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Abstract
In this study, interrupted oxidation behavior of synthetic NiAlCr–Ca (Ca = 0.3, 1.4, 
2  at.%) and NiAlCr–Sr (Sr = 0.4  at.%) alloys in the air at 1027  °C for 192  h was 
investigated. Parabolic rate constants (kp) showed that the Sr-containing alloy exhib-
ited the best oxidation resistance among the alloys investigated in this study. The 
oxide scale formed on the Sr-containing alloy was composed of α-Al2O3 phase with 
Sr-rich nodules. Increasing the Ca concentration in the alloys was found to reduce 
the oxidation resistance due to the formation of non-protective Ca-rich complex 
oxides and consumption of α-Al2O3 scale by the reaction between Al2O3 and CaO. 
The Ca-rich complex oxides were initially formed on the Ca-rich interdendritic 
region and grew with time. Very little scale spallation was observed for the Sr-con-
taining alloy, while it was notable for 0.3 at.% Ca-containing alloy. Spallation was 
attributed to the coefficient of thermal expansion (CTE) mismatch arisen from the 
formation of CaAl4O7 phase, a compound with a very low CTE.
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Introduction

One of the reasons for material failure and high maintenance costs in the indus-
try is the high-temperature oxidation of metallic materials under service condi-
tions. Therefore, high oxidation resistance is a desired property along with high 
mechanical strength and creep resistance for the materials designed for most of 
the high-temperature applications [1, 2]. High-temperature oxidation resistance 
of metallic materials can be improved by a few methods such as alloying with Al 
[3] and Cr [4], applying a thermal barrier coating (TBC) [5, 6], and oxidation-
resistant metallic coatings [7, 8]. TBC works as a barrier layer that reduces the 
heat flow rate, while metallic coatings are designed to work as a bond coat for 
TBC’s [9] that forms protective thermally grown oxides (TGO) as in the case of 
alloying, such as alumina (α-Al2O3) [10] or chromia (Cr2O3) [11]. TGO scales 
are desired to be dense, slow-growing, compatible with the alloy, well-adhered, 
free of stress, free of defects such as pores and cracks, composed of a compound 
with low ionic conductivity, and stable. Stress formation, especially under cyclic 
oxidation conditions cause spallation of TGO, which depletes the Al and Cr 
reservoir of the alloy or the coating. When the concentrations of Al and Cr fall 
below a critical level, protective oxides can no longer be maintained on the sur-
face. Several studies have been reported which dealt with the growth and spalla-
tion mechanisms of oxide scales and ways to improve the high-temperature oxida-
tion resistance of alloys [12, 13]. Minor addition of reactive elements (RE) such 
as Y, Hf [14], La [15], and Ho [16] has been reported as beneficial. The effects 
of RE addition include the facilitation of the scale nucleation, alteration of the 
scale growth mechanism by inhibiting the cation diffusion, allowing oxygen dif-
fusion, and forming oxide pegs [17, 18], which are usually believed to increase 
scale adhesion. Another beneficial effect of RE addition is the inhibition of sul-
fur’s adverse effects on the alloy properties. Sulfur as an impurity element, which 
is most likely introduced into Ni-base alloys with Ni element, degrades the oxi-
dation resistance severely at elevated temperatures by reducing the bonding of 
alumina or chromia scale [19]. RE elements scavenge S from the molten alloy 
during the production stage, thus diminishing the detrimental effect of S [20]. 
Another well-known way to obstruct sulfur’s detrimental effect is its removal by 
the addition of Ca, CaO, and CaF2 into the melt to form refractory CaS inclusions 
[21, 22]. Afterward, formed CaS inclusions in molten metal can be eliminated by 
filtering during the casting. However, excess Ca dissolved in molten metal can 
form brittle and moisture-sensitive intermetallics with Ni; therefore, the concen-
tration of Ca must be well-controlled for the sake of mechanical properties of the 
high-temperature alloys [23]. However, the influence of Ca as an impurity on the 
oxidation behavior of high-temperature alloys is not clear.

The influence of CaO and some Ca compounds depositions on the high-tem-
perature degradation behavior of alloys have been studied by a few researchers. 
Chiang et  al. [24] investigated the influence of some oxide and sulfate deposits 
on the oxidation behavior of NiCr, NiAl, NiCrAl, and CoCrAl. They reported 
that the CaO deposition increased the degradation rate of Cr2O3 forming alloys 



137

1 3

Oxidation of Metals (2021) 95:135–156	

and resulted in catastrophic corrosion at temperatures above 1000  °C. In addi-
tion, CaO deposition was reported to have increased the oxidation rate of alu-
mina-forming alloys, particularly in the presence of Cr in the alloy. In a recent 
comprehensive study, Gheno et al. [25] investigated the reaction of CaO deposits 
on alumina-forming β-NiAl and NiCoCrAlY in dry air. They reported that the 
formation of liquid Ca–Cr–O phase at 1100 °C enhanced the diffusion of charged 
species. Also, alumina layer thinned down due to its consumption through the 
CaO–Al2O3 reaction; therefore, the oxidation rate was higher for CaO-deposited 
alloys than the deposit-free alloys.

These findings in the literature clearly show that the effect of Ca on the oxidation 
behavior of Ni-based alloys, especially for the alumina formers, is critical and needs 
more attention when it is present in the alloy as an impurity. For this purpose, in this 
study, interrupted oxidation behavior of three NiAlCr–Ca alloys in air at 1027 °C 
was investigated. In addition, due to the similarities between Ca and Sr, one Sr-
containing alloy was also tested. This study is also the first report on the oxidation 
behavior of a Sr-containing NiAlCr alloy.

Experimental Procedures

Three NiAlCr–Ca and one NiAlCr–Sr alloys were produced from 99.9% Ni, 99.97 
Al, 99.5% Cr, 99.5% Ca elements, and Al–10 Sr master alloy by melting in an atmos-
phere-controlled induction furnace. The molten alloys were cast into a mold made of 
stainless steel walls and a copper bottom plate with a 60 mm × 30 mm footprint.

The cast alloys were heat-treated in order to obtain homogenous microstructures. 
The samples were encapsulated in quartz ampulla before heat treatment to minimize 
the oxidation. The heat treatment was carried out by heating the samples at 1050 °C 
for 96 h, furnace-cooling to 500 °C and air-cooling to room temperature.

The designation of the alloys and the chemical compositions obtained by 
SEM–EDS analysis is given in Table 1. A low-speed saw with a diamond cutting 
wheel was utilized to section the annealed alloys into the samples with the dimen-
sions of 14 mm × 7 mm × 2.5 mm. Absolute ethanol was used as a coolant while 
sectioning, grinding, and polishing the alloys to avoid Ca and Sr-rich phases dissolve 
in water. Microstructural examination of the alloys was conducted on both ground 
(180–2500 grid) and attack-polished (1 g FeCl3:200 cc ethanol) samples since Ca 
and Sr-rich regions tend to dissolve during polishing. All faces of the samples to be 

Table 1   Designations and 
chemical compositions (SEM–
EDS) of the annealed alloys

Sample Element (at.%)

Ni Al Cr Ca Sr

C1-A 61.1 23.7 14.9 0.3 –
C2-A 59.4 24.0 15.2 1.4 –
C4-A 55.1 27.9 15.0 2.0 –
S1-A 58.7 25.8 15.1 – 0.4
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oxidized were ground using 180–1200 grid emery papers and rinsed with ethanol. 
The exact surface area of each sample was determined from high-resolution optical 
scanner images using the ImageJ software [26].

Before starting the oxidation tests, each sample and each alumina boat (oven-
dried) belonging to a sample were weighed individually using a microbalance (Sar-
torius CPA 224S) with a 0.01 mg precision. Afterward, the boats containing sam-
ples were placed in a horizontal furnace preheated to 1027 ± 5 °C. NiAlCr–Ca and 
NiAlCr–Sr alloys were oxidized for a total duration of 192 h under the airflow of 
90 l/h [27]. The oxidation process was carried out discontinuously in two steps: (1) 
16 cycles × 6 h/cycle and (2) 4 cycles × 24 h/cycle. Since the weight measurement 
of the alloys after each interruption was carried out manually, the period of each 
cycle was changed from 6 to 24 h to save time after the observation of the kinet-
ics slowing down. The previous trials showed that if an alumina boat was imme-
diately removed from a furnace at temperatures above 1000 °C, it tended to crack 
due to thermal shock. A potential failure of the boat could have resulted in the spill-
ing of the samples and the collected spall; therefore, the boat was pulled to the fur-
nace edge and kept there until it cooled down to 800  °C to avoid due to thermal 
shock damage. Once the temperature reached to 800 °C, the boat was taken out to 
cool in the air. The temperature of the boat was measured using a pyrometer before 
removal. The same microbalance was used to determine the discontinuous mass gain 
of the samples. A Bruker D8 diffractometer (Cu Kα at 40 kV) was employed to iden-
tify phases of the bare alloys and the oxidized samples, over a 2θ range of 10–100 
with the scanning rate of 1°/min and 0.02° step size. Microstructural and chemi-
cal examinations of the annealed alloys before and after the oxidation were carried 
out using a Philips XL30 FEG scanning electron microscope (SEM) equipped with 
an energy-dispersive spectrometer (EDS). Volume fractions of phases in the alloys 
prior to oxidation were determined by ImageJ software on the SEM images. Plan-
view examination of the oxidized samples was conducted without gold-deposition. 
In order to prevent charging, oxide scale on one of the edge of the sample was 
removed, and the sample holder and bare sample surface were interconnected using 
a conductive silver paste. Then, one-half of each sample was sectioned with low-
speed saw, mounted in epoxy resin, ground (180–2500 grid), and attack-polished 
(1 g FeCl3:200 cc ethanol) for cross-sectional examination.

Results

Microstructure of the Alloys

The SEM micrographs of annealed NiAlCr–Ca and NiAlCr–Sr alloys are given in 
Fig.  1. The images show that the alloys consisted of dendritic and interdendritic 
regions [28]. The dendritic region was composed of β-NiAl phase that contains 
nearly spherical α-Cr precipitates, while the interdendritic region contained γ-Ni 
solid solution (marked as Al0.9Ni4.22 in XRD results), γ′-Ni3Al, α-Cr precipitates, 
and Ca or Sr-rich regions. Since the solubility of Ca [29] and Sr [30] is very low in 
Ni, they segregated in the interdendritic region, which solidified the last. The α-Cr 
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precipitates in the interdendritic region of Ca and Sr-containing alloys were coarser 
compared to that of Ni–27Al–14Cr (at.%) ternary alloy [31]. Volume fractions of 
the dendritic and interdendritic regions in the alloys and the chemical composition 
of various phases in these regions are given in Table  2. The EM–EDS examina-
tions showed that the amount of Ca/Sr in β, γ, γ′ and α-Cr phases was lower than 
0.5 at.%. Most of the Ca and Sr in the alloy segregated in the interdendritic region. 
Furthermore, since Sr is very sensitive to humidity, Sr-rich regions degraded shortly 
after exposure to the atmosphere. Therefore, a high amount of O was detected in the 
Sr-rich regions. The amount of O in the region is given in round brackets next to that 
of Sr.

Oxidation Kinetics of the Alloys

The mass gain and mass change curves of NiAlCr–Ca (Ca = 0.3, 1.4, 2) and 
NiAlCr–Sr (Sr = 0.4) alloys oxidized at 1027 °C for 192 h in air are given in Fig. 2a, 
b. Zoomed in sections of the graphs were embedded in the figures for a detailed 
understanding of the oxidation kinetics. In order to reveal the effect of Ca and Sr 
further, the mass gain data of ternary Ni–27Al–14Cr alloy (M0-A), obtained under 
the same exposure conditions, are included in Fig. 2 as M0-A alloy [27].

Fig. 1   SEM micrographs of annealed NiAlCr–Ca and NiAlCr–Sr alloys: a C1-A, b C2-A, c C4-A, and d 
S1-A
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The oxidation behavior of the M0-A, C2-A was parabolic, while that of S1-A and 
C1-A were nearly parabolic (Fig. 2a) between 0 and 192 h. The mass gain curve of 
C4-A approached parabolic behavior between 6 and 192 h. The mass gain data of the 
alloys indicated that the bare alloy surfaces oxidized rapidly in the first 6 h. The ini-
tial mass gain of the M0-A, S1-A, C1-A, C2-A and C4-A alloys were 0.34 mg/cm2, 
0.36  mg/cm2, 0.48  mg/cm2, 0.78  mg/cm2 and 9.13  mg/cm2, respectively. Results 
showed that the initial oxidation rate of the alloys was barely affected by Sr addition. 
However, the addition of Ca increased the initial oxidation rate, especially for C4-A 
alloy. After the initial stage, a notable decrease in the oxidation rate was observed 
for all alloys, which remained almost constant until the end of the oxidation test.

Mass change curves showed that the alloys tested in this study exhibited a posi-
tive mass change throughout the oxidation test. However, a negative trend in the 
mass change was reported for M0-A alloy after 12 h [27]. Moreover, the slope of 
C1-A alloy became negative after 96 h indicating the spallation of oxide scale.

The parabolic rate constants (kp) calculated from the square of mass gain versus 
time curves are given in Fig. 2c. The relevant data and the kp value for the M0-A 
alloy were also included in the figure for comparison [27]. The kp values showed 
that the oxidation rate of S1-A is the lowest among all alloys presented in Fig. 2c. 
In addition, the oxidation rate of the alloys increased with further Ca addition. To 
be more precise, the oxidation rate increased approximately 170 times, with the 
increase in the Ca amount from 0.3 to 2  at.%. Nevertheless, the oxidation rate of 

Table 2   Volume fractions of the dendritic and the interdendritic regions of the annealed alloys and point 
SEM–EDS analysis results of various phases in the annealed alloys (O amount in the Sr-rich region is 
given in round brackets next to that of Sr)

Sample Region Volume Phase Element (at.%)

Ni Al Cr Ca Sr

C1-A Dendritic 57.3 β 60.8 31.3 7.7 0.1 –
Interdendritic 42.7 γ′ 66.8 24.4 8.7 0.2 –

γ′/γ 63.4 19.0 17.4 0.2 –
α-Cr 9.2 1.5 89.1 0.2 –

C2-A Dendritic 52.5 β 57.7 30.8 11.3 0.1 –
Interdendritic 47.5 γ′ 66.5 24.8 8.3 0.4 –

γ′/γ 63.3 19.0 17.5 0.2 –
α-Cr 2.7 0.1 97.0 0.2 –
Ca-rich 19.0 1.2 43.7 36.1 –

C4-A Dendritic 50.1 β 55.5 36.3 8.2 0.1 –
α-Cr 6.1 0.5 93.3 0.2 –

Interdendritic 49.9 γ′ 65.7 23.3 10.4 0.7 –
γ′/γ 64.6 15.5 19.4 0.4 –

S1-A Dendritic 62.5 β 58.1 35.8 6.0 – 0.1
Interdendritic 37.5 γ′ 69.6 24.3 5.7 – 0.4

γ′/γ 60.9 12.7 25.8 – 0.7
Sr-rich 12.7 19.3 5.5 – 22.9 (O: 39.6)



141

1 3

Oxidation of Metals (2021) 95:135–156	

M0-A was still lower than that of M2-A and M4-A alloys, although it suffered from 
severe spallation.

Phase Evolution of the Alloys During Oxidation

Figure 3 shows the XRD diffractograms of alloys before and after oxidation for 6, 
48, 96, and 192 h. The findings are also tabulated in Table 3. The reference num-
bers for the phases are given in Supplemental Table  S1. The unidentified peaks 
were marked with “x”. According to diffractograms, bare C1-A alloy consisted 
of β (NiAl) and γ′ (Ni3Al) intermetallic phases as well as γ (Al0.9Ni4.22) and α-Cr 
solid solutions. After 6-h oxidation, α-Cr phase vanished, while α-Al2O3 (will be 
expressed as Al2O3) and CaAl4O7 (grossite) phases appeared in the diffractogram. 
The intensity of the peaks belonging to Al2O3 increased slightly with oxidation dura-
tion, whereas that of CaAl4O7 did not change significantly until the end of the oxida-
tion test. In addition, Ca6Al4Cr2O15 peaks were determined after 96-h oxidation. The 
phases identified on C2-A alloy prior to oxidation were identical to C1-A. However, 
on C2-A alloy, the intensity of the peaks belonging to the β-NiAl and α-Cr phases 

(a) (b)

(c)

Fig. 2   Oxidation kinetics of the NiAlCr–Ca and NiAlCr–Sr alloys interruptedly oxidized at 1027 °C: a 
mass gain-time curves, b mass change-time curves, c square of mass gain-time curves (kp values are 
given the legend)
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diminished even after 6 h and completely vanished after 48 h. In addition, Al and 
Ca-rich Ca6Al4Cr2O15 and Ca4Al6O12CrO4 complex oxides, and NiAl2O4, Al2O3, 
and CaAl4O7 phases were determined following 6-h oxidation. The peaks belonging 
to Ca6Al4Cr2O15 and Ca4Al6O12CrO4 intensified with increasing oxidation time.

(a) (b)

(c) (d)

Fig. 3   XRD diffractograms of the annealed (prior to oxidation) and oxidized alloys NiAlCr–Ca and 
NiAlCr–Sr alloys for 6, 48, 96, and 192 h at 1027 °C: a C1-A, b C2-A, c C4-A, and d S1-A
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XRD patterns of C4-A alloy obtained before and after particular periods of 
oxidation are given in Fig. 3c. Three unidentified peaks at 43°, 74°, and 90° were 
evident in the XRD pattern of C4-A alloy prior to oxidation, along with the peaks 
belonging to β, γ′, γ, and α-Cr phases. Formation of Al2O3, CaAl4O7, Ca2Cr2O5, 
Ca4Al6O12CrO4, NiO, and CaO phases after 6-h oxidation was confirmed through 
the XRD analysis. However, the diffraction peaks of NiO vanished later, and 
Ca2Cr2O5 was replaced by Ca6Al4Cr2O15 phase after 48 h.

The XRD patterns of S1-A alloy before and following particular interruption 
periods are given in Fig.  3d. β and γ′ intermetallic phases, γ-Ni (Al0.9Ni4.22), and 
α-Cr solid solutions were determined on the S1-A alloy before oxidation similar to 
the Ca-containing alloys. A compound of Sr was not determined either before or 
after the high-temperature exposure. The XRD pattern of S1-A alloy prior to oxida-
tion exhibited an unidentified peak at 90° while two more appeared at 16° and 33° 
after oxidation. The only oxide phase determined on S1-A alloy was Al2O3. Also, 
the intensity of the unidentified peaks decreased with increasing exposure time, sim-
ilar to that of metallic phases.

Microstructural Examination of the Oxide Scales

Figure 4 shows the plan-view SEM micrographs of C1-A, C2-A, and C4-A alloys 
exposed for 6  h and 192  h, and plan-view SEM–EDS maps of the C4-A alloy 
exposed for 192 h. In addition, SEM–EDS analysis performed on specific points was 
marked in the figures and their respective results are given in Table 4.

The fingerprint of the dendritic alloy microstructure was evident for C1-A alloy 
after 6 h (Fig. 4a). The outermost part of the oxide scale exhibited a whisker-like 
morphology with uneven size distribution. The region with coarse whiskers con-
tained a lower amount of Ca (Spot A) compared to fine whiskers (Spot B), accord-
ing to the SEM–EDS analysis. The mass change data of C1-A alloy showed that the 
alloy was prone to scale spallation after 96 h. Indeed, the microstructural examina-
tion of the oxide scale revealed spalled regions as well as regrown-oxide. Such a 
regrown-oxide region is shown in Fig. 4b, marked with an intermittent line.

High-temperature oxidation did not result in a whisker-like morphology for C2-A 
alloy (Fig. 4c). Instead, the surface of C2-A alloy was covered with dark equiaxed 
and bright cubical particles. The oxide scale on C2-A alloy (Fig. 4d) was continu-
ous after 192 h, and less spallation was observed compared to C1-A alloy. Accord-
ing to SEM–EDS analysis (not given for this alloy), the majority of the surface was 
covered with equiaxed Al and Ca-rich oxides with a low amount of Cr, whereas 
the bright regions were rich in Ni, Al, and Cr. In line with the XRD analysis, these 
bright particles were determined to be NiO and Ni(Al, Cr)2O4. Furthermore, local-
ized CaO particles were observed on the outermost part of the oxide scale.

The surface of the oxidized C4-A alloy was mainly covered with Al and Ca-rich 
oxides after 6 h (Fig. 4e). Furthermore, Ni, Cr and Al-rich particles were also found 
yet more localized compared to that of C2-A alloy. The area covered with CaO 
grains enlarged with increasing Ca content in the alloy and oxidation duration. Also, 
fine NiO particles appeared in the boundaries of CaO grains (Fig.  4f). Figure  4g 
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shows SEM–EDS maps of the surface of C4-A alloy after 192-h oxidation. The Ca-
rich regions correspond to large CaO grains while the Ni, Al, and Cr-rich regions 
refer to the Ni(Al, Cr)2O4 particles. Furthermore, the region rich in Al, Ca, and Cr 
is thought to be composed of CaAl4O7, Ca6Al4Cr2O15, and Ca4Al6O12CrO4 complex 
oxides.

Cross-sectional SEM micrographs of C1-A, C2-A, and C4-A alloys following 
the 6-h and 192-h oxidation are given in Fig.  5, and SEM–EDS results of the 
marked points in the figures are tabulated in Table 4. The thickness of the oxide 
scales after 192 h was measured as 5 ± 2 µm, 10 ± 3 µm, and 21 ± 3 µm for C1-A, 

Fig. 4   Plan-view SEM images of C1-A, C2-A, and C4-A alloys after 6-h and 192-h oxidation and plan-
view SEM–EDS maps of C4-A alloy after 192-h oxidation at 1027 °C: a C1-A 6 h, b C1-A 192 h, c 
C2-A 6 h, d C2-A 192 h, e C4-A 6 h, f C4-A 192 h, and g SEM–EDS maps of C4-A 192 h
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C2-A, and C4-A alloys, respectively, while the thickness of the scale formed on 
the ternary Ni–27Al–14Cr alloy after oxidation for 192  h was measured (from 
the SEM image) as 5 ± 2 µm [27]. Cross-sectional SEM examinations of the Ca-
containing alloys revealed the existence of oxide intrusions in the alloy. These 
intrusions were concentrated on the Ca-rich regions within the alloy. Oxide intru-
sions were found to grow with increasing exposure time and Ca concentration in 

Fig. 4   (continued)

Table 4   Chemical compositions 
(SEM–EDS) obtained from the 
spots marked in Figs. 4 and 5

Figures Spot Element (at.%)

Ni Al Cr Ca O

4a A 0.69 40.03 0.50 0.62 58.16
4a B 0.54 34.26 0.44 6.99 57.77
4e C 0.50 26.71 2.70 11.33 58.75
4e D 18.91 7.28 24.33 2.07 47.41
4f E 0.37 19.68 2.04 9.27 68.63
5a F 1.65 54.27 1.61 1.80 40.67
5a G 1.51 38.03 1.28 2.09 57.09
5e H 41.64 3.42 0.73 1.15 53.07
5e I 1.16 21.88 3.63 14.74 58.59
5e J 5.97 36.64 2.67 2.66 52.05
5f K 0.72 0.38 0.07 37.90 60.93
5f L 0.90 23.47 3.96 15.50 56.17
5f M 12.68 22.03 13.68 0.69 50.92
5f N 0.60 40.32 0.83 4.21 54.04
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the alloy. The depth of these intrusions was measured as 9 ± 3 µm, 26 ± 9 µm a,nd 
107 ± 31 µm for C1-A, C2-A, and C4-A alloys, respectively.

The cross-sectional SEM image of the C1-A alloy obtained after 6-h oxida-
tion showed that the alloy region in the vicinity of the oxide/alloy interface went 
through a phase transformation (β-depletion) to form a continuous γ′/γ zone. 
Furthermore, Ca-rich regions did not exist in the newly formed γ′/γ region. 
The SEM–EDS results of spots F and G in Fig. 5a indicated that the scale was 
mainly composed of Al2O3 and contained a low amount of Ca, Cr, and Ni. 
The oxide scale on the alloy showed a tendency to spall during sectioning and 

Fig. 5   Cross-sectional SEM images of C1-A, C2-A and C4-A alloys after 6-h and 192-h oxidation at 
1027 °C: a C1-A 6 h, b C1-A 192 h, c C2-A 6 h, d C2-A 192 h, e C4-A 6 h, and f C4-A 192 h
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microstructural preparation. The fragments of the detached scale can be clearly 
seen in Fig. 5b for C1-A alloy following 192 h oxidation.

The cross-sectional SEM images of C2-A are given in Fig.  5c, d. The oxide 
scale and the oxide/alloy interface were undulated on this alloy. With further 
exposure, the thickness of the oxide scale increased and the γ′/γ region enlarged. 
Moreover, the oxide intrusions were larger and penetrated deeper in C2-A alloy 
than in C1-A.

The cross-sectional SEM images of C4-A are given in Fig.  5e, f. The oxide 
intrusions were found to penetrate up to 60  µm even after 6  h. The magnified 
image of the oxide scale in Fig. 5e revealed the existence of bright oxide particles 
in the oxide scale as well as near the gas/oxide interface. The large particles were 
determined to be NiO (Spot H) while the fine particles were Ni(Al, Cr)2O4. The 
relatively darker, continuous region in the middle of the scale was composed of 
Al, Ca, Cr, and a small amount of Ni (Spot I). SEM–EDS results also revealed 
the presence of Ni, Al, and Cr-rich fine particles near the oxide/metal interface 
and within the oxide intrusions. After 192 h, the intrusions, with depths reaching 
up to 140 µm, covered a large volume within the alloy (Fig. 5f). A distinct and 
continuous CaO layer was found in the outermost part of the oxide scale. Beneath 
this layer, a Ca and Al-rich oxide layer with fine Ni, Al and, Cr-rich oxide parti-
cles were found.

Figure  6 shows the plan-view SEM micrographs of S1-A alloy following 
6- and 192-h oxidation. The surface of the S1-A alloy was covered with a con-
tinuous oxide scale with nodules after 6 h (Fig. 6a). Also, slight spallation was 
observed. Whisker-like morphology was dominant on the oxide surface in addi-
tion to the regions with fine oxide grains. According to the SEM–EDS results in 
Table 5, both regions consisted of Al2O3 (Spot A and B). It should be noted that 
the high amount of Cr and Ni detected on Spot B might be misleading since it 
represents the thin section of the scale. Several nodules were found on the oxide 
surface with high Sr content (Spot C). The metal surface in the spalled regions 
had cavities with a thermally faceted appearance. Moreover, the imprints of fine 
Al2O3 grains were evident around the cavities. Even though it was slight, spal-
lation resulted in the metal surface to expose and oxidize during the interrupted 

Fig. 6   Plan-view SEM images of S1-A alloy after a 6-h and b 192-h oxidation at 1027 °C
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tests. SEM–EDS analysis confirmed the formation of an Al2O3 scale with much 
finer grains on the spalled regions with further oxidation. The morphology of the 
surface did not change significantly until the end of the oxidation test.

Cross-sectional SEM examinations of S1-A alloy showed that a thin and continu-
ous scale was formed during the high-temperature exposure (Fig. 7). Examinations 
revealed the existence of cracks in the scale and partial detachment of the scale from 
the alloy. These cracks were thought to have developed during sample prepara-
tion. Point SEM–EDS analysis results obtained from the marked regions are given 
in Table  5. These results confirmed the formation of Al2O3 on the alloy. Also, a 
low amount of Ni and Cr, and a trace amount of Sr was determined on the scale. 
Nevertheless, since SEM–EDS analysis is not that sensitive, it was thought that the 
percentage of the Sr element might also be misleading. Similar to the Ca-contain-
ing alloys, a continuous γ′/γ zone was found beneath the scale (Spot B). However, 

Table 5   Chemical compositions 
(SEM–EDS) obtained from the 
spots marked in Figs. 6 and 7

Figures Spot Element (at.%)

Ni Al Cr Sr O

6a A 1.05 46.01 0.59 0 52.36
6a B 0.80 40.76 0.69 0.32 57.43
6a C 1.18 30.81 2.36 8.48 57.18
6b D 1.04 30.35 2.23 8.22 58.15
6b E 1.03 37.98 0.50 0.49 60.01
6b F 3.32 48.66 0.75 0.18 47.08
7a G 0.99 48.65 0.70 0.19 49.46
7a H 62.63 15.57 21.4 0.40 –
7a I 65.69 24.93 8.96 0.42 –
7a J 58.88 33.41 7.38 0.34 –
7c K 1.85 33.68 4.71 18.70 41.06
7c L 3.34 53.77 5.42 3.29 34.17

Fig. 7   Cross-sectional SEM images of S1-A alloy after a 6-h and b 192-h oxidation, and c cross-sec-
tional SEM–EDS maps of S1-A alloy after 192-h oxidation at 1027 °C
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the thickness of this zone was lower compared to C1-A throughout the oxidation 
test. γ′/γ zone enlarged in parallel with the oxide scale growth. Sr amount in the 
Al2O3 scale was very low except for the nodules formed on the top of the Sr-rich 
regions near the alloy surface. Figure 7c shows the cross-sectional SEM–EDS maps 
of such a nodule observed on S1-A alloy after 96-h oxidation. The SEM–EDS maps 
indicated that the nodule was composed of Al and Sr-rich oxides. The alloy region 
beneath the nodule was rich in oxygen, indicating the existence of a Sr-rich reserve 
near the alloy surface prior to oxidation.

Discussion

The interrupted oxidation behavior of NiAlCr–Ca and NiAlCr–Sr alloys at 1027 °C 
was investigated. The alloy with Sr had the best oxidation resistance among the 
alloys tested in this study, while Ca addition in the alloys reduced the oxidation 
resistance. Besides, only the Sr-containing alloy developed a single phase Al2O3 
scale, while various mono-oxides and complex oxides were found on Ca-containing 
alloys. Thus, the oxidation and spallation resistance of the alloys were subject to the 
characteristics of the oxides formed on the alloy throughout the oxidation tests.

Most of the oxide products formed on the alloys were developed at the initial 
oxidation stage (< 6 h). The oxidation rate was high at this stage since the oxide film 
was thin and non-protective. The standard free energy of formation of the relevant 
metal oxides per one mol O2 at 1027 °C, Ca (2CaO: ΔG°1300K = −916 kj), Sr (2SrO: 
ΔG°1300K = −996 kJ) and Al (2/3Al2O3: ΔG°1300K = −840.6 kJ) show that these ele-
ments can form highly stable oxides [32]. Therefore, rapid preferential oxidation of 
particularly Al and Ca/Sr took place until a protective scale was formed.

Since both Ca and Sr were segregated in the interdendritic region as Ca/Sr-rich 
islands, the oxide scale formed on the Al-rich dendritic region was mainly alumina 
for low-alloyed S1-A and C1-A alloys. Formation of alumina was also reported by 
Azakli et al. [27] for ternary Ni–27Al–14Cr alloy, which was tested under the same 
conditions of temperature and interruption period. The surface of the oxide scale on 
these alloys mainly contained a whisker-like morphology. The presence of the whisk-
ers, which is an indicator of fast outwards cation diffusion, confirmed the existence 
of non-protective transient alumina prior to the formation of a protective α-Al2O3 
scale on the alloy [33]. There are several studies on the transformation kinetics of 
metastable alumina to α-Al2O3. It is known that the addition of Ca2+, Sr2+, and Be2+ 
can stabilize the transition alumina compounds [34], while Fe3+, Mn3+, and Cr3+ can 
facilitate their transformation to α-Al2O3 [35]. The length of the whiskers formed on 
the dendritic region of C1-A and S1-A alloys after 6 h were measured with the aid of 
ImageJ software, which were determined to be 1.7 ± 0.2 µm, 1.9 ± 0.4 µm for C1-A 
and S1-A, respectively. The length of the whiskers formed on the dendritic region of 
the ternary Ni–27Al–14Cr alloy was also measured to reveal the influence of the Ca 
and Sr impurities on the growth of the whiskers [27]. The whiskers formed on M0-A 
after 192-h oxidation were measured to be 0.6  µm ± 0.1 long, nearly one-third of 
those formed on Ca and Sr-containing alloys. These values confirm that the transient 
alumina to α-Al2O3 transformation takes longer time in the presence of Ca or Sr as 
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an impurity in β-NiAl phase. However, the amount of Cr in the alloy/phase region 
influences the transformation rate. The alloys and distinct even phases with high Cr 
content (third element effect) were demonstrated to develop a thin Al2O3 scale. The 
development of a thin Al2O3 is attributed to the formation of Cr2O3 with corundum 
structure (due to preferential oxidation), which functions as a template for α-Al2O3 
nucleation and growth. [36]. Therefore, whisker-like morphology was not observed 
for the alumina scale formed on the Cr-rich interdendritic region of S1-A alloy since 
the rapid formation of α-Al2O3 slowed down the cation diffusion. The oxidation rate 
decreased after the development of a continuous α-Al2O3 layer within the scale. It 
should be noted that the transformation from transient to α-Al2O3 must have been 
completed before 6  h since no transient alumina phase was determined via XRD 
analysis.

Preferential oxidation of Al led to the depletion of the β phase and dissolution of 
Cr, which promoted the formation of γ′/γ zone near the oxide/alloy interface with 
time. Al in the S1-A alloy was consumed mainly to form Al2O3 phase, except for the 
Sr-rich nodules. However, Al2O3 phase reacted with CaO and other oxides to form 
more stable but non-protective complex oxides for Ca-rich alloys, which reduced the 
oxidation resistance significantly.

The visual inspections, SEM examinations, and mass gain-time data curves 
indicated that the scale spallation occurred during oxidation tests. Rapid oxide 
growth, phase transformations, and the discrepancy between the CTE of the phases 
are known to result in stress accumulation on the scale. The stress delivered by 
scale growth sometimes leads to the local detachment of the scale and formation 
of a convoluted morphology on the oxide surface [12]. In this case, oxidation pro-
ceeds through the evaporation and condensation of metal from the substrate sur-
face to oxide scale, which results in a smooth, thermally faceted appearance on the 
alloy surface, as demonstrated for S1-A in Fig. 6a. A similar appearance was also 
reported for alumina-forming NiTaAl and FeCrAl alloys [37, 38]. C1-A exhibited 
the best oxidation resistance among Ca-containing alloys; however, it also suffered 
from spallation. This behavior is apparent in the mass change curve of C1-A alloy 
after 96 h (Fig. 2b), where the slope becomes negative. The ternary Ni–27Al–14Cr 
alloy (M0-A) reportedly established a single-phase alumina scale after 6  h; how-
ever, since the alloy suffered from continuous scale spallation, a thick NiCr2O4 layer 
was formed at the outermost part of the scale. Nevertheless, the formation of a con-
tinuous Al2O3 scale for M0-A alloy in the oxide/alloy interface during the oxida-
tion period limited the oxidation rate to a reasonable value, roughly threefold higher 
than that of the C1-A [27]. For C1-A alloy, on the other hand, selective oxidation 
of Al and Ca resulted in the formation of Al2O3 and CaAl4O7 (CA2) within 6  h. 
CaAl4O7, which is known as grossite, is a compound with a very low CTE. The 
average linear CTE of this compound was reported as 1.2 × 10−6 and 4.1 × 10−6 K−1 
at 100 and 900 °C, respectively [39], while the mean linear CTE of Al2O3 is about 
8.1  ×  10−6  K−1. Therefore, notable scale spallation for C1-A can be attributed to 
stress accumulation due to the CTE incompatibility of oxide/oxide and oxide/alloy, 
which becomes significant, particularly in cyclic/interrupted conditions.

Reportedly, Ca2+ diffusion plays a crucial role in the CaO–Al2O3 reaction, which 
controls the growth of calcium aluminates [40–42]. The presence of other intermediate 
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phases (CA and CA3) in the Al2O3–CaO system is also possible; however, CaAl4O7 
was the only one determined through XRD analysis among the possible phases. The 
proposed oxidation reactions are given as follows:

During the formation of CaAl4O7, Al2O3 layer in the scale was partially con-
sumed, which reduced its oxidation resistance [25] and resulted in an enhanced the 
O2− flux toward to metal. This led to the participation of Cr in the oxidation reaction 
to form Ca6Al4Cr2O15 (Cr3+) complex oxide. Kaiser et  al. [43] reported the forma-
tion of Ca6Al4Cr2O15 compound with the reaction of CaO–CaCr2O4–CaAl2O4 under 
mildly reducing atmosphere. Similarly, Song et al. [44, 45] reported the formation of 
Ca6Al4Cr2O15 compound by the reaction of Cr2O3 with Ca3Al2O6 and Ca12A14O33 in 
CO2 atmosphere. The formation reactions for these compounds can be summarized as 
below:

or

In addition to the aforementioned phases for C1-A alloy, Ni(Al, Cr)2O4 and 
Ca4Al6O12CrO4 (Cr6+) complex oxides developed on C2-A and C4-A during high-tem-
perature exposure. Also, Ca2Cr2O5 phase was determined following 6-h oxidation, but 
it disappeared later. Since C2-A and C4-A comprise more Ca compared to C1-A alloy, 
the amount of oxidized Ca was higher. This, in turn, led to exaggerated consumption 
Al2O3 for the formation of complex oxides, which even more enhanced the O2− flux to 
the oxide/alloy interface and resulted in catastrophic degradation of the alloy. The deg-
radation was so severe for C2-A and C4-A alloys that NiO particles were found in the 
CaO clusters on the oxide surface. It should be noted that NiO has limited solubility in 
CaO at the oxidation temperature and no intermediate compound forms with the reac-
tion of these two oxides [46]. Along with its presence as monoxide, NiO reacted with 
(Al, Cr)2O3 to form Ni(Al, Cr)2O4 phase on the surface. The formation reactions for 
NiO, NiAl2O4, and Ca2Cr2O5 [47] can be given as follows:

(1)Ca
2+ + O

2− = CaO

(2)2Al
3+ + 3O

2− = Al2O3

(3)CaO + 2Al2O3 = CaAl4O7.

(4)2Cr
3+ + 3O

2− = Cr2O3

(5)5CaO + Cr2O3 + CaAl4O7 = Ca6Al4Cr2O15

(6)6CaO + Cr2O3 + 2Al2O3 = Ca6Al4Cr2O15.

(7)Ni
2+ + O

2− = NiO

(8)NiO + (Al, Cr)2O3 = Ni(Al, Cr)2O4
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Vaporization of Cr from Cr2O3 during high-temperature exposure is a known 
phenomenon [48]. It was also reported that the presence of free CaO could acceler-
ate the vaporization by favoring the formation of CrO3 where the oxidation state of 
Cr is + 6 [24]. It should be noted that the formation of Ca4Al6O12CrO4 (Cr6+) phase 
was only observed for C2-A and C4-A alloys. Therefore, it is thought that the for-
mation of Ca4Al6O12CrO4 (Cr6+) phase was facilitated by the presence of high CaO 
content within the scale. Equation 10 demonstrates the reaction in which Cr2O3 oxi-
dizes further and changes its oxidation state to Cr6+ [45].

Mass gain-time curves and kp values show that the degradation rate increases 
with the further addition of Ca to the alloys. The severity of degradation is related to 
resulting complex oxides by the reaction of the protective Al2O3 with CaO and with 
other oxides. Chiang et al. [24] investigated the degradation of CaO-deposited Al2O3 
and Cr2O3 forming alloys. They found out that CaO deposits influence the degrada-
tion rate of chromia-forming alloys by two mechanisms: (1) vaporization of CrO3 
and (2) liquid calcium chromate formation on the scale. They also reported that the 
reaction of transient Cr2O3 with CaO on the surface of alumina-forming NiCrAl and 
CoCrAl alloys resulted in severe corrosion. Gheno et al. [25] studied the high-tem-
perature corrosion of CaO-deposited NiCoCrAlY alloys and found that the degrada-
tion in CaO-deposited alloys were catastrophic. They concluded that the formation 
of liquid phase calcium chromate on the scale and the reaction between protective 
Al2O3 and CaO increased the degradation rate. In the present study, oxide intrusions 
were observed near the original metal surface in the early stages of oxidation. The 
oxide intrusions grew into the alloy through Ca-rich interdendritic region, which 
functioned as pathways for cation transport to surface and O2− transport inwards. 
The fast diffusion of O2− led to enhanced oxidation of Al, Cr, and Ni; thus, Al–Ca 
oxides and also large Ni(Al, Cr)2O4 formed far beneath the oxide/alloy interface. 
This explains why the oxidation rate of Ca-rich alloys, particularly C4-A, was rela-
tively higher than it was reported for CaO-deposited alloys.

Two different eutectic temperatures were reported in the literature for CaO–Cr2O3 
system; 1022 °C [49] and 1061 °C [43]. Therefore, one might expect the formation 
of a liquid phase within the scale during exposure at 1027 °C that could increase 
the degradation rate of the alloys. Moreover, it is quite obvious that the oxidation 
temperature is high enough for the formation of a Ca-rich eutectic (Ca–Ni eutectic: 
627 °C) within the alloy [29]. Since the activity and the diffusion rate of elements 
are higher in liquid phase, oxidation is expected to occur faster. Therefore, especially 
for C4-A, in which large Ca-rich precipitates were present in the alloy microstruc-
ture, liquid phase formation was also likely to be responsible for the abrupt increase 
in the oxidation rate.

Similar to Ca, Sr mainly segregated in the interdendritic region of the alloy. 
SEM examinations following grinding (without polishing) showed that the Sr-
rich region on the surface of the alloy tended to oxidize shortly after exposure 

(9)2CaO + Cr2O3 = Ca2Cr2O5.

(10)16CaO + 12Al2O3 + 2Cr2O3 + 3O2 = 4Ca4Al6O12CrO4
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to air at room temperature. It is known that Sr can form a eutectic with Ni at 
652 °C and also the NiSr intermetallic melts at 861 °C [30]. Therefore, Sr-rich 
regions close to the alloy surface rapidly oxidized to form oxide nodules. The 
SEM–EDS results showed that the nodules were rich in Sr and Al and contained 
a low amount of Cr. Due to similarities between Sr and Ca, one can assume 
that the nodule includes oxides with the same structure of Ca6Al4Cr2O15 or 
Ca4Al6O12CrO4 compounds. However, there is no thermodynamic or XRD dif-
fraction data to confirm this for the time being.

S1-A alloy exhibited better oxidation and spallation resistance than C1-A, C-A, 
C4-A and the ternary Ni–27Al–14Cr alloy [30] tested under the same conditions. 
Although Sr addition improved both the oxidation and spallation resistance of the 
alloy, the reason behind this effect is not known. By evaluating the beneficial effect 
of RE elements, one possible explanation could be that Sr scavenged the S from the 
alloy and in return increased the adhesion strength of the oxide scale. However, fur-
ther studies are needed to verify this hypothesis.

Conclusions

The interrupted oxidation tests of three Ca-containing (0.3, 1.4 and 2 at.%) and one 
Sr-containing (0.4 at.%) NiAlCr alloys were carried out at 1027 °C in flowing air 
and the oxidation behavior of the alloys were compared with the behavior of the 
ternary Ni–27Al–14Cr (at.%) alloy [27] tested under the same parameters. Parabolic 
rate constants (kp) were calculated using the square of mass gain-time data. The 
oxide scales were examined using XRD, SEM, and SEM–EDS.

•	 Sr-containing alloy exhibited a much better spallation resistance under cyclic 
conditions in comparison with the previously studied Ni–27Al–14Cr alloy 
[27]. Sr-containing alloy exhibited the best oxidation resistance among the 
alloys tested in this study. Parabolic rate constant (kp) for S1-A was found as 
3.19 × 10−13 mg2/cm4, which was near one-tenth of the kp value reported for the 
ternary Ni-27Al-14Cr alloy [27].

•	 Sr-containing alloy developed a continuous Al2O3 scale with Sr-rich nodules, 
whereas Al2O3, CaAl4O7, Ca6Al4Cr2O15, Ca4Al6O12CrO4, NiAl2O4 complex 
oxides, and NiO and CaO were found on Ca-containing alloys.

•	 Formation of Ca4Al6O12CrO4 (Cr + 6) was observed only for the alloys (C2-A 
and C4-A) containing 1.4 and 2 at.% Ca.

•	 The high-temperature oxidation rate of the alloy containing 2 at.% Ca was 170 
times higher than that of the alloy containing 0.3 at.% Ca.

•	 Oxidation of segregated Ca in the interdendritic region of the alloy resulted in 
the formation of oxide intrusions. These intrusions enlarged with increasing oxi-
dation duration and Ca amount in the alloy.

•	 Presence of Ca/Sr impurities in the β-NiAl phase retarded the transformation of 
transient Al2O3 to α-Al2O3 in the initial oxidation stage, which in turn resulted in 
the coarsening of the whiskers on the oxide surface.
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