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Abstract:

The effect of Al content on the oxidation behavior of NiCoCrAlYHf alloys (Ni44Al16,
Ni42Al18 and Ni140A120) at 1100°C is investigated in this study. It is demonstrated that
the oxidation rate of NiCoCrAlYHf alloy decreases with the increase of Al content. The
Al content play the important role on the oxidation rate by determining the columnar
grain size of a-Al2O3 scale and the distribution of Y/Hf-rich oxides within the a-Al2O3
scale, which shows large influence on O diffusion rate. Those findings can provide

guidance for the high-performance NiCoCrAlYHf coatings design.

Keywords: Al content; Oxidation behavior; NiCoCrAlYHf alloy.
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1.Introduction

NiCoCrAlY alloys are widely used as bond coat materials for thermal barrier coatings
or protective coatings for aeroengines and gas turbines owing to their excellent
oxidation resistance at elevated temperature |1-4|, which can be traced back to the
efforts made in optimizing the oxidation resistance of NiCrAl alloys since the 1970s
|5-7]. However, the use of conventional NiCoCrAlY alloys is limited to 1100°C due to
accelerated oxidation above this temperature, which increases the elastic strain energy
stored in oxide scales. Once the elastic strain energy exceeds the fracture toughness at
the scale/alloy interface, spallation and failure of oxide scales will occur |§]. Therefore,
lowering the oxidation rates of NiCoCrAlY alloys is essential to improving their

temperature capability and extending their lifetime [9-10].

Several approaches have been developed to reduce the oxidation rates of NiCoCrAlY
alloys [11-16]. Grain refinement can suppress the formation of non-protective oxides
(e.g. spinel) by reducing the threshold of Al concentration to form an exclusive Al20O3
scale, which will effectively reduce the oxidation growth rate at early stage of oxidation
| 11-12]. Nevertheless, this method has limited influence on the thickening rate of oxide
scale during prolonged oxidation. Alloying platinum is another effective method to
promote selective oxidation of Al and improve resistance to oxide spallation | 13-14].
However, the high cost of Pt limits its applications to high-value components of
aeroengines (e.g. turbine blades). Homogenizing the distribution of reactive elements
(RE) through powder milling is also an effective method to decrease the oxidation rate
of NiCoCrAlY alloys by strengthening the RE effect [15-16]. However, the milling
process involved in this method is detrimental to powder flowability required for
thermal spray and increase the processing cost. Therefore, it is important to develop a
simple, low-cost and effective method to lower the oxidation rates of NiCoCrAlY alloys.
Tunning the composition of NiCoCrAlY alloy may be economical and feasible method
to decrease the oxidation rate of NiCoCrAlY alloy. This method does not need the

precious metal elements and other preparation process.

It is well accepted that the growth of Al,O3 was determined by concurrent Al and O
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ions diffusion along the Al,O3 grain boundaries at high temperatures [ 1 7-18]. However,
when the base alloys are doped with minor reactive elements (REs) such as Y, Zr and
Hf, the growth of Al,Os3 is dominated by inward O diffusion | 19-20]. The distribution
and content of REs have critical effect on the O diffusion rate, as the REs-rich oxides
can be the short-circuit path for O diffusion [21]. Meanwhile, the microstructure of
NiCoCrAl determined by the composition have important influence on the distribution
and solubility of REs [22]. The composition of NiCoCrAlY alloy also play an important
role on the Al activity and Al diffusivity [23-24|. Unfortunately, little work has done
for the effect of microstructural variation on the oxidation behavior of NiCoCrAl alloy,
especially for the Al diffusion and O diffusion. Therefore, the Al content is chosen for
studying the effect of microstructural variation. On the one hand, the Al content is
crucial for the microstructure and Al diffusivity of NiCoCrAl alloy [25-27]. Besides,
the Ni content is regarded as the balanced content along with the Al content changes
due to the lower formation enthalpy of Ni-Al than Cr-Al and Co-Al [28], which will

have important influence on the phase constitutions of NiCoCrAl alloy.

In this study, the effect of Al content on oxidation behavior of YHf co-doped Nigo-
xC020Cr0Alx (x=16, 18 and 20 at.%) alloys at 1100°C was investigated by a
combination of thermodynamic calculations and experiments. REs (Y/Hf) were added
into the alloys for improving their oxidation resistance due to their proven beneficial
effect in the scale adhesion [29-31]. Our findings provide scientific guidance for
compositional design of NiCoCrAlIYHT coatings to further improve their oxidation

resistance.
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2. Materials and methods
2.1 Compositional design

To guide the design of NiCoCrAl alloys with varying Al content, the pseudo-quaternary
phase diagram of the NigoxC020Cr20Alx system (Fig. 1a) was calculated by the
CALPHAD approach using the Phase-diagram module of Thermo-calc (TC) software
and thermodynamic database (TCNIS8) [32-33]. The Cr and Co contents were fixed at
20 at.% to achieve good hot corrosion resistance [34-35]. The minor reactive elements
Y and Hf were not included in the calculation due to their low concentrations (Y:0.025
at%, Hf: ~0.025 at%). Conventional NiCoCrAlY alloy usually has two phases: the
NiAl-based B phase and the Ni-based y phase. The  phase provides the sufficient Al
element to develop Al.Oz scale, while the y phase offered the mechanical properties for
reducing the possibility of brittle cracking during the thermo-mechanical process.
Therefore, the enlarged y+ zone is shown in Fig. 1b to maintain the consistency with
microstructure (y+f phase) of conventional NiCoCrAlY alloy. Three compositions,
NigsCo20Cr20Alis  (Ni44Al116), NigCo20Cr20Alis  (Ni42A118), NisCo20Cr20Al20
(N140AI120), were selected for our research. The minimum Al content is set as 16 at.%
to guarantee sufficient Al supply for formation of Al>O; scales [36]. Considering the
ductility of NiCoCrAlYHf alloy, the maximum Al content is set as 20 at.%. The phase
fractions of the three alloy compositions were also calculated using TC and shown in
Fig. 1c-e. It can be seen that all the alloys possess a mixture of y and § phase at 1100°C.
To build the relationship between the Al content and high temperature oxidation
behavior of those alloys, the Al diffusion coefficient of those alloys at 1100°C was also
calculated by the TC, assisted by the DICTRA module and MOBNI4 kinetic database.
The Y/Hf solubility of each alloy was also calculated by ONE AXIS EQUILIBRIUM

module of TC to study the distribution of Y/Hf-rich precipitates.
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Fig. 1 Thermodynamic calculations of the NigoxC020Cr20Alx system: a) the pseudo-
quaternary phase diagram; b) the enlarged view of the black frame in a). The three alloy
compositions are marked on the diagram. c-¢) the phase fractions of Ni44All6,
Ni42Al118 and Ni40A120 alloys, respectively, as a function of temperature (A2-f3 means
disordered BCC crystal structure). The black dash lines represent the oxidation

temperature (1100°C) used in this work.
2.2 Materials preparation

Three Niso-xC020Cr20Alx (x=16, 18 and 20, respectively, in at.%) alloys were
manufactured using arc-melting in a titanium-getter argon atmosphere with high purity
element constituents (purity >99.9 wt%). Reactive elements Y and Hf (purity > 99.9
wt.%) with a doping concentration of 0.025 at.% were added into three alloys to
enhance the oxide scale adhesion (Y) and reduce the oxidation growth rate (Hf) [37].
The as-cast ingots were remelted at least five times to achieve microstructural

homogeneity in the alloys.
2.3 Isothermal oxidation test

Rectangular plates with a dimension of 10 x 10 x 2.5 mm?® were cut from the as-cast
ingots using a precision cut-off machine. The samples were mechanically ground to a
mirror finish using a 5000 SiC grit paper and ultrasonically cleaned in acetone for 5

minutes. Isothermal oxidation test was carried out at 1100 °C in a chamber furnace in
5/25
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laboratory air for up to 500 h. After required exposure time, samples were removed

from the furnace and air-cooled for 10 min using a fan outside of the furnace.
2.4 Samples characterization

The phase structures of the alloys were identified using X-ray diffraction (XRD,Bruker
D8 ADVANCE). The microstructures and compositions of the alloys and oxides were
studied by a scanning electron microscope (SEM, Mira3, Tescan) fitted with energy
dispersive X-ray spectroscopy (EDS, Oxford Instruments) and electron backscatter
diffraction (EBSD, Oxford Instruments NordlysMax3). The analytical scanning
transmission electron microscope (STEM, Talos F200X G2, Thermo Fisher Scientific,
USA) combined with energy-dispersive X-ray spectroscopy (EDS) system was used to
identify the chemical composition of oxidation scale. The microscope was operated at
200 kV. The TEM lamella was prepared using the focused ion beam (FIB, GAIA3,
Tescan, Czech Republic). To identify the phase transformation of the grown Al;O3 in
the early oxidation stage, Photoluminescence piezospectroscopy (PLPS) was employed
for testing by using a confocal Raman microprobe (LabRAM HR, Horiba Jobin
Yvon,France) fitted with a 532 nm Nd:YAG laser. The spectra were fitted using mixed

Gaussian-Lorentzian functions (Labspec software) to obtain the peak positions.
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3. Results
3.1 Microstructures of YHf co-doped NisoxCo20Cr20A4lx alloys

The XRD results in Fig. 2 show that the three alloys are double-phase structure
composed of y and B phase, which are well in agreement with the calculated results in
Fig. 1c-e. Fig. 3 shows the microstructural analysis of the three alloys. According to
the BSE images and EBSD phase maps, all alloys consist of a continuous y matrix
(bright contrast in Fig. 3a-¢) and numerous B-precipitates (dark contrast in Fig. 3a-c).
Based on the SEM-EDS point analysis (Table. 2), the y phase is enriched with CoCr
but the B phase is enriched with NiAl. As the Al content increases from 16 at.% to 20
at.%, the volume faction of y phase decreases from 81.6£1.5% to 34.5+2.5% but the
volume faction of B phase increases from 17.4£1.6% to 65.2+2.3% (Table. 1).
Moreover, the amount and size of Y/Hf precipitates decrease along with the increase of

Al content (see the white contrast and black arrow in the Fig. 3a-c).

Table 1 Volume fractions of y phase and 3 phase in three alloys. (The volume fraction

is the average value taken from five EBSD maps with a magnification of 500X)

Alloy y phase fraction B phase fraction
Ni44 Al16 81.6+1.5% 17.3+1.6%
Ni42 Al18 68.5+2.1% 31+1.7%
Ni40 Al20 34.5+2.5% 65.2+2.3%

Table 2 Chemical compositions (at.%) of B and y in each alloy (The chemical

composition is the average value taken from EDS analysis in five different points).

Ni44Al16 Ni42Al118 Ni40AIl20
Elements
B Y B Y B Y
Ni 46.8+1.6 42.1+1.4 43.3x25 36.4+19 404+1.7 37.4+1.8
Co 145+1.7 21.9+1.6 13.8+1.6 24.7+1.4 16.3x15 24.2+25
Cr 8.5+1.5 232423 105425 27.2+1.2 154427 255+1.4
Al 33.2+2.2 12.8+1.2 324417 11.7#1.6 279+1.4 12.9+1.9
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For each column, the top is a BSE image (black arrows indicates the distribution of

Y/Hf-rich precipitates) and the bottom is an EBSD phase map.
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3.2 Microstructures of oxide scales

Fig. 4 shows the surface morphology of the three alloys after 500 h oxidation at 1100 °C.
For all the alloys, the oxide morphologies show the uniform and dense a-Al>O3 scale
with the uniformly distributed REs-oxide in the grain boundaries of a-Al>Os3, which is
well adherent to the alloy substrates. In addition, the oxide scales on the y and 3 phases
show different surface morphology, which might be attributed to the compositional
difference between the two phases. Fig. 5 presents the cross-sectional morphology and
elemental distribution of the three alloys after 500 h oxidation at 1100 °C. The Al>O3
scales formed on the three alloys are uniform and continuous and no interface
imperfections (e.g., pores or oxide intrusions) are found at the scale/alloy interfaces.
The amount and size of REs oxides (white contrast in Fig. 5) decrease with increase of
Al content, which is well consistent with the distribution of Y/Hf precipitates (Fig. 3a-
¢). The thickness of oxide scale on Ni44Al16, Ni42Al118 and Ni40AI20 is ~4.5 pm,
~3.5 um and ~2.7 um, respectively. The finding suggests the oxidation rates of Niso-

xC020Cr20AlcYHf alloys can be lowered by increasing their Al content.

Fig. 4 Surface morphology of a, d) Ni44Al16, b, e) Ni42Al18 and c,f) Ni40AI20 after
500 h oxidation at 1100 °C. The micrographs in the top a, b and c) and bottom d, e and

f) rows are low and high magnification BSE images, respectively.
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Fig. 5 Cross-sectional morphology and elemental distribution of (a) Ni44All6, (b)
Ni42Al18 and (c) Ni40AI120 after 500 h oxidation at 1100 °C.

Fig. 6a-c shows the fractured cross-sectional microstructures of oxide scales formed on
the three alloys after 500 h oxidation at 1100 °C. The oxide scales show typical double-
layer structure consisting of outer equiaxed grains and inner columnar grains.
Compared to the inner columnar zones, the outer equiaxed zones are much thinner (400-
500 nm) and their thickness is almost independent of the Al content. The predominant
columnar grain structure suggests inward O diffusion dominated the oxide growth on
the three alloys [38]. Quantitative image analysis of the oxide grain imprints (Fig. 6d-
i) left on the three alloys shows the average width of columnar grains only increases

slightly (from ~0.6pm to ~0.8um) with the increase of Al content.
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Fig. 6 Microstructural analysis of the oxide scales on a, d, g) Ni44All6, b, e, h)
Ni42Al18 and c, f, 1) Ni40AI20 after 500 h oxidation at 1100 °C. The micrographs in
the left column a-c) are fractured cross-sectional microstructures of the oxide scales
(the black dash lines delineate the boundaries between the equiaxed grains and
columnar grains). The micrographs in the middle column d-f) show the imprints left on
the substrates by the columnar a-Al;O3 grains. The plots in the right column g-1) show
the distribution of widths of columnar grains quantified from their imprints (based on
at least 50 grains for each alloy). The fractured cross-sectional microstructures of the

oxide scales are obtained by mechanical fracture test.
3.3 Oxidation kinetics

Fig. 7 shows the evolution of oxide scale thickness with increasing oxidation time and
the linear fitting of oxide scale thickness to the square root of oxidation time. The fitting
to the square root of oxidation time is a straight line, which means oxidation of the three
alloys obeys the parabolic law [39]. The parabolic rate constant kj is related to the

scale thickness (h;) and oxidation time t by:
hi = knt (1)

The parabolic rate constant kj can be converted into k,, by [40]

kp — (3MOPA1203)2 kh (2)

Mai,04
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Where My, 0, and M, are the molar mass of Al2O3 and O; the py, 0, is the density

of AOs. The estimited parabolic rate constants k,, are about 6.31 X 1013 g? ecm* 57!,

459 %1013 g2 ecm* st and 2.61 x 10713 g2 cm* s7! for Nid4Al116, Ni42A118 and Nid0A120,

respectively. The results indicate k,, has a positive correaltion with the Al content.

Compared with the Ni44Al16 alloy, the Ni42Al118 alloy and Ni40AI20 alloy show a

decrease of ~27% and ~58%, repectively, in k,. The dependence of k, of Nieo-

xC020Cr0Alx alloys on the Al content is in agreement with the work by Salam et al [41]

on CoNiCrAlYRe coatings and Lu et al [42] on YHf co-doped NiFeCoCrAl alloys.

These findings together suggest the Al content plays an important role in oxidation of

MCrALlY coatings/alloys.
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Fig. 7 Oxidation kinetics of the YHf co-doped NiCoCrAl alloys : a) thickness of the
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function of the square root of oxidation time, showing the parabolic law.
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4. Discussion

It is well demonstrated in this work that the oxidation rates of NiCoCrAlYHf alloys can
be lowered through increasing the Al content (Fig. 5 and Fig. 7). A mechanistic
understanding on this finding is of necessity for designing oxidation resistant alloys or
coatings. Therefore, the following section will devote to discuss the effect of Al content

on the oxidation behavior of NiCoCrAlYHf alloys.
4.1 Maintenance of exclusive Al;Os formation at 1100 °C

The uniform and continuous Al>Os scale develops on three alloys after 500 h oxidation
at 1100 °C and this result shows that the Al concentration is sufficient to maintain the
growth of AlbO3 scale during the long-term oxidation (Fig. 5). Once the continuous
Al>Os scale is formed, the minimum Al concentration required to maintain the growth
of exclusive Al2O3 and formation of other transient oxides should be determined. All
alloys are two-phase structure of y and § phases (Fig. 3). The Al-rich B phase can favor
the formation of exclusive Al2O3 scale, and thus the maintenance for the exclusive
Al>Os3 scale is determined the Al-poor y phase (Table. 2). It is necessary to ascertain the
effect of Al content on the minimum Al concentration of y phase in three alloys to
develop the AlOs scale. According to the Wagner theory, the minimum Al
concentration required to maintain exclusive AloO3 formation can be expressed as

following [43]:

NY =(ﬂy*NZDZVryn) 1/2 3)
Al(min) ZbDXlVﬂZ 03

where the NV

At(min) i1s the minimum Al concentration for the y-Ni to develop the

external AlbO;3 scale; b is the coefficient of the oxide in MOy type, e.g., A103/2;DL 1s

the diffusion coefticient of Al in y-Ni; V,,’? 2% 4nd VY is the molar volume of the Al,O3

*

and y-Ni, respectively; g* is the critical volume fraction of Al,O3, which is usually

taken as 0.1-0.7; Ng is solubility of oxygen in the y-Ni; Dg is the diffusion

coefficient of oxygen in the y-Ni; Ng Dg is the oxygen permeability in y -Ni. The

13/25



10

11

12

13

14

15

16

17

18
19

calculation of N, need the value of NyD}S and D)), which are unknown in the

Al(min)
Eq. (3). The DL can be obtained by the DICTRA module of thermo-calc software

(Table. 3). Additionally, the value of Ng Dg can be retrieved from the oxidation

kinetics and classic oxidation theory [44]:

2NY DY 2
m= () @
h; = (kpt)/? (5)

where the h; is the Al,O3 thickness, t is the oxidation time and NJ, is the initial

concentration of Al in the y-Ni. k,, is the parabolic oxidation rate, which is gained by
fitting the experimental results (Fig. 7). The value of N}YD} can be estimated by the

Eq. (4) [44] and Eq. (5). The critical volume fraction of Al,O3; g* may be difficult to
obtain due to the microstructural difference of three alloys. However, it can be evaluated

by setting some specific values for g* according to the published reference, e,g. 0.1-

0.7 [45-46]. Finally, the relationship between the N,

At(miny @nd g~ was established, as

shown in the Fig. 9. It can be found that the NZ{Z (min) decreases along the increasing

Al content and is lower than 8 at.% for all alloys. In other words, the initial Al

concentration (~12 at.%) in y phase for three alloys (Table. 2) is much higher the

calculated NY

AL (min)- Therefore, the effect of Al content on the exclusive Al2O3 growth

for the NiCoCrAlYHf alloys in this study is negligible.
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Table 3 the calculated Al diffusion coefficient of y phase in each alloy at 1100°C by
the TC

Alloys Al diffusion coefficient of y phase

(cm?/s)

Ni44 Al16 9.44x10
Ni42 Al18 9.56x101
Ni40 Al20 9.67x1014

8 | —m— Ni44AI16

—A— Ni42A118 /'
7 —e—Ni40AI20 /'
| A
6 ./ /A/

N, (81.%)

\
N
\

Fig. 9 Calculated the minimum Al concentration for the y-Ni phase to develop the

external A1,O3 scale N, in Ni44Al116/ Ni42A118/Ni40A120 alloy at 1100°C

Al(min)
4.2. Effect of width of columnar grain on the oxidation rate

It is clearly seen in Fig. 6 that the oxide scales formed on the three alloys are double-
layer structure composed of outer equaixed grains and inner columnar grains. The
thickness of equaixed zones and columnar zones as a function of oxidation time is
shown in Fig. 10. The thickness of equaixed zones on all the three alloys is small (~500
nm) and shows little change with increasing oxidation time. Therefore, the apparent
difference in scale thickness between the three alloys is governed by the growth of
columnar grains (Fig. 10b). For RE-doped Al,Os-forming alloys, the growth of oxide
scales is dominated by the inward O diffusion because of the dynamic segregation effect
of RE [47]. Meanwhile, the thickness ratio (hequiaxed grain/htotal) Of all those alloy are lower
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than 20% above 250 h oxidation (Fig. 10c), which also suggests the importance of O
diffusion. An implication of this theory is that a larger Al>O3 grain size may result in a
lower oxide growth rate because the Al,O3 grain boundaries are inward O diffusion
paths. According to results in Fig. 10d and Fig. 6, the widths of columnar Al,O3 grains
formed on the three alloys range from ~0.6 pum to ~0.8 um with the increase of Al
content. Compared with the Ni44Al16 alloy, the Ni42Al118 alloy and Ni40AI20 alloy
show a increase of ~17% and ~34%, repectively. This suggests Al,O3 grain size is the
important factor that gives rise to the difference in oxidation rates between the three
alloys. The difference of columnar grain may be explained by the increase of volume
fraction of B phase with increasing the Al content. It is reported that the p phase have
larger probability to form the 0-Al>O; than the y phase [12,48]. The PLPS spectra was
collected from the specimen after short time oxidation to confirm the phase constitution
of 0-Al,03, as shown in Fig. 11a-c. Based on the PLPS results and Eq. (6), the content
of 0-AlLO3 (Wt.%) on Ni44Al16, Ni42Al18 and Ni40AI20 is calculated, yielding ~12%,

~8% and ~10%, respectively.

Co = A14575+A14645 (6)
o =
A144021A14432+A14575+A14645

where A denotes the area of characteristic peaks (calculated by the deconvolution
integration method), and the subscript represents the peak wavenumber. Hence, the
content of 0-Al20O3 in the whole oxide scale can be roughly estimated by multiplying
the calculated 6-Al20O; content with the volume fraction of the § phase, as seen in Table.
4. Moreover, according to the SEM analysis (Fig. 11d-i), it can be observed that the 0-
AL Os (needle-like morphology in the Fig. 11g-i) is mainly formed on the 3 phase. This
means that the increase of volume fraction of § phase will lead to the more 6-Al>O3 at
early oxidation stage. The decelerated 6- to a-Al2O3 phase transformation can decrease
the number of sites for nucleation of a-Al>O3, which results in a larger A1>O3 grain [49].
For instance, the NiCrAl alloy has higher oxidation rate than NiAl alloy because the
chromium accelerates the phase transformation, and thus formed the fine grained a-
AL O3 [50]. Eventually, the columnar grain size increases with the Al content can be

attributed to its influence on the 6- to a-Al>O3 phase transformation rate. Nevertheless,
16/25
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this inference need further work to confirm it.
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Fig. 10 Evolution of (a) equiaxed zone thickness, (b) columnar zone thickness, (c)

thickness ratio (hequiaxed grain/htotal) and (d) widths of columnar Al,O3 grains as a funciton

of oxidation time of the YHf co-doped NigoxC020Cr20Alx alloys at 1100°C

Table 4 Calculated content of 0-Al>O3 in the whole oxide scale in each alloy after 5

min oxidation at 1100 °C

Alloy 0-Al203 content in the whole oxide scale(wt.%bo)
Ni44Al16 2.1%
Ni42Al18 3.5%
Ni40AIl20 6.4%
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Fig. 11 PLPS spectra and microstructure analysis of Al>O3 scale formed on the (a, d, g)
Ni44All6, (b, e, h) Ni42Al118 and (c, f, 1) Ni40AI20 after 5 min oxidation at 1100°C.
The micrographs in the middle (d, e and f) are low magnification SE images, showing
the overview of surface morphology. The bottom (g, h and i) rows are high
magnification SE images, showing the surface morphology of 6-Al>O3 formed on the {3

phase.
4.3. Effect of RE-rich oxides incorporated into Al>O3 scale on the oxidation rate

Although the higher grain size of columnar grain could cause the decrease of oxidation
rate, it cannot compose the full story as its difference is smaller than that in oxidation
rates. The effect of Al diffusion and REs-rich oxides may be other important factors on
the oxidation rates. For studying the contribution of Al diffusion, the Al diffusion
coefficient and activity of fcc-structured Al-depleted layer at 1100 °C (Table. 6) are
calculated by TC. The composition of Al-depleted layer is obtained from SEM-EDS
point analysis, as shown in Table. 5. Although the Al diffusion coefficient and activity

increases as the the Al content increases, there are no distinct difference between those
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three alloys. This means the Al diffusion have limited influence on the oxidation rate.

Table 5 Chemical compositions (at.%) of Al-depleted layer in each alloy after 500h
oxidation at 1100°C.(The chemical composition is the average value taken from EDS

analysis in five different points)

Elements Ni44Al16 Ni42Al18 Ni40AIl20
Ni 42.0+1.4 37.2£1.5 34.9+1.6
Co 22.1+1.3 24.1+1.4 25.6x1.2
Cr 23.3+x1.5 27.2+1.6 28.8+£1.5
Al 12.6+1.2 11.5+1.1 10.7+0.9

Table 6 Calculated Al diffusion coefficient of Al-depleted layer in each alloy at

1100°C by the TC
Alloy D 4 (cm?/s)
Ni44Al16 1.39x1013
Ni42Al18 1.53x1013
Ni40AI20 1.60x1013

It is well accepted that the O diffusion coefficient at a-Al>O3 scale was higher several
order magnitude than Al diffusion coefficient in RE-doped alloy according to reported
literatures [51-52]. Thus, the inward oxygen diffusion is the key factor to control the
oxidation kinetics. Except the width of columnar grain, the amount and size of RE-rich
oxides within the Al,O3 scale are important for the O diffusion rate because of its much
faster O diffusivity than that in the A[,O3 [22,53-54]. The Y/Hf-rich precipitates can act
important role on the distribution of REs-rich oxides within the AlO; scale. For
understanding the the effct of Al content on the distribution of Y/Hf-rich precipitates,

the Y/HTf solubility of y and B phase in each alloys are calculated by the TC, as shown
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in Fig. 12 and Table. 7. It can be seen that the Y/Hf solubility of  phase is much higher
(about x4) than y phase in all the alloys. Therefore, as the volume fraction of 3 phase
fraction increase with the increase of Al content, the Y/Hf-rich precipitates present the
decrease trend (Fig. 3a-c). Meanwhile, followed by the SEM-analysis of Fig. 5a-c, the
amount and size of RE-rich oxides within the Al,O3 scale is also decreased with the
increase of Al content. The TEM analysis for oxidation scale of Ni44All6 and
Ni40AI120 after 500h oxidation at 1100°C is presented in Fig. 13 to deeply analyse the
distribution of REs-rich oxides within Al>Os scale. It can be seen that the amount and
size of REs-rich oxides of Ni44Al16 (~300 nm) is much larger than that in Ni40A120
(~50 nm). Those larger REs-rich oxides can be regarded as the short-circuit path for O
diffusion, which can accelerate the O diffusion rate. As the Al content increases, the
size and amount of REs-rich oxides decrease with the increase of volume fraction of 3
phase, which can reduce the short-circuit paths for O diffusion. Therefore, the O
diffusion rate decreases with increasing the Al content. Eventually, the Al content plays
an important role on the O diffusion rate by its important influence on the distribution

of REs-rich oxides within Al,Os3 scale.
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Fig. 12 Calculated Y/Hf solubility of y and B phase in Nigo-xC020Cr20Alx alloys at 1000-

1200°C: a) Y solubility and b) Hf solubility in the y phase; ¢) Y solubility and d) Hf
solubility in the 3 phase.
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Table 7 Calculated Y and Hf solubility (at.%) of B and y in each alloy at 1100°C.

Alloy Y solubility Y solubility  Hf solubility  Hf solubility
in y phase in  phase in y phase in B phase

Ni44 All6 0.009 0.019 0.017 0.037
Ni42 Al18 0.005 0.023 0.013 0.041
Ni40 Al20 0.004 0.031 0.010 0.043

Fig. 13 STEM-EDS analysis of oxide scale after 500h oxidation at 1100°C, showing

the distribution of Y/Hf-rich oxides: a) STEM-HAADF image combined with EDS
mapping of Ni44Al16 and b) STEM-HAADF image of Ni40AI20 and c) the enlarged

HADDF image combined with EDS mapping from the white shadow from b).
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5. Conclusions

In this work, the YHf co-doped Niso-xC020Cr20Alx (x=16, 18 and 20 at.%) alloy with
varying Al contents were designed using CALPHAD, to understand the effect of Al
content on the scale growth mechanism under isothermal oxidation at 1100°C. Based

on our findings and analysis, we can draw the following conclusions:

1. The oxidation rate decreases with the increase of Al content. This suggests that a

higher Al content contributes to improved oxidation resistance.

2. The columnar grain size increases with the increase of Al content, which can decrease
the oxidation rate due to the reduction of O diffusion path. The content of 6-Al>O3
increases with increasing the Al content at initial oxidation stage, which could result in

larger columnar grain size.

3. The amount and size of REs-rich oxides within Al>Os scale decrease with increasing
the Al content, which is also responsible for the reduction of oxidation rate due to the
reduction of short-circuit paths for O diffusion. This is attributed to the much higher

Y/Hf solubility in  phase than in y phase.

Above all, the Al content is critical for the oxidation rate of Y/Hf co-doped NiCoCrAl

alloy due to its vital role on the O diffusion rate.
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