powder metallurgy and noted that
the microhardness, wear and corrosion resistance of
Mg-25Co nanocomposite were better.

SEM images of MA6000 and X% Y,0,
superalloys after wear tests at room temperature, 1m/s
shear rate, and under different loads (5 N, 10 N, and
15 N) are given in Figure 9. In Figure 9-a showed that
the oxide film layer formed on the surface in the
MAG6000 superalloy after the wear under SN load was
broken by the effect of friction. It was understood that
the region under the oxide layer was rough, and oxide
particles of different shapes were scattered on the
surface. In addition, there were micro cracks formed
as a result of deformation on the surface. On the worn
surfaces of 0.6% Y,0, and 1.2%, Y,O, reinforced
MAG6000 superalloys given in Figure 9' b and ¢, wear
direction and traces, micro cracks, and particles
detached from the surface could be seen. Micro-
cracks perpendicular to the direction of friction form
on the surface, which were deformed by the effect of
the applied load. The formation of grooves in the
sliding direction on the friction surface and the
formation of microcracks perpendicular to the sliding
direction indicated that the abrasive wear mechanism
was active. According to Raghav et al. [46] and
Banijamali et al. [47], various grooves and scratches
formed parallel to the sliding direction and the wear
test indicated the abrasive wear mechanism. In
addition, they stated that fragile oxide areas were
formed on the friction surfaces, and these oxide areas
were disintegrated and dispersed on the surface as the
friction continues. On the other hand, SEM image
given in Figure 9-d (1.8% Y,0, doped superalloy)
showed fatigue wear. Micro cracks occurred due to
plastic deformation caused by fatigue. As the wear
continues, the microcracks caused the oxide particles
to break off, and the oxide particles that broke off
during the ongoing wear test became smaller by
crumbling under the influence of the load. Raghav et
al. [45] stated in their study that plastic deformation
caused the formation of microcracks, and as a result,
fatigue wear was dominant, and areas of debris were
formed.

In the surface SEM image given in Figure 9-e
(2.4% Y,0, doped superalloy), it was seen that the
oxide layer on the surface was at the beginning of the
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fracture. Haji Ghassemi et al. [48] reported that cracks
nucleated with plastic deformation on the surface
during sliding in Al MMCs, the cracks caused
delamination of oxide film and metallic particles.

In the SEM image of the worn surface given in
Figure 9-f, the oxide layer, delamination area and

deformed layer on the worn surface could be seen
together. With the effect of friction, the oxide layer on
the surface was broken and delamination areas were
formed. In addition, the deformation layer, which was
the lower layer, appeared when the debris moved
away from the surface. In the SEM images of X%
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Figure 9. Worn surface SEM images of MA6000, 0.6% Y,0,, 1.2% Y,0

“»15N Iioad

—

1.8% Y,0, and 2.4% Y,0,

Keu

273



294 S. Celik et al. / J. Min. Metall. Sect

. B-Metall. 58 (2) (2022) 285 - 297

Y,0, reinforced superalloys (Figure 9-g-h-i-j), oxide
layer and delamination area were seen. From the SEM
images of MA6000 and X% Y,O, reinforced
superalloys, it was understood that delamination type
wear mechanism was dominant in the samples applied
with 10 N load. Raghav et al. [49] reported that
deleminations were effective in the wear of Al-Fe-
SiC-Zr composites. Amanov [50] reported that an
oxide and debris area formed between the rubbing
surfaces. Thirugnanasambatham et al. [43], on the
other hand, stated that a delamination type mechanism
occurred in the early stages of wear, and a new lower
layer emerged as a sliding surface after delamination.
In another study by Lee et al. [51], it was stated that
the deformation behavior of the lower layers of the
friction surfaces was significant, and the dislocation
density increased in this layer. The worn surface SEM
image of the MA6000 superalloy shown in Figure 9-
k showed the oxide layer, delamination area, and
deformed layer on the wear surface. However, with
increasing load, the delamination area decreased, and
the deformation layer area increased. While the Y,0,
additive phase increased (Figure 9-1, m), the
deformation layer area decreased. In the 2.4% Y,0,
reinforced superalloy (Figure 9-0), deformation layers
and porosities were seen to remove the debris from
the surface.

At the end of the 1000 m wear test, while the oxide
layer on the surface of the MA6000 superalloy
completely disappeared, the oxide layer on the wear
surface of the 2.4% Y,0, reinforced superalloy was
just beginning to break. As a result of the wear test
performed at 10 N load, a deformed layer was formed
in the MA6000 superalloy, but this layer did not form
with the increase in the amount of Y,0, additive
phase. Y,0, additive had a positive effect on wear by
delaying the breakage of the oxide layer formed on
the wear surface of superalloys. This is in agreement
with the weight loss graph given in Figure 8 a, b and
c. In Figure 8 a, b and c, while the amount of Y,0,
additive phase increased, the wear weight loss
decreased, and under 5 N load, the oxide layer
breakdown was delayed. It can be seen from the SEM
images given in e, j, and o (respectively) in Figure 9
that the oxide layer fracture on the superalloy wear
surface increased with increasing applied load (5 N,
10 N, and 15 N). In addition, the weight loss results
given in Figure 8 a, b and c also supported this
situation. The weight loss increased as the applied
load increased in wear tests, and the oxide layer
breakage on the surface accelerated.

4. Conclusions
Within the scope of this study, MA6000,

MA6000+X% Y,0, powders were produced by the
mechanical alloying method. The produced MA6000

and MA6000+X% Y,O, superalloys were
characterized, and their wear performances were
investigated. The results obtained as a result of the
studies are given below.

With the effect of mechanical alloying, the shape
and size of the elemental powders changed, a nearly
homogeneous distribution was exhibited in the
structure, and the amount of Y,0O, additive phase
increased, while the size of the alloy powders
decreased.

The relative density ranged from 94.956% to
92.104%, depending on the amount of reinforcement
phase. While the amount of the Y,0, additive phase
increased, the relative density decreased.

Microhardness varied between 267 Hv and 431
Hv depending on the amount of reinforcement phase.
As the amount of the Y,0, additive phase increased,
microhardness increased.

From the results of XRD and SEM analysis, it was
determined that y-Ni matrix phase, Ni,Al, Ni,Ti and
Ni3Ta intermetallic phases, MC and M,,C, type
carbide phases (MoC, Cr,,C,) were formed in the
structure.

In the wear tests, the weight loss increased with
the increase in the applied load and sliding distance,
and the weight loss decreased with the increase in the
amount of the Y,0, additive phase.

The wear rate increased with the increase in the
sliding distance, and the wear rate decreased with the
increase in the load. In addition, as the amount of the
Y,0, additive phase increased, the wear rate
decreased.

As aresult of the wear tests, it was determined that
the friction coefficient (i) did not change with the
sliding distance (it remained horizontal), and the
friction coefficient (u) decreased as the applied load
increased. On the other hand, as the amount of the
Y,0, additive phase increased, the friction coefficient
() increased.

The SEM images after the wear test determined
that the Y,0, additive phase delayed the breakage of
the oxide layer formed on the friction surface, and
delamination zones were formed on the wear surface.
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UTICAJ KOLICINE Y,0, DODATOG LEGURI MA6000 KOJA JE
PROIZVEDENA POMOCU METODE MEHANICKOG
LEGIRANJA NA HABANJE

S. Celik, D. Ozyiirek®, T. Tuncay

Univerzitet u Karabuku, Tehnoloski fakultet, Odsek za proizvodno inzenjerstvo, Karabuk, Turska

Apstrakt

U ovom radu je prikazano istrazivanje karakteristika legure MA6000 (Ni-Cr-Al) sa dodatkom Y,0, dobijene postupkom
mehanickog legiranja prilikom habanja. Sinterovana superlegura MA6000-X% Y,0, je analizirana putem SEM, EDS i XRD
analize, kao i merenjem gustine i tvrdoce. Ispitivanje otpornosti na habanje ove legure je sprovedeno u uredaju za
ispitivanje otpornosti na habanje. Tokom ispitivanja brzina klizanja je iznosila 1 ms™ i testovi su se visili na sobnoj
temperaturi. Testovi su izvedeni sa pet razlicitih rastojanja (200 — 1000 m) i tri razlicita opterecenja (5 N, 10 Ni 15 N).
Kao rezultat istrazivanja, utvrdeno je da su prahovi superlegure MA6000 sa dodatkom MA homogeni i ljuspicastog oblika.
Sa povecanjem kolicine Y,0,, tvrdoca ove superlegure se povecala sa 267 na 431 Hv, ali gustina je blago opala. U svim
kompozicijama su primecene razlicite intermetalne/karbonske faze, kao $to su Ni,Al'i MoC. Testovi habanja su pokazali da
su gubitak teZine i stopa habanja smanjeni, a da je koeficijent trenja (u) poveéan kada se povecéala kolicina dodatog Y,0,.
Osim toga, utvrdeno je i da se povecanjem primenjenog opterecenja tokom testa habanja povecao gubitak teZine, ali da su
se stopa habanja i koeficijent trenja (1) smanjili.

Kljuéne reci: Legura dobijena mehanickim legiranjem; Superlegura; MA6000; Habanje; Y,0,
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