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Abstract

The microstructure, microhardness, and oxidation resistance of ternary model Ni-13Al-
-2Y (at.%) and Ni-11Al-4Y (at.%) superalloys were studied in detail. The microstructures of
alloys consisted of primary γ-Ni dendrites and residual eutectic. The Ni17Y2 intermetallic and
γ-Ni were the major constituents of the eutectic phase mixture. The microhardness value of
Ni-11Al-4Y alloy was higher than that of Ni-13Al-2Y alloy because of the higher amount of
relatively harder eutectic. With increasing Y concentration from 2 to 4 at.%, the mass gain,
oxide scale thickness, and oxidation rate remarkably increased. For both alloys, the oxide
scale was comprised of three layers: NiO as a surface layer, Al2O3 as an inner layer in the
metal/oxide interface, and mixed Al/Y oxides as an internal layer. Although the studied alloys
exhibited fairly good scale adherence in conjunction with almost no important scale spallation,
they exhibited faster oxidation kinetics along with higher mass gains.
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1. Introduction

Ni-based superalloys are key materials for high-
-temperature applications such as blades, nozzle guide
vanes, and discs in aircraft engines and industrial
steam turbines, owing to their high-temperature
strength, creep resistance, and satisfactory corro-
sion/oxidation resistance [1–8]. In these applications,
components typically experience high stresses under
oxidative atmosphere [9]. Thus, oxidation resistance of
Ni-based superalloys is one of the crucial service life
determining factors of the components [10–12]. The
efficiency of aero engines and land-based gas turbines
could be significantly enhanced by increasing the op-
erating temperatures. As the service temperature in-
creases, rapid degradation of superalloys inevitably
occurs [3, 9, 10, 13–18]. Therefore, the design and
development of novel Ni-based superalloys with bet-
ter mechanical properties and oxidation resistance are
needed [19].
Oxidation behavior of superalloys depends on sev-

eral factors such as the composition of the alloy (i.e.,
Al and Cr concentration, type and content of alloying
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elements), gas atmosphere, surface condition, crack-
ing, and spallation behavior of the oxide scale [10,
13, 20–23]. When a bare Ni-based superalloy is ex-
posed to an oxygen-rich atmosphere, the formation of
oxide particles on its surfaces arises, and then they
coalesce quickly to develop a continuous layer as the
oxidation process continues [10]. A dense, continuous,
adherent, thermodynamically stable, protective, and
slowly growing oxide layer must be formed to pre-
vent the degradation of superalloy [24]. Cr2O3 and
α-Al2O3 could be accounted as the most protective ox-
ides. Compared to Cr2O3 forming superalloys, Al2O3
is the one exhibiting higher oxidation resistance for
two main reasons: (i) low diffusion rate through Al2O3
scales and (ii) transformation of Cr2O3 to volatile
CrO3 at high temperatures (> 900◦C) [3, 24–28].
Thus, Al2O3 is mostly preferred commercial super-
alloy as a component due to operating temperatures
higher than 1000◦C [3, 29].
The properties of oxide layers, such as adherence

and scale spallation resistance, gain importance for
metallic substrates along with slow oxidation kinetics
and oxidation product, especially under thermal cy-
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cling circumstances [3]. It is well-known that the scale
spallation resistance of superalloys can be improved
by adding a minor amount of reactive elements such
as Y, Ce, La, Zr, or Hf [3, 30–35]. Among these ele-
ments, Y positively affects the mechanical properties
and oxidation resistance of Ni-based superalloys and
is considered a potential alloying element.
The effect of a minor amount (typically less than

0.5 wt.%) of Y addition on the microstructure, mecha-
nical properties, and oxidation behavior of Ni-based
superalloys and some alumina-forming alloys is inves-
tigated in a series of experimental studies [30, 32–
38]. These studies reported that a minor amount of
Y addition reduced the oxidation rate and enhanced
the inherent strength of the superalloy/oxide inter-
face. However, Pint et al. [33–35] presented that a high
amount of Y addition may lead to extensive internal
oxidation in conjunction with considerably increased
oxidation rates. They also reported that a very small
amount of Y addition into alumina forming alloys such
as FeCrAl and NiCoCrAl improves the alumina scale
adherence, but the alloys with high Y concentration
would be expected to the scale spallation. Although
there are hypotheses to predict the oxidation behav-
ior of alloys with high Y contents, the experimental
data is still missing. Therefore, in this present study,
the microstructures, microhardness, and the cyclic ox-
idation behavior of ternary model Ni-13Al-2Y and
Ni-11Al-4Y (hereafter compositions will be referred to
as at.%) superalloys were examined in depth.

2. Experimental procedure

2.1. Sample production

The Ni-13Al-2Y and Ni-11Al-4Y alloy ingots weigh-
ing 25 g were manufactured by vacuum arc-melting
under an argon atmosphere. Appropriate amounts of
ultrahigh purity elements (> 99.90%) were used dur-
ing melting. The alloy ingots were re-melted three
times to obtain compositional homogeneity. Then, the
arc-melted ingots were subjected to three-step heat
treatment: (i) homogenization at 1250◦C for 24 h, (ii)
solutionizing in the single phase γ region (above the
solidus temperature) at 1150◦C for 3 h, followed by
ice-water quenching to hinder γ′ formation, and (iii)
aging at 800◦C for 1, 4, 16, 64, and 256 h. All heat
treatments were performed with a muffle furnace un-
der laboratory air.

2.2. Characterization

The microstructural examination of the specimens
was conducted utilizing a Hitachi SU5000 model field-
emission-gun scanning electron microscope (FEG-
-SEM). Before SEM analysis, specimens were ground

using emery papers (320 to 1200 grit) and polished
with an alumina suspension of 1 µm particles. The so-
lution of 100mL HCl, 100 mL deionized H2O, and 1 g
K2S2O5 was used as an etchant. The chemical com-
position of the alloys and the constituent phases were
measured by utilizing an energy dispersive spectrom-
eter (EDS) attached to an SEM. The phase analy-
sis of the specimens was done by X-ray diffraction
(XRD) analysis on a Bruker D8 system with Cu-Kα
radiation, indexed in the 2θ range of 30◦–100◦. The
lattice parameters of the phases were calculated with
the well-known Bragg’s law. The Vickers microhard-
ness values of specimens were determined using a Mi-
crobul 1000D microhardness test equipment at 200 g
load and a dwelling time of 10 s. At least ten indepen-
dent indentations were taken on each specimen to get
an average microhardness value.

2.3. Cyclic oxidation tests

Specimens for the cyclic oxidation experiments
were machined from the ingots with the dimensions
of 20 mm × 8mm × 2mm. For each composition, one
specimen was utilized for the oxidation tests. Before
testing, the specimens were abraded with emery pa-
pers (up to 1200 grit) and polished with 1 µm alu-
mina suspension. Then, the specimens were ultrasoni-
cally cleaned in ethanol, dried in the air, and weighed.
The specimen was placed in pure alumina crucibles.
Cyclic oxidation tests were carried out using a muffle
furnace preset at 1000◦C in air. After isothermal oxi-
dation at 1000◦C for 1 h, the specimens were rapidly
cooled to room temperature, and the weight changes
of the specimens were measured simultaneously using
an electronic balance (with an accuracy of 0.01mg).
The imaging of the oxidation products was conducted
by utilizing SEM in back-scattered electron (BSE) and
secondary electron (SE) modes. Cross-sectional EDS
mapping and point scans were used to determine the
chemical composition of the oxides.

3. Results and discussion

3.1. Microstructural evolution

The solidification microstructures of the as-cast
Ni-13Al-2Y and Ni-11Al-4Y superalloys are shown in
Fig. 1. The composition of the constituent phases
present in the microstructures was identified by EDS
(Table 1) and XRD (Fig. 2) analyses. The microstruc-
tures of as-cast Ni-Al-Y superalloys consisted of γ (Ni)
primary dendrites, interdendritic zones composed of
fine eutectic Ni17Y2 lamellas embedded in γ (Ni) ma-
trix, and Ni5Y particles formed close to the primary
dendrites. The amount of the eutectic phase was in-
creased with increasing Y content. Based on the EDS
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Fig. 1. SEM micrographs of as-cast (a) Ni-13Al-2Y and (b)
Ni-11Al-4Y alloys.

analysis, Y solubility of the γ (Ni) phase was de-
termined as 0.4 at.%. Beaudry and Daane [39] deter-
mined the Y solubility of the γ (Ni) phase as nearly
0.2 at.%. The calculated lattice parameter of the FCC
γ (Ni) phase also verified the restricted solid solubil-
ity of Y in the γ (Ni) phase. The lattice parameters
of the FCC γ (Ni) phase for Ni-13Al-2Y and Ni-11Al-
-4Y superalloys were calculated as 3.557 and 3.569 Å,
respectively. The lattice parameter of the FCC γ (Ni)
phase for Ni-Al based superalloys is known as 3.55 Å
[40]. The dissolution of Y atoms, having a relatively
higher atomic radius (rY = 1.80 Å) compared to Ni
(rNi = 1.245 Å) and Al (rAl = 1.25 Å) atoms, in the
FCC γ (Ni) phase leads to an increment in lattice pa-
rameter.
With the increasing presence of Y from 2 to 4 at.%,

the morphology and the size of the constituent phases
did not apparently change, while the volume frac-
tion of the eutectic mixture increased. However, the
microstructures of the studied compositions highly
changed after heat treatment (Figs. 3 and 4). The
Ni5Y intermetallic disappeared where the fine eu-
tectic Ni17Y2 lamellas spheroidized and transformed
into particles distributed along the grain boundaries
of γ (Ni) dendrites. The coarsening and spheroidiza-
tion of Ni17Y2 after aging can be explained by the
Gibbs-Thomson effect [41, 42]. During solidification,

Fig. 2. XRD diffraction patterns of as-cast Ni-13Al-2Y and
Ni-11Al-4Y alloys (the diffraction pattern of Y-free binary

Ni-15Al was provided as a comparison).

Ta b l e 1. EDS analysis of the constituent phases present
in the microstructures of as-cast Ni-13Al-2Y and Ni-11Al-

-4Y superalloys

Ni-13Al-2Y Ni-11Al-4Y

(wt.%) (at.%) (wt.%) (at.%)

Ni 93.8 87.9 93.3 87.1
γ (Ni) Al 5.8 11.8 6.2 12.6

Y 0.4 0.3 0.5 0.3

Ni 85.4 88.4 86.4 89.0
Ni17Y2 Al 1.1 2.3 1.1 2.5

Y 13.5 9.3 12.5 8.5

Ni 77.1 80.4 77.1 80.2
Ni5Y Al 2.4 5.5 2.6 5.8

Y 20.5 14.1 20.3 14.0

the growth of eutectic is accelerated by the lateral
diffusion of solutes in the solid/liquid interface. More-
over, the fine lamellar eutectic possesses more inter-
facial energy, which is the driving force in this mate-
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Fig. 3. SEM micrographs of studied Ni-13Al-2Y alloys: (a) as-cast, (b) 1 h, (c) 4 h, (d) 16 h, (e) 64 h, and (f) 256 h aged.

Ta b l e 2. Microhardness values of as-cast and 0 h aged
Ni-13Al-2Y and Ni-11Al-4Y superalloys

Microhardness (GPa)
Alloys (at.%)

As-cast 0 h

Ni-13Al-2Y 2.9 ± 0.1 2.2 ± 0.1
Ni-11Al-4Y 3.3 ± 0.2 2.7 ± 0.2

rial system. The eutectic/dendrite interface acts as a
heterogeneous region for the interaction of Ni and Y
during annealing. As the interfacial energy decreases,
the lamellar eutectic tends to fragment and transform
into spherical particles [42, 43].
The microstructural alterations after aging strong-

ly influenced the microhardness values of Ni-13Al-2Y
and Ni-11Al-4Y superalloys (Fig. 5). Among the in-
vestigated specimens, as-cast superalloys (Table 2) ex-
hibited higher microhardness values compared to aged
ones. It was observed that the microhardness value
of both triple Ni-Al-Y casting samples was relatively
high. The highest microhardness values of 2.9 GPa
and 3.3 GPa were obtained in the casting samples
of Ni-13Al-2Y and Ni-11Al-4Y superalloys, respecti-
vely. The spherodization and coarsening of fine lamel-
las led to a considerable decrease in hardness. Tradi-
tionally, the microhardness values of Ni-based super-
alloys enhance after aging and exhibit a peak (max-
imum) hardness nearly at 4 h aging time [6, 11, 12,
44–46]. In the present study, the mean microhard-
ness values drastically decreased after aging due to
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Fig. 4. SEM micrographs of studied Ni-11Al-4Y alloys: (a) as-cast, (b) 1 h, (c) 4 h, (d) 16 h, (e) 64 h, and (f) 256 h aged.

spheroidization and coarsening of fine Ni17Y2 lamel-
las. The microhardness values of Ni-11Al-4Y superal-
loys were 1.1–1.35 times greater than those of Ni-13Al-
2Y superalloys since the amount of hard Ni17Y2 inter-
metallic is higher for Ni-11Al-4Y composition. Com-
pared to the microhardness profile of Y-free binary
Ni-15Al superalloy studied in our previous study [11],
the as-cast Ni-Al-Y alloys were considerably harder.
However, in the present study, the formation of the
γ′-(Ni3Al) phase was observed in neither as-cast nor
aged specimens. Y has an incomplete solid solubil-
ity in γ-Ni and Ni5Y and/or Ni17Y2 phases, which
can be formed even at a minor amount of Y addi-
tion [39, 47, 48]. Based on the results of the point
EDS analyses, γ-Ni has an important Al solid solu-
bility, which was determined as nearly 12.5 at.%. In
addition, Al has an obvious solid solubility in Ni5Y

and Ni17Y2 phases. The point EDS analysis (Table 1)
also revealed that the Al concentrations of Ni5Y or
Ni17Y2 are found to be nearly 5.5 and 2.5 %, respec-
tively. According to these results, Ni5Y and Ni17Y2
phases behave as Ni5Y- or Ni17Y2-based solid solu-
tions instead of binary intermetallics. Wu et al. [47,
48] studied the Ni-Al-Y system, and similar outcomes
supporting our findings were acquired. They also ob-
served that γ′-(Ni3Al) did not form in the microstruc-
tures of Ni-10Al-3Y and Ni-10Al-10Y alloys. More-
over, they also reported that the Ni5Y phase has an Al
concentration of 4.6 and 6.4 at.% for Ni-10Al-3Y and
Ni-10Al-10Y compositions, respectively. Thus, it can
be concluded that a high amount of Al is consumed
by γ-Ni, Ni5Y, and Ni17Y2 phases in the microstruc-
ture, which suppressed the formation of the γ′-(Ni3Al)
phase.
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Fig. 5. The Vickers microhardness profile of the studied
Ni-Al-Y alloys.

Fig. 6. Kinetic plots of the Ni-Al-Y alloys oxidized at
1000◦C in air.

3.2. Oxidation behavior

The oxidation kinetics plots of Ni-Al-Y alloys at
1000◦C in the air are displayed in Fig. 6. Because of
the degeneration of the eutectic and strong reduction
in the microhardness values after isothermal aging, we
have investigated the oxidation behavior of only as-
cast Ni-Al-Y alloys in detail. The mass gain of both al-
loys increased with time up to the 20th cycle and then
almost reached a plateau. It is clear that mass gain
increased with increasing Y concentration. No signif-
icant scale spallation was observed in the mass gain
vs. time plots of the studied Ni-Al-Y alloys. The ox-
idation process almost obeyed the parabolic rate law
for the studied temperature of 1000◦C.

Fig. 7. Surface scale morphology of the oxidized specimens:
(a) Ni-13Al-2Y and (b) Ni-11Al-4Y alloys.

Several pure metals and engineering alloys follow
parabolic kinetics at high temperatures. Parabolic oxi-
dation occurs when the metal or oxygen ions transport
to the growing oxide scale [49]. According to this law,
as the oxide scale thickness increases, the diffusion of
these ions decreases, which reduces the oxidation rate.
The values of parabolic rate constants (kp) were de-
termined utilizing the parabolic rate equation given
by: (

ΔW
A

)2
= kpt, (1)

where
(
ΔW
A

)
is the mass gain per unit surface

area (mg cm−2), kp is the parabolic rate constant
(mg2 cm−4 s−1), and t is the oxidation time (s). The
parabolic rate constants for the Ni-13Al-2Y and Ni-
-11Al-4Y alloys were determined as 4.5 × 10−4 ±
1.8 × 10−5 and 6.7 × 10−4 ± 2.0 × 10−5mg2 cm−4 s−1,
respectively. The parabolic rate constant for Ni-11Al-
-4Y alloy was relatively higher than that of Ni-13Al-
-2Y alloy since the weight gain for Ni-11Al-4Y al-
loy was reasonably higher. The calculated kp val-
ues for Ni-Al-Y alloys were compared to the kp
value of Y-free binary Ni-15Al studied in our pre-
vious study [11]. The substantially lower kp value
(2.99 × 10−5 ± 1.81 × 10−6mg2 cm−4 s−1) of Ni-15Al
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Fig. 8. (a) Cross-section images of oxide scales formed on the specimens of Ni-13Al-2Y and Ni-11Al-4Y alloys and (b) the
linear elemental distributions of oxide scales in SEM-BSE mode.

strongly indicated the faster oxidation kinetics in the
presence of Y.
The morphologies of the surface scales for Ni-Al-

Y alloys are shown in Fig. 7. The surface scale was
compact, dense, adherent, and uniformly distributed
for both alloys. The scale morphologies of both alloys
were composed of typical blocky and coarse NiO ox-
ides. In addition, any defects such as cracks or cavities
were not observed in the surface scales. However, ex-
amining surface scales does not reflect the whole high-
temperature oxidation process. Internal oxides can be
formed beneath the surface scale. Thus, cross-sectional
SEM-EDS (Fig. 8) and elemental mapping analyses
(Figs. 9 and 10) were performed.
According to these analyses, the oxide scale con-

sisted of three layers: (i) dense NiO surface layer with
a thickness of approximately 12 and 21 µm for Ni-
-13Al-2Y and Ni-11Al-4Y alloys, respectively. (ii) The
middle layer was composed of oxides containing Ni,
Al, and Y. The chemical compositions of the oxides
present in the middle layer could not be determined
quantitatively by EDS analysis. However, the qualita-
tive EDS measurements showed that this layer might
be composed of mixed Al/Y oxides. The thicknesses of

this layer were measured as 17 and 29 µm for Ni-13Al-
-2Y and Ni-11Al-4Y alloys, respectively. (iii) The thin
and continuous inner layer in the metal/oxide inter-
face was mainly constituted of Al2O3. The formation
of the thin Al2O3 layer in the metal/oxide interface
was also confirmed by the EDS point analysis given in
Fig. 11.
Ni-based alloys are classified into three main

groups concerning the oxides forming on the surfaces:
(a) alumina (Al2O3) formers, (b) chromia (Cr2O3) for-
mers, and (NiO) formers. Among these alloys, alu-
mina formers show better oxidation resistance at
high temperatures. Protective chromia scales trans-
form into non-protective CrO3 scale above 900 ◦C.
If the concentration of Al or Cr is sufficient, pro-
tective Al2O3 and Cr2O3 external scales are devel-
oped. In the present study, the predominant NiO ex-
ternal scale was formed since the concentration of
Al was relatively low. In the early cycles of oxida-
tion, continuous and dense NiO scales were quickly
formed to produce an external scale. On the other
hand, the thin Al2O3 internal scale was only devel-
oped at the alloy/oxide interface via internal oxida-
tion of Al because of the high affinity of aluminum
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Fig. 9. SEM cross-section image and the corresponding EDS elemental mapping of the Ni-13Al-2Y specimen.

to oxygen. As the oxidation process proceeds, a con-
tinuous Al2O3 scale is formed [3]. In the interme-
diate layer, substantial internal oxidation of Y oc-
curred, which led to significantly increased overall
oxidation rates. Pint et al. [33–35] reported that Y
frequently exists in the internal oxidation zone in

the form of mixed Al/Y oxides (e.g., garnets or per-
ovskites).
In steady-state circumstances, various oxides can

be present, and the oxidation product can be com-
posed of different scales. The formation of an inner
alumina scale inhibits the diffusion in the external di-



M. S. Atas, M. Yildirim / Kovove Mater. 60 2022 281–292 289

Fig. 10. SEM cross-section image and the corresponding EDS elemental mapping of the Ni-11Al-4Y specimen.

rection. Depending on the kinetics of inner alumina
formation, the thickness of the scale can be various
above the alumina layer, which causes a curved mor-
phology of the metal/oxide interface [1]. In the present
study, it can be concluded that the oxide scale thick-
ness increased with increasing Y concentration.

Although the studied Ni-Al-Y alloys exhibited high
oxidation rates due to the extensive internal oxidation,
they exhibited fairly good scale adherence in conjunc-
tion with any significant scale spallation. The presence
of Y, like other rare earth elements, plays a significant
role in the release of the residual stresses formed dur-
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Fig. 11. SEM-EDS point analyses show the thin Al2O3 layer formation at the metal/oxide interface of Ni-13Al-2Y and
Ni-11Al-4Y alloys.

ing thermal cycles [34, 35]. Therefore, alloys contain-
ing the Y element have good scale adherence, which
is essential to the high-temperature oxidation behav-
ior. Besides the good scale adherence with almost no
defects such as cracks or pores, the formation of a non-
protective NiO layer and the substantial internal oxi-
dation zone restricted the development of outstanding
oxidation resistance. To hinder the development of the
internal oxidation zone, it is encouraged that Y con-
centration should be limited to low values (typically
0.1 wt.%).
The formation of the NiO scale as a surface oxide

was directly ascribed to the insufficient Al concentra-
tions of the studied alloys. According to the oxide di-
agram of Ni-Cr-Al based superalloys, NiO is the main
oxidation product for alloys containing less than 10–
11 wt.% Al [49]. Even though the Al concentrations
of the present alloys are 13 and 11 at.%, the corre-
sponding concentrations in wt.% are 6.4 and 5.3, re-
spectively. Hence, the oxidation was controlled by the
external diffusion of Ni ions, and the surface scale was
composed of NiO.
It is suggested that the Al concentration should be

increased to obtain outstanding oxidation resistance
with superior surface scale morphology. The forma-
tion of Al2O3 as a surface scale would enhance the
oxidation resistance.

4. Conclusions

The microstructure, microhardness, and cyclic ox-
idation behavior of Y-containing model Ni-Al based
superalloys were examined. Based on the experimental
results, the following conclusions can be summarized:
– The microstructures of the as-cast alloys were

composed of primary γ-Ni dendrites and a eutectic
mixture.
– The constituents of eutectic were determined as

Ni17Y2 intermetallic and γ-Ni.
– After aging, Ni17Y2 fine lamellas strongly coars-

ened, reducing hardness.
– With increasing Y alloying element concentra-

tion, hardness substantially increased.
– Compared to Ni-13Al-2Y alloy, Ni-11Al-4Y alloy

showed greater oxidation rates with relatively higher
mass gains and increased oxide scale thickness.
– The oxide scales on both alloys consisted of three

layers: (i) NiO as an external layer, (ii) an internal ox-
idation zone composed of Al/Y oxides, and (iii) alu-
mina as an inner layer.
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