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In the present study, Fe-42% Ni, Fe-2% Y2O3, and Fe-42% Ni-2% Y2O3 (30-60 nm) were prepared by
mechanical alloying using high energy SPEX8000M ball mill. Consolidation of the milled sample was done
by spark plasma sintering (SPS) at 800, 900, and 1000 �C at a pressure of 60 MPa with a holding period of
5 min in an argon atmosphere. The sintered density was found to be higher at a higher temperature, e.g.,
98% at 1000 �C as compared to 78% at 800 �C. The addition of nanosize Y2O3 in Fe or Fe-Ni system
showed a strong influence on the formation of intermetallic compounds and final grain size of the resultant
material. x-ray diffraction analysis of the sintered Fe-42% Ni-2% Y2O3 alloy indicates the presence of Fe-Ni
phase with additional peaks of intermetallic phases (Fe17Y2, Ni5Y) and oxides (Fe3O4, NiO). The nanoin-
dentation hardness of the sintered (at 1000 �C) alloys was found to be the maximum for the Fe-42% Ni-2%
Y2O3 (7.9 GPa), followed by Fe-2% Y2O3 (7.2 GPa) and Fe-42% Ni alloy (5.8 GPa). Dry sliding wear
resistance of the spark plasma sintered (SPSed) (sintered at 1000 �C) Fe-42% Ni-2% Y2O3 was found to
improve due to higher hardness and formation of oxide rich layer at the contact surface. Moreover, the
SPSed specimen of the Fe-42% Ni-2% Y2O3 alloy showed a better corrosion resistance (Icorr = 0.78 lA/
cm2) as compared to the corrosion resistance (Icorr = 1.34 lA/cm2) of the Fe-42% Ni alloy, both sintered at
1000 �C. The corrosion tests were conducted in a freely aerated 3.5% solution of NaCl electrolyte. A
significant amount of grain refinement (due to the addition of nanosize yttria), formation of intermetallic
phases (Fe17Y2, Ni5Y) as well as uniform distribution of fine oxide particles (Fe3O4, NiO) played the pivotal
role in the improvement of wear, corrosion and mechanical properties of the SPSed Fe-42% Ni-2% Y2O3
alloy.
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1. Introduction

Owing to the unique combination of properties like high
strength, superior magnetic properties, iron-based alloys are
preferred for a wide variety of applications, including struc-
tural, magnetic, and automobile applications (Ref 1-3). The
mechanical and corrosion properties can be further improved
by alloying with suitable elements (Ref 3). Due to the versatile
beneficial nature of Ni, it is highly popular in the research of
iron-based alloys among all known alloying elements. The
addition of Ni in Fe shows not only good mechanical properties
but also improves chemical inertness and toughness of iron-
based materials (Ref 1-3). Thus, Fe-Ni alloys have excellent
mechanical, wear, thermal, and magnetic properties and could
be produced in large quantities easily (Ref 1, 2). They are also
being used in a variety of forms including thin coatings, self-

supporting sheets, tubes and foils, and complex geometries. Fe-
based alloys containing Ni also shows good corrosion resis-
tance. For example, Singh et al. (Ref 3) added 10-50 wt.% Ni in
Fe system. They reported that the Fe with 50 wt.% Ni has better
corrosion resistance than that of the other low Ni content alloys.
This is explained to the formation of the maximum amount of c
phase, which helped in improving the corrosion resistance (Ref
3). Alharthi et al. (Ref 4) investigated the effect of Ni content
on the corrosion resistance behavior of Fe-36% Ni alloy and
Fe-45% Ni alloys in 1 M concentration HCl solution. They
reported that Fe with 45 wt.% of Ni showed better corrosion
resistance than that of Fe-36% Ni alloy. The formation of
thicker impervious oxides film in case of higher Ni content
alloy (Fe-45% Ni) protects it from being easily corroded (Ref
4). Invar (Fe-36% Ni) and super-invar (Fe-42% Ni) are well-
known materials for parts having a low coefficient of thermal
expansion and good mechanical strength (Ref 5), whereas Fe
with 50% Ni has superior magnetic behavior (Ref 1, 6). Ni is c-
stabilizer in iron, which retard the fcc to bcc transition
temperature and helps in developing commercial austenitic
steel. On the other hand, increasing the fraction of Ni in Fe-Ni
alloy causes a decrease in the corrosion rate and increases the
wear rate (i.e., decrease in wear resistance) (Ref 3, 7, 8).

Therefore, the development of Fe-Ni based oxide nanocom-
posites has been a potential research field due to its excellent
corrosion and wear resistance, high strength and fracture
toughness, and good magnetic properties (Ref 8). It could also
be great materials for a large number of applications such as
catalysts, recording heads, shielding of magnetic materials,
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high-performance transformers. The addition of ultrafine oxide
particles in Fe-based alloys (usually Y2O3), restrict the grain
boundary sliding and retards grain coarsening, thereby signif-
icantly improves the creep strength (Ref 8). It is also reported
that the addition of Y2O3 can increase the toughness of
structurally amorphous metals by interrupting the shear band
formation (Ref 9). Kotan et al. (Ref 10) reported that the
addition of 1 and 3 wt.% Y2O3 particles in Fe91Ni8Zr1 could
cause an increase in hardness to 7.5 and 8 GPa, respectively.
Y2O3 acts as a grain size stabilizer that can restrict the grain
growth and BCC to FCC transformation at high temperature
(T > 700 �C). Sun et al. (Ref 11) reported that addition of
Y2O3 (0.6 wt.%) in Ni-20% Cr-5% Al alloy increased its
oxidation resistance. It is due to the formation of stable oxide
layer and better adhesion between oxide scale and matrix.

It is now well-known that mechanical alloying has the
ability to synthesize a variety of metastable phases ranging
from elemental powder mixtures to pre-gelatinized powders
with brittle–brittle or ductile–ductile combination of materials
(Ref 12). The consolidation of powder mixtures by SPS allows
achieving high density with considerable restriction in the grain
coarsening (Ref 13-15). However, the preparation of iron-
nickel-yttria alloys by MA + SPS and characterization of
sintered alloys are not explored considerably. In this context,
Fe-42 wt.% Ni, Fe-2 wt.% Y2O3, and Fe-42 wt.% Ni-2 wt.%
Y2O3 compositions* were prepared by high energy ball milling
and consolidated by SPS at 800, 900, and 1000 �C. Their
microstructural evolution and mechanical properties have been
investigated and correlated with their corresponding
microstructure and different strengthening mechanisms in-
volved. Also, the role of Ni and nanosize Y2O3 has been
analyzed in detail.

2. Experimental

2.1 Alloy Preparation

Y2O3 powder (99.9% purity, average particle size of 44 lm,
Alfa Aesar) was ball-milled to reduce its size to nanometer
level by a planetary ball mill (Retsch, PM400, Germany) using
a tungsten carbide vial and tungsten carbide balls. The
mechanical milling was done for 40 h at 270 rpm, maintaining
a ball to powder ratio of 10:1. Milling was conducted under
toluene to control the generation of heat and avoid agglomer-
ation of fine particles produced. SEM study confirmed that the
final particle size was in the range of 30-60 nm. The milled
Y2O3 (30-60 nm) particles were added to blend compositions
of Fe and Fe-42% Ni prior to mechanical alloying (MA) in a
high energy ball mill (Spex 8000 M, USA). Fe and Ni powders
of 10 lm and 44 lm, respectively, were also procured from
Alfa Aesar with 99.5% purity. The MA of the final compo-
sitions Fe-42% Ni, Fe-2% Y2O3 and Fe-42% Ni-2% Y2O3 was
performed for 25 h in chrome-steel vial loaded with stainless
steel balls with a ball to powder weight ratio of 10:1. The
milled composition was poured in a graphite die-punch
arrangement (10 mm diameter) and consolidated by spark
plasma sintering (SPS 625, Dr. Sinter, Fuji Electronics Ltd.,
Japan) in an argon atmosphere at a 60 MPa pressure for 5 min
at 800, 900, and 1000 �C. The rate of heating was maintained at
100 �C/min for all the samples. The density of sintered
specimens was measured by the Archimedes method using a
density measurement kit (ML204/A01, METTLER TOLEDO,
Switzerland).

2.2 X-ray Diffraction

The powders and sintered samples were subjected to x-ray
diffraction study by Rigaku x-ray diffractometer using a CuKa
(k = 0.154 nm) radiation at a scan rate of 1�/min. For
identifying different phases and removing the background
noise, X�pert high score plus software was used.

Fig. 1 SEM images of Y2O3 powder particles in (a) as received
and (b) 40 h milled condition; (c) TEM image of 40 h milled Y2O3

powder particles

Fig. 2 XRD pattern of Fe-42% Ni, Fe-2% Y2O3 and Fe-42% Ni-
2% Y2O3 milled samples

*All compositions are in wt.%; hence onwards, it will be written as Fe-42%
Ni, Fe-2% Y2O3, and Fe-42% Ni-2% Y2O3, respectively.
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2.3 Microstructural Study by Optical Microscopy and SEM

The samples of the sintered alloys were prepared using
standard techniques involving different grades of emery
papers + cloth polishing. Polished surfaces were subjected to

etching using Nital (5% HNO3 + 95% ethanol) for 5-15 s.
Microstructures of the etched surfaces were captured using an
optical microscope (Leica, 500 M, Germany).

A scanning electron microscope (FEI-Quanta 200, FE-SEM,
Netherland) equipped with an energy dispersive x-ray spec-
troscopy (EDS) set-up was used to study microstructural
features of the milled powder, sintered samples, and worn out
surfaces after wear testing.

2.4 Hardness Measurement

Microhardness measurement of the sintered specimens was
performed using a Vickers hardness tester (Buehler Micrometer
II) with a 50 g load for a residence time of 5 s. Nanoindentation
testing was conducted using a Triboindenter (Hysitron TI950
Hysitron Inc, USA) having three-sided Berkovich diamond
indenter of 100 nm tip diameter. A normal load of 5000 lN/s
was applied at a constant loading and unloading rate of 400 lN/
s with a dwell time of 2 s for nanoindentation testing.

2.5 Wear Resistance Analysis

Wear behavior of the sintered specimens was studied using a
ball-on-disk tribometer (TR-201E-M2, DUCOM, Bangalore,
India) in dry conditions with commercially available 10-mm-
diameter alumina ball (Vickers hardness of 16 GPa, RGP,
Bangalore, India). The alumina ball was kept stationary, and
the sintered sample was rotated at 500 rpm at an initial track

Fig. 3 Spark plasma sintering profiles between time, temperature, and displacement during consolidation of the samples

Fig. 4 Relative sintered density of different SPSed compositions
sintered at different temperatures
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radius of 5 mm. The wear test was conducted for 30 min under
different applied loads of 5, 10, and 20 N at ambient
conditions, i.e., at room temperature and 45-50% RH. The
coefficient of friction generated during the wear test was
recorded online with the attached computer interface. A stylus-
tip profilometer (SJ 400, Mitutoyo, Japan) was used to measure
the depth of wear track in transverse to the sliding direction. At
least six measurements were taken to represent the average
depth for each worn surface. In addition, worn out surfaces of
the investigated alloys were examined using SEM equipped
with EDS identify the dominant wear mechanisms.

2.6 Corrosion Testing

Corrosion behavior of the sintered samples was studied in a
round bottom cell with a saturated calomel electrode as the
reference electrode. Tests were conducted using Gamry poten-
tiostat (model: Interface1000) in a freely aerated 3.5% solution
of NaCl electrolyte. Tafel extrapolation analysis was used to
determine the corrosion rate. Each test was performed twice to
check the reproducibility of the electrochemical polarization
behavior.

3. Results and Discussion

3.1 Characterization of Yttria Powder and Ball-Milled Blend
Compositions

As received, Y2O3 powder (average size 44 lm) was
mechanically milled for 40 h in a planetary ball mill to obtain
nanometer-size particles of the same. Figure 1(a) and (b) shows
SEM images of Y2O3 particles before and after the milling (i.e.,
as received and 40 h milled samples).

The average size of the yttria powder particles decreased
to � 1 lm after 20 h of milling, while it was reduced to 30-
60 nm after milling for 40 h. Further, the agglomeration of fine

powder particles is evident in the Fig. 1(b). In order to ascertain
the size of the 40 h milled Y2O3 particles, the agglomeration
was eliminated by ultrasonication in acetone, and TEM images
were taken for powder particles (Fig. 1c). The TEM image in
Fig. (1c), clearly shows that the particle sizes are in the
nanometer range. The de-agglomerated particles were dried up
before adding to the blend compositions. The high energy ball
mill was used for mechanical alloying of the blend composi-
tions of Fe, Ni, and nanosize Y2O3 powders.

XRD patterns of the milled samples are shown in Fig. (2). It
shows the formation of Fe-Ni phase when 42% Ni is added in
iron powder and mechanically alloyed for 25 h. Further,
Fe17Y2, Fe2O3 phases are found to form after the addition of
Y2O3 nanosize powder in iron and subsequent milling for 25 h.
On the other hand, the XRD analysis of Fe-42% Ni-2% Y2O3

milled sample reveals the formation of Ni5Y intermetallic phase
in addition to Fe2O3 and Fe16Y6O. During mechanical milling
of the ODS steels containing Y2O3, processes of intra particle
cold-welding and shearing occur continuously due to severe
plastic deformation between the powder particles (Ref 16-18).
Thus, exchange of matters takes place between powder grains,
simultaneously by mechanical mixing (through welding and
fracturing) and diffusion of atoms within the grains of different
particles. After desired duration of milling, all grains of powder
particles achieve equivalent average chemical composition. At
that point, matrix grains are not completely homogeneous at the
atomic scale. Then further milling of the resultant structure
continues to create numerous vacancies within the grains due to
continuous welding and shearing. Thus, these vacancies allow a
very fast diffusion to take place at the atomic level evolving a
complete solid solution supersaturated with Y and O. If enough
activation energy is available, as happened in the present study,
favorable oxides and/or intermetallic phase could be evolved
during mechanical alloying itself. Thus, the addition of a small
amount of Y2O3 powder in Fe or Fe-Ni leads to the formation
of intermetallic compounds along with the evolution of some
complex nanoclusters/oxide phases.

Fig. 5 XRD pattern of Fe-42% Ni, Fe-2 Y2O3, and Fe-42% Ni-2% Y2O3 sintered samples

1390—Volume 30(2) February 2021 Journal of Materials Engineering and Performance



3.2 Spark Plasma Sintering

Typical spark plasma sintering (SPS) profiles (i.e., Time–
Temperature–Displacement plots) for the investigated compo-
sitions are shown in Fig. 3. For given alloys, larger displace-
ment is found when sintering was done at a higher temperature
(1000 �C), indicating better densification. The (wave logger)
inbuilt software with the SPS machine was used to understand

the temperature graph and displacement during the real-time of
sintering. It was found that the displacement increases with an
increase in the sintering temperature for all the compositions.
Time, pressure, and temperature are the three major factors for
the displacement in the sintered sample. In the initial stage,
wave curve of displacement was proportional to the temper-
ature. With increasing temperature, the mechanism of diffusion

Fig. 6 SEM images of Fe-42% Ni alloy sintered at (a) 800 �C, (b) 900 �C, and (c) 1000 �C

Fig. 7 SEM images of Fe-2% Y2O3 alloy sintered at (a) 800 �C, (b) 900 �C, and (c) 1000 �C

Fig. 8 SEM images of Fe-42% Ni-2% Y2O3 alloy sintered at (a) 800 �C, (b) 900 �C, and (c) 1000 �C

Fig. 9 Optical microscopy images of (a) Fe-42% Ni, (b) Fe-2% Y2O3, and (c) Fe-42% Ni-2% Y2O3 alloy sintered at 1000 �C
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and mass transportation increases at a large scale between the
adjacent neighboring particles. In the second stage, curve
shows the holding period, where the temperature is constant
(isothermal) at 800/900/1000 �C. In the last stage, i.e., during
cooling, it was found that the displacement increases irrespec-
tive of temperature, mainly due to the shrinkage of the sample
(Ref 20).

Theoretical density of the alloys was calculated using rule of
mixtures, q = w1q1 + w2q2 + w3q3; where, w1, w2, and w3 are
the weight fraction, and q1, q2, and q3 are the density of
components of the three different materials, respectively. The
theoretical density of the compositions was found to be
8.307 g/cm3, 7.81 g/cm3 and 8.25 gm/cm3 for Fe-42% Ni,
Fe-2% Y2O3, and Fe-42% Ni-2% Y2O3, respectively. The
relative sintered density of the investigated alloys is shown in
Fig. 4, corresponding to three different sintering temperatures.
The density of alloys sintered at 800 �C was found to be the
least (only � 76%) for Fe-42% Ni-2% Y2O3 alloy. With the
increase in temperature to 1000 �C, the maximum density of
98.5% is achieved in case of the Fe-42% Ni alloy. Overall, the
average density increased with increase in the sintering
temperature. It is mainly due to the decrease in the total
porosity of the sample with the increase in the sintering
temperature (Ref 21, 22) (detail is discussed later in Sect. 3.4).

3.3 Phase Analysis of the Sintered Samples

XRD phase analysis of Fe-42% Ni, Fe-2% Y2O3, and Fe-
42% Ni-2% Y2O3 alloys sintered at three different temperatures
(800, 900, and 1000 �C) shows the evolution of various phases
(Fig. 5). In Fe-42% Ni alloy, the peak identified to be only Fe-
Ni alloy. There was no other intermetallic phase or oxide peaks
found, as the solubility of Ni in Fe is very high, which forms
substitutional solid solution of Ni in Fe, consequently forms Fe-
Ni austenitic phase (Ref 23). Phase evolution characteristic is
not changed with change in sintering temperature. On the other
hand, Fe-matrix is identified to be the major phase along with
the evolution of Fe17Y2 and Fe3O4 in Fe-2% Y2O3 alloy.

The formation of Fe17Y2 phase occurs in Fe-2% Y2O3

containing Y2O3 is that the added oxide first gets dissolved into
the metallic matrix after suitable time of milling (25 h)
(described in detail earlier Sect. 3.1) and thereafter, nanosize

clusters formation could be achieved either during mechanical
alloying itself, if required activation energy is available or by
sintering at suitable temperature and/or thermomechanical
treatment (Ref 16). However, the endorsement of this mech-
anism is solely established on the basis of various character-
ization of such final material�s composition. Evolution of a
thinner nano-oxides dispersion is also reported during mechan-
ical milling having a very pure milling atmosphere (Ref 16, 24,
25). Through ab initio calculations in iron, Fu et al. (Ref 19)
reported that, when pre-existed vacancies are available within
the material (e.g., in a milled sample), the formation energy of
O-vacancy pair essentially disappears. Therefore, these an O-
vacancy pairs attract those atoms which have more affinity to
oxygen. Thus, this O-vacancy mechanism possibly promotes
the formation of O-, Y- and Fe-enriched complex nanoclusters
(Ref 16, 19). Ni5Y is observed to form in Fe-42% Ni-2% Y2O3

in addition to Fe3O4 and NiO phases. Fe2O3 present in the 25 h
milled samples (as shown in Fig. 2) was transformed to Fe3O4

due to reduction while sintering occur at 800 to 1000� C
temperature (Ref 26). Thus, the formation of new oxides and
intermetallic phases is observed to form in the spark plasma
sintered (SPSed) alloys as compared to the milled powder
samples.

3.4 Microstructural Characterization

The micrographs of the spark plasma sintered (SPSed)
samples are shown in Fig. 6, 7 and 8. At low sintering
temperature of 800 �C, the microstructure of Fe-42% Ni alloy
shows less porosity as compared to all other investigated alloys
(Fe-2% Y2O3 and Fe-42% Ni-2% Y2O3). However, all three
alloy samples showed a very less amount of porosity when
sintered at high temperature (1000 �C). The samples corre-
sponding to Fig. 6, 7, and 8 were not etched in order to show
the porosity variations clearly. Typical SEM images (as shown
Fig. 6 and 7) of the SPSed samples clearly depicted that there is
a considerable decrease in porosity (along with an increase in
density) with an increase in the sintering temperature from 800
to 1000 �C.

Optical microscopy images of all the alloy samples (Fe-42%
Ni, Fe-2% Y2O3, and Fe-42% Ni-2% Y2O3) sintered at 1000 �C

Fig. 10 Variation in microhardness of the different SPSed samples
as a function of sintering temperature

Fig. 11 Variation of nanoindentation hardness as a function of
compositions (Fe-42% Ni, Fe-2% Y2O3, and Fe-42% Ni-2% Y2O3)
sintered at 1000 �C
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are shown in Fig. 9. It could be observed from Fig. 9 that the
grains become more or less spherical in shape with a smooth
surface. The dominant mechanism behind the densification is
the atomic diffusion by mass transportation, which starts even
at a low sintering temperature (with the formation of necks
between particles) and continues to consolidate fully due to
surface as well as grain boundary diffusion at high temperature
(Ref 27). It is also observed from Fig. 9, that the alloy
compositions containing Y2O3, i.e., Fe-2% Y2O3 and Fe-42%
Ni-2% Y2O3 showed very good refinement in the final grain
size. The mechanism behind the refinement is the retardation of
grain growth by complex oxides, and intermetallic phases
evolved due to the addition of nanosize Y2O3 particles. The
locking of grain boundaries by these second phase particles in
Fe and Fe-42% Ni matrix retards the grain growth, which
ultimately leads to the development of fine grain structure.

3.5 Hardness of SPSed Samples

Microhardness values measured by Vicker�s indentation test
are shown in Fig. 10. The Vicker�s hardness of the SPSed
samples is found to vary from 2.5 to 6.2 GPa. It is to be noted

that indentation was made within the bigger size particles to
avoid any porosity effect. It is observed that the hardness of
sintered samples at low sintering temperature (at 800 �C) is
high (6.2 GPa) as the grains are smaller in size. With increasing
sintering temperature, the grain size and sintered density both
increased. Although the higher sintered density is achieved at
high sintering temperature, the hardness value is found to
decrease. It could be ascribed to the fact that increase in the
hardness value due to higher sintered density could not
overcompensate the decrease in the hardness resulted from
grain coarsening. Among the investigated alloys, the hardness
of Fe-42% Ni-2% Y2O3 is found to be higher as Y2O3 played
an important role in the resultant grain refinement. In contrast,
the hardness of Fe-42% Ni is found to be least (2.4 GPa) due to
the maximum level of grain growth. Though Ni played an
important role in grain refinement, it is restricted to a limited
extent (i.e., 6-10%). The increase in the hardness due to
decrease in grain size can also be explained through the Hall–
Petch relation (Ref 28).

The dense samples (sintered at 1000 �C) were further
investigated by nanoindentation testing. The hardness values of
different alloys are shown in Fig. 11. It is to be noted that the

Fig. 12 Variation of COF with change in load (5 N to 20 N) for alloys sintered at 1000 �C
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absolute values of hardness obtained from Vickers and
nanoindentation tests are found to be quite different. Nanoin-
dentation hardness value for a specific sample is found to be
more as compared to the Vickers hardness value. However, the
trend of hardness variation with respect to compositions of the
SPSed samples (sintered at 1000 �C) is found to be the same.
The direct comparison in both the techniques is not justified
owing to the difference in tip geometry, measurement length
scale, and the vast difference in the applied loads (Ref 29).

3.6 Wear Behavior

Ball-on-disc wear tests were performed against 10-mm-
diameter alumina ball at different loads, i.e., 5, 10, and 20 N.
The wear tests were conducted on the polished surface of the
SPSed Fe-42% Ni, Fe-2% Y2O3, and Fe-42% Ni-2% Y2O3

samples sintered at 1000 �C. The average coefficient of friction
(COF) is found to vary in a range from 0.5 to 1.7, as shown in
Fig. 12. It is observed from Fig. 12 that the COF decreases
with an increase in the load. This is ascribed to the development
of a protective oxide layer (generally developed at a temper-

ature between 150-250 �C). At lower temperatures, there is a
reduction of metal to metal contact surface area due to debris of
oxide, which results in the reduction of friction and wear rate
(Ref 30). The Fe-Ni alloy exhibited the maximum COF of 1.6
at 5 N, while the Fe-42% Ni-2% Y2O3 alloy showed the
minimum COF of 0.5 at 20 N. The addition of Y2O3 in Fe and
Fe-42% Ni showed a decrease in the COF as it promotes the
formation of oxide rich layer at the contact surface. Further,
fluctuations in the COF are observed for the compositions
containing complex hard oxide particles developed due to yttria
addition, which played an important role in the frictional
mechanisms.

Typical surface profiles of the wear tracks obtained after
wear testing of the SPSed samples are shown in Fig. 13. The
depth of wear track is measured to vary from 5–20 lm as the
sliding load changed from 5 to 20 N. Again, the Fe-42% Ni
sample exhibited the maximum depth, while the Fe-42% Ni-2%
Y2O3 alloy exhibited the minimum wear depth. The sample
(Fe-42% Ni-2% Y2O3) showing the maximum hardness
revealed the minimum wear depth, which correlates the
properties of the material well.

Fig. 13 Surface profiles of wear track of the alloys sintered at 1000 �C
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Worn surfaces of the SPSed samples recorded by SEM are
shown in Fig. 14. All the worn surfaces show the presence of
abrasion grooves. However, the Fe-42% Ni-2% Y2O3 samples
shows a relatively smoother surface with a layered structure.
Thus, the dominant wear mechanism is found to change from
abrasion to adhesion. As the sliding wear occurred in ambient
conditions, the layers formed at high load are believed to be
rich in oxides. Referring to XRD analysis (Fig. 5) of the SPSed
samples, the presence of Fe3O4 and NiO in the case of Fe-42%
Ni-2% Y2O3 sample is believed to contribute to a large extent
of formation of oxide rich layer at the contact surface. The COF
and wear depth are also minimum in case of the Fe-42% Ni-2%
Y2O3 sample.

3.7 Corrosion Behavior

The potentiodynamic polarization behavior of the Fe-42%
Ni and Fe-42% Ni-2% Y2O3 samples sintered at 1000 �C is
shown in Fig. 15, and detailed results are presented in Table 1.
A comparison of the corrosion rate of the Fe-2% Y2O3 sample
with that of the Fe-42% Ni and Fe-42% Ni-2% Y2O3 is not
justified, as in the Fe-2% Y2O3 sample, the major amount is Fe
(98%), which is not suitable for corrosion resistance. The main
comparison is made between Fe-42% Ni and Fe-42% Ni-2%
Y2O3 systems due to the presence of the same amount of Ni
(42%), which plays a significant role in corrosion resistant
property in Fe alloys (Ref 3). From the polarization curve,
Ecorr and Icorr values are calculated by the Tafel extrapolation
method (Ref 31).

It is found that the corrosion resistance of Fe-42% Ni-2%
Y2O3 was slightly better than that of the Fe-42% Ni alloy. The
current density, Icorr is found to decrease from 1.34 lA/cm2 for
the Fe-42% Ni to 0.78 lA/cm2 for the Fe-42% Ni-2% Y2O3

sample. Appropriate addition of Y2O3 could reduce the
oxidation rate and increase adhesion between oxide layers
and substrate. This is possibly beneficial to improve exfoliation
resistance of the oxide layers. The presence of a stable oxide
layer in the Fe-42% Ni-2% Y2O3 sample is attributed to the
resistance against corrosion (Ref 11).

Fig. 14 SEM micrograph of worn surfaces at 20 N load of (a) Fe-42% Ni, (b) Fe-2% Y2O3, (c) Fe-42% Ni-2% Y2O3 alloys sintered at 1000
�C

Fig. 15 Potentiodynamic polarization scans for Fe-42% Ni-2%
Y2O3 and Fe-42% Ni alloys sintered at 1000 �C

Table 1 Results obtained from potentiodynamic
polarization test for the samples sintered at 1000 �C

Samples Ecorr, mV vs. SCE Icorr, lA/cm
2

Fe-42% Ni � 293.0 mV 1.34
Fe-42% Ni-2% Y2O3 � 288.0 mV 0.78
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4. Conclusions

The present study deals with the investigation of the
preparation and characterization of 2% Y2O3 added Fe-42% Ni
alloy in comparison to the Fe-42% Ni and Fe-2% Y2O3

samples. At first, as received Y2O3 powder sample was milled
for 40 h to reduce the particle size to 30-60 nm. The
mechanically alloyed samples were sintered by SPS at 800,
900, and 1000 �C. Sintering characteristics, mechanical prop-
erties, wear, and corrosion behavior have been correlated with
the microstructural features and its subsequent stability. The
major findings are:

• The density of sintered samples increased with an increase
in sintering temperature. The addition of Y2O3 in Fe-42%
Ni caused a decrease in the crystallite size after mechanical
alloying. With increase in the sintering temperature, the
microhardness of the SPSed samples decreased due to grain
coarsening in spite of the increase in the sintered density.

• The addition of 2% of nanosize Y2O3 increased the hardness
about 35% from 5.8 GPa to 7.9 GPa. The Fe-Ni alloy sam-
ple without any Y2O3 exhibited the maximum wear in dry
sliding against alumina ball, while the Fe-42% Ni-2% Y2O3

sample exhibited the minimum wear due to the presence of
complex, hard and nanoscale oxides.

• The corrosion resistance of Fe-42% Ni-2% Y2O3 was
slightly better than the Fe-Ni sample SPSed at 1000 �C.
Overall, the present research essentially indicates that the
effect of the addition of 2% Y2O3 is beneficial for the
mechanical, wear, and corrosion behavior of Fe-42% Ni
alloy.
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