Oxidation of Metals (2021) 96:129-144
https://doi.org/10.1007/511085-021-10059-2

ORIGINAL PAPER

®

Check for
updates

The Effect of Various Additions on the Oxidation Behavior
of the y/y’ Ni-Based Alloy

Jarostaw Dabek' - Janusz Prazuch’ - Monika Migdalska' - Monika Jawanska’ -
Magdalena Zigbka' - Monika Woéjcik-Bania? - Jerzy Jedlinski'

Received: 7 June 2021 / Revised: 7 June 2021 / Accepted: 8 June 2021/
Published online: 23 July 2021
© The Author(s) 2021

Abstract

The oxidation behavior of four y/y" Ni-based alloys: without additions, and contain-
ing: Hf (1.0 wt%), a combination of Hf and Y (0.3 wt% and 0.03 wt%, respectively),
and a combination of Hf and Si (1.0 wt% and 1.0 wt%, respectively) was studied in
air under isothermal (50 h) and thermal cycling (up to 2225 1-h cycles) conditions.
Samples were characterized using SEM, EDX and XRD techniques. The results
indicated that all the additions improved the oxidation resistance of the alloy but
only in the case of materials containing the (Hf +Y) combination of additions was
a long-term effect achieved. Substantial weight losses were observed on the other
unmodified and (Hf+ Si)-containing materials during thermal cycling after short
exposure periods, while on material containing only additions of Hf, they occurred
significantly later. Kinetic studies showed the highest oxidation rate in the case of
the (Hf + Si)-containing alloys and the fastest initial oxidation, prior to the parabolic
law-obeying stage, of alloy with Hf-additions, only. The results indicate the superior
effect of simultaneous application of Hf and Y additions at levels not exceeding their
solubility limits and that lowering its effectiveness Hf overdoping (1 wt%) cannot be
effectively counteracted by the addition of 1% Si.

Keywords y/y' Ni-based alloys - High-temperature oxidation - Hafnium - Yttrium
and/or silicon additions

Introduction

The two-phase y/y' Ni—Al-based alloys, mostly y/y'-type ones, alloys that usually

contain also Pt, are considered as promising high-temperature coating materials
[1-20]. Their oxidation resistance can be improved by additions of reactive elements
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70 Bal 13.0 - - -
yHf Bal 12.5 1.09 - -
YHfY Bal 12.7 0.26 0.024 -
yHfSi Bal 12.6 0.93 - 1.05

(e.g., Hf, Y), due to the well-evidenced, so-called, reactive-element-effect, reviewed
elsewhere [21-23], while the effect of silicon additions is still under investigation
[11, 14, 17]. However, in order to optimize the beneficial effect of the reactive ele-
ments in qualitative and quantitative terms, as well as to examine the effect of Si, the
oxidation behavior should be elucidated as a function of the additions (or their com-
binations), their amounts and exposure conditions. In particular, long-term thermal
cycling is highly required. Moreover, it is useful to carry out a systematic assess-
ment using the alloys without Pt in order to distinguish the effects caused by Pt and
those brought about by other additions.

This paper reports the results of the first step of implementation of such a sys-
tematic approach, focused on studying the oxidation behavior under isothermal and
long-term (up to 2250 h) thermal cycling conditions of four y/y'-type Ni—Al alloys:
unmodified, and containing various additions (Hf, combination of Hf and Y, and
combination of Hf and Si). The contents of the additions were chosen in order to: (1)
investigate the effectiveness of the beneficial effect of reactive elements in terms of
lower and higher Hf contents and combined Hf + Y additions, (2) determine whether
additions of Si can enhance the oxidation resistance of the alloy containing higher
amounts of Hf. The lower content of Hf was chosen taking into account results
reported by Gheno et al. [14] in order to meet the so-called Hf-tolerance criterion
related to the solubility limit of Hf in the alloy and the propensity to HfO, precipita-
tion in the alloy, while higher content exceeded significantly this threshold. The con-
tents of Hf and Y added together were based on the co-doping approach proposed by
Pint [24] and investigated more in detail by Kim et al. [18].

Materials and Experimental

Four y/y" Ni-based alloys of the following compositions were manufactured in
the form of rods having a diameter of 12 mm and length of 200 mm using con-
ventional vacuum melting: (1) unmodified (referred to as ‘y0’), (2) containing 1.0
wt% of Hf (referred to as ‘yHf’), (3) containing a combination of 0.3 wt% of Hf
and 0.03 wt% of Y (referred to as ‘yHfY’), and (4) containing 1.0 wt% of Hf and
1.0 wt% of Si (referred to as ‘“yHfSi’). The actual compositions determined using
the ICP-OES, Inductively Coupled Plasma—Optical Emission Spectrometry, at
Lukasiewicz Research Network, Institute of Non-Ferrous Metals (LRN-INFM) in
Gliwice, Poland, are collected in Table 1 (the 12.5-13.0 wt% of Al is close to the
22 at.%). The lower content of S than 20 ppmw was assessed also in ELRN-INFM
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using infrared spectral absorption method for all the alloys. The as-cast alloys were
vacuum annealed at 1200 °C, for 6 h and subsequently at 1150 °C for 48 h, as pro-
posed elsewhere [5]. The specimens in the form of thin disks of thickness 1 mm
were cut from the rods in the direction perpendicular to their longer axis. They were
subjected to standard mechanical treatment finished with polishing using 1 pm dia-
mond paste and cleaning and degreasing procedures.

Oxidation exposures were carried out at 1150 °C in ambient, stagnant air, under:
(1) isothermal conditions, carried out for 50 h using a thermobalance which enabled
continuous monitoring of the weight with an accuracy down to 10 g (MK2 Vac-
uum Head Microbalance, CI Electronics Ltd, UK); and (2) thermal-cycling condi-
tions for up to 2225 1-h cycles in air, carried out in a horizontal furnace; each cycle
consisted of a 1-h exposure followed by rapid removal of the samples and holding
them for 15 min at room temperature. By the end of the latter period, the samples
were weighed using a standard analytical balance (accuracy of 10~ g). The net-
weight change was followed. During the first 30 cycles, the samples were weighed
after each cool-down, over the next 50 cycles, the samples were weighed twice daily,
and in the following cycles the samples were weighed once daily.

The starting materials and oxidized samples were subjected to SEM (Scanning
Electron Microscopy) observations, EDX (Energy-Dispersive X-ray Spectrometry)
analysis of chemical composition and XRD (X-Ray Diffraction) analysis of phase
composition using facilities available at Faculty of Material Science and Ceramics
AGH-UST. Both the surfaces and polished cross-sections were observed and ana-
lyzed using the SEM + EDX approach.

Results

The results of the oxidation runs are shown in Fig. 1 and in Table 2 the parabolic
oxidation rate constants are collected together with the ranges of their relevance.
The parabolic system of coordinates in the form of Am/A versus > dependence
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Fig. 1 Oxidation results obtained under isothermal conditions (1150 °C, air): A linear plot; B parabolic
plot
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Table 2 Parabolic oxidation rate

constants and the corresponding Alloy Parabolic range (h) k, (gZem™*s7h
parabolic ranges of kinetics Y0 4-50 5.0-10712
yHf 1-50 351072
YHY 1-50 1.7-1072
YHfSi 0.25-50 1.6:107!

was applied, as the best suitable for interpretation of the kinetic results, if the initial
stages should also be followed, as indicated elsewhere [25-27].

The course of the oxidation kinetic runs in all cases can be divided into two
consecutive stages: (1) transient, and (2) steady-state parabolic. As it follows from
Table 2, the duration of the transient stages was different for the various alloys, the
shortest (0.25 h) being for yHfSi and the longest-lasting (4 h) for y0. It took 1 h
for the two other alloys. Moreover, the transient stages resulted in different weight
gains from which the steady-state scale growth occurred obeying the parabolic rate
law (stage 2). In Table 3 the weight gains corresponding to the transition between
the transient and steady-state parabolic stages are collected. Those relevant to the
entire exposures (50 h) are also shown in order to enable the effects related to the
transient and parabolic oxidation stages to be distinguished. As can be seen from
Table 3, a significant contribution of the transient stages to the overall weight gain
was observed for the yHf and yO0 alloys.

The parabolic oxidation rate constants corresponding to the steady-state oxidation
were the lowest for YHfY alloy, slightly higher for the yHf and y0 alloys,~2 and ~3
times, respectively, and much higher, by one order of magnitude, for yHfSi alloy.

Figures 2, 3, 4 and 5 show the SEM images of the surface (low and high mag-
nifications) and polished cross-sections of the samples oxidized under isothermal
conditions, with descriptions of the phases and enrichments based on the XRD and
EDX results. From Figs. 2A and 5A, B it follows that local spallation of the scales
to bare substrates occurred on the Y0 and yHfSi alloys during cooling from the reac-
tion temperature to room temperature. Moreover, for alloy yHfSi it appears from
comparison of Fig. 1 (the largest weight gains) and Fig. 5 (the thinnest scale with-
out Ni-rich outermost layer) that spallation of the outermost layer comprising the
fastest-growing Ni-oxide occurred.

The following can be inferred from Figs. 2, 3, 4 and 5 and the results of the
XRD +EDX analyses:

Table 3 Weight gains
corresponding to the initial
stages of isothermal oxidation
pr\ior to the pgrabolic growth Y0 4 0.6 1.25
of the protective scale (last

Material t (h) Am/S (mg/cm?) Total Am/S
(mg/cmz)

column: weight gains after vHE 1 08 L5
exposure for 50 h, the entire YHfY 1 0.35 0.8
duration of the exposure) YHfSi 0.25 0.4 1.9
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Fig.2 SEM images of surface (A, B) and polished cross- section (C) of Y0 alloy oxidized under isother-
mal conditions (1150 °C, air, 50 h) with adherent scale and spalled regions

1. the relative thicknesses of the scales were consistent with the kinetic data (Fig. 1)
for all alloys, except for alloy YHfSi;

2. in all cases, multi-layer scales developed consisting of (starting from the interface
scale-underlying substrate) a thicker in the case of y0 alloy and much thinner and
irregular on all the Hf-containing alloys thin protective a-Al,Oj; layer, a layer of
NiAlL,O, spinel and on the yHf and YHfY alloys an outermost scale layer consist-
ing of NiO (NiO on y0 was not found as a continuous layer but some EDX results
at certain points suggested the local presence of this oxide);

3. the NiO outermost scale layer consisting of blocky grains that developed on the
yHf alloy was fairly thick;

4. Hf-rich oxide precipitates were found in substrates and scales after oxidation of
all the Hf-containing alloys;

5. the size and distribution of Hf-rich oxides depended on the alloy—the largest
were observed in the case of yHf alloy, and the finest on YHfY alloy;

6. Hf-rich oxide precipitates were found only in the innermost scale layer (a-Al,0O5)
and at the a-Al,05/NiAl,O, interface, exhibiting more or less continuous band-
type structure in the latter case;

7. the thickness of the surface layer of the substrate containing Hf-rich precipitates
was the lowest in oxidized YHfSi alloy (~5 pm), while higher and comparable
(~8 pm) in oxidized yHf and yHfY alloys.
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i e
Substrate  10um |

Fig. 3 SEM images of surface (A, B) and polished cross-section (C) of yHf alloy oxidized under isother-
mal conditions (1150 °C, air, 50 h)

The thermal cycling results are shown in Fig. 6 in terms of two plots relevant
to the entire exposure period (Fig. 6A) and to the initial 50 cycles (Fig. 6B). They
demonstrate that: (1) Only a few cycles were required to observe a negative weight
change in the unmodified alloy; (2) all the additions resulted in a shift of the weight
loss to a longer exposure time corresponding to improved oxidation resistance;
(3) only in the case of the combination of Hf+Y did the additions bring about a
relatively good long-term oxidation resistance which manifests itself in a positive
weight gain even after 2225 thermal cycles, which is not the case for all the other
alloys; (4) the beneficial effect of Hf +Si additions was noticeable but not rather
short-term one (after less than 20 cycles a negative weight change was observed),
while that of Hf addition was much more durable (a negative weight change after
more than 500 cycles).

Figures 7, 8, 9 and 10 show the SEM images of the surface (low and high
magnifications) and polished cross sections of the samples oxidized under ther-
mal-cycling conditions, with descriptions of the phases and enrichments based
on the XRD and EDX results. From all the figures, it follows that the scales were
multilayered and non-uniform, resembling more or less the structures observed
under isothermal conditions. They also reflected the locally occurring sequential
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Substrate  10pm

Fig.4 SEM images of surface (A, B) and polished cross-section (C) of YHfY alloy oxidized under iso-
thermal conditions (1150 °C, air, 50 h)

process comprising scale growth:spallation:re-growth cycles. Only in the case
of the alloy YHfY three conditions were simultaneously fulfilled: (1) a relatively
thick a-Al,O; protective layer; (2) no large Hf-rich precipitates at or close to the
scale—substrate interface and in the substrate, and (3) no thick NiO outermost
scale layer. Large Hf-rich oxide precipitates, being HfO, (according to the XRD
results), were found in the substrate and in the scale in the case of the yHf and
vHfSi alloys, while very thick Ni-containing layers were found on the y0 alloy.
From the XRD analysis, it follows that in the case of the scale on the YHfY alloy,
Hf was present in the form of Hf-containing oxide precipitates, identified as HfO,
and/or Y,Hf,0,. They were rather uniformly distributed across the a-Al,O5 layer
and in the NiAl,O, spinel layer, but rather close to the a-alumina/(Ni—Al)-spinel
interface. The Y,Hf,0, oxide was the only oxide form of Y found in both the
scale and the substrate.

Figures 7, 8, 9 and 10 show the SEM images of the surface (low and high
magnifications) and polished cross sections of the samples oxidized under ther-
mal-cycling conditions, with descriptions of the phases and enrichments based
on the XRD and EDX results. From all the figures, it follows that the scales were
multilayered and non-uniform, resembling more or less the structures observed
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Substrate

 10pm |

Fig.5 SEM images of surface (A, B) and polished cross-section (C) of yHfSi alloy oxidized under iso-

thermal conditions (1150 °C, air, 50 h)
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Fig. 6 Oxidation results obtained under thermal-cycling conditions (1150 °C, air): A full range of cycles;

B initial 50 cycles

under isothermal conditions. They also reflected the locally occurring sequential
process comprising scale growth:spallation:re-growth cycles. Only in the case
of the alloy YHfY three conditions were simultaneously fulfilled: (1) a relatively
thick a-Al,O5 protective layer; (2) no large Hf-rich precipitates at or close to the
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Substrate Al O,
10um

Fig.7 SEM images of surface (A, B) and polished cross-section (C) of y0 alloy oxidized under thermal-
cycling conditions (1150 °C, air, 150 1-h cycles)

scale—substrate interface and in the substrate, and (3) no thick NiO outermost
scale layer. Large Hf-rich oxide precipitates, being HfO, (according to the XRD
results), were found in the substrate and in the scale in the case of the yHf and
vHfSi alloys, while very thick Ni-containing layers were found on the y0 alloy.
From the XRD analysis it follows that in the case of the scale on the YHfY alloy,
Hf was present in the form of Hf-containing oxide precipitates, identified as HfO,
and/or Y,Hf,0,. They were rather uniformly distributed across the a-Al,O5 layer
and in the NiAl,O, spinel layer, but rather close to the a-alumina/(Ni—Al)-spinel
interface. The Y,Hf,0, oxide was the only oxide form of Y found in both the
scale and the substrate.

It should be noted that thermal cycling and the subsequent preparation procedure
of the polished cross sections might bring about the spallation of parts of the scale,
which could prevent the scale’s outermost layers from being found through observa-
tions of the cross-sections. Therefore, it should be added that the XRD analysis car-
ried out from the surface of samples prior to the cross-section preparation exhibited:
(1) no evidence of NiO in scales on the thermally cycled alloys yHf and yHfY; (2)
the presence of NiO in scales on the thermally cycled alloys yO and yHfSi; (3) evi-
dence of small peaks corresponding to SiO, in scale on the thermally cycled yHfSi.

@ Springer



138 Oxidation of Metals (2021) 96:129-144

Hf rich— g

10pm

Fig.8 SEM images of surface (A, B) and polished cross-section (C) of yHf alloy oxidized under ther-
mal-cycling conditions (1150 °C, air, 2225 1-h cycles)

Discussion

The isothermal and thermal cycling exposures led to consistent results concern-
ing the determination of the best oxidation-resistant alloy among the four studied
y/y' Ni-based ones. With respect to both of the commonly applied factors: (1)
the scale growth rate upon isothermal exposure, and (2) the shape of the weight
change versus number of thermal cycles curve, the behavior of the alloy contain-
ing a combination of (Hf+Y) additions was superior to all the other alloys. It
exhibited the lowest parabolic oxidation rate constant (Fig. 1, Table 2) and was
the only alloy for which only positive weight changes, indicating no extensive
spallation, were found during long-term thermal cycling, for up to 2225 cycles
(Fig. 2).

The more detailed discussion of the oxidation behavior of the studied alloys
requires the following interrelated issues to be taken into account: (1) quantita-
tive interpretation of the oxidation kinetics, involving transient oxidation, which
precedes the steady state, the protective stage of this process; (2) the composition
and structure of the scale; and (3) addition-related effects, including their distri-
bution in the scale and in the substrate.
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Hf rich
Substrate

- 10pm
Fig.9 SEM images of surface (A, B) and polished cross- section (C) of YHfY alloy oxidized under ther-
mal-cycling conditions (1150 °C, air, 2225 1-h cycles)

The importance of the transient oxidation is associated with the initial forma-
tion of fast-growing non-protective oxides.

Two parameters should be used to quantify these stages: (1) their duration, and
(2) the resulting overall weight gain. Both factors, collected in Table 3, are sig-
nificant for the following two reasons: (1) Thermal-cycling experiments usually
rely on a short duration individual cycle (of the order of one hour), and it is worth
knowing which scale, transient or protective, is subjected to the first cycles; (2)
the thermal stresses generated during temperature changes, which result fre-
quently in accelerated degradation of materials, depend on the overall thickness
of the scale. It can be inferred from Table 3 that: (1) the shortest transient oxida-
tion occurred in the case of the alloy containing (Hf + Si) additions (0.25 h), the
intermediate in the case of Hf-containing and (Hf + Y)-containing alloys (1 h),
and the longest in the case of the unmodified alloy (4 h); (2) the highest weight
gain during transient oxidation was observed for the Hf-containing alloy (0.8 mg/
cm?), slightly lower for unmodified alloy (0.6 mg/cmz), but after 4 h, and the
lowest—and comparable—for alloys containing (Hf +Y) and (Hf + Si) (0.35 mg/
cm? and 0.4 mg/cm?, respectively, but after different oxidation periods of 1 h and
0.25 h, respectively). It should be noted that for the duration of the first thermal
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Fig. 10 SEM images of surface (A, B) and polished cross-section (C) of yHfSi alloy oxidized under ther-
mal-cycling conditions (1150 °C, air, 2225 1-h cycles)

cycle, 1 h, the weight gain of the unmodified alloy was 0.4 mg/cm? and for that
containing (Hf 4 Si) it was 0.45 mg/cm?. However, the transient growth stage was
relevant to the unmodified alloy and the steady-state stage to the alloy containing
(Hf + Si).

It may follow from the above discussion that the scales on alloys y0 and yHf
were unfavorable in terms of subjecting them to thermal cycling with respect
to their stage of development or thickness, respectively. However, the thermal
cycling results (Fig. 6) indicated that this inference is an oversimplification.

The subsequent stage of the scale growth, the steady-state one, obeyed the
parabolic rate law: (Am/A)2=kpt, and comparison of the rate constant (k,) values
(Table 2) indicates that this stage, referred to as the protective one, occurs much
faster for YHfSi alloy than for the other alloys. The slowest growth rate, with the &,
one order of magnitude smaller than in the case of yHfSi, was found for YHfY alloy.

As a result of both stages, transient and steady-state, the overall weight gain
during isothermal exposure (50 h) was the lowest in the case of yHfY alloy and
the highest in the case of YHfSi (Fig. 2 and Table 3). That in the case of yHf alloy
was significantly higher than found for yHfY alloy, but slightly lower than for
yHI£Si alloy.
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Concerning the composition and structure of the scale, it should be noted that
in all cases multi-layered scales were formed. Their structure and composition
depended on both the alloy composition and the exposure conditions (Figs. 2, 3,
4,5,7, 8,9, 10). However, also in all cases, the a-Al,O; protective layer was
observed at the scale—substrate interface. On all the Hf-containing alloys oxidized
under isothermal conditions, it was relatively thin.

Oxidation of the YHf and yHfSi alloys resulted in large Hf-containing oxides
that penetrated into the underlying alloy or formed internal oxide precipitates in
the surface layer of these substrates. Hf-containing oxide precipitates were also
observed in the scale, but rather within the a-Al,O5 and at or close to its interface
with the NiAl,O, spinel layer.

The most spectacular difference between the scales structure on the most
resistant alloy (YHfY) and the other ones was observed on thermally cycled sam-
ples. In the former case, a relatively thick and regular a-Al,O; innermost layer
was formed with fairly fine and uniformly distributed Hf-rich oxide particles,
above which the NiAl,O, layer developed (Fig. 9). Moreover, no Hf-rich oxide
protrusions into the substrate and/or internal oxide particles were found. In con-
trast, on both the other Hf-containing alloys, the innermost layer of a-Al,O; was
thin and highly irregular, not necessarily continuous and contained large Hf-rich
oxide precipitates (Figs. 8, 10). Moreover, large Hf-containing protrusions into
the underlying substrates as well as precipitates within the scale were formed.

It can thus be inferred that the scales observed on the two latter alloys after
their thermal cycling developed through a repeated sequence of scale growth,
spallation and re-growth processes, which is consistent with the thermal cycling
results shown in Fig. 6. However, it should be emphasized that all the additions
improved the oxidation resistance of the reference alloy under thermal cycling
conditions.

It should be noted that, both qualitatively and quantitatively, the results obtained
are consistent with those reported by other authors in terms of the following: (1)
The k, values of Si-containing alloy were close to that observed for Nil5Cr5Al+Si
(1 wt%) [17]; (2) Si additions resulted in reaching the steady-state oxidation ear-
lier (shortened transient oxidation stages) [17]; (3) Hf additions, if exceeding the
solubility limit (over-doping), form oxide precipitates in the underlying substrates
as well as in the scales [6, 7, 14, 15, 19]. Comparison of the results obtained with
those in an extensive study of the effect of Hf, Y and Si additions on the oxidation
behavior of Ni20AISCr alloy and René N5 superalloy reported elsewhere [11] led to
some discrepancies that need further investigation involving the effect of Cr and the
content of the additions.

The premise based on the results reported here and on references is that lower
amounts of Hf addition should be more extensively tested also for Hf applied
together with Y-additions and taking into account the co-doping effects related to
other elements such as Pt and Cr. The ongoing research is also directed toward elu-
cidation of the mechanisms of: the early oxidation stages and of the possibility of
further improvement of the oxidation resistance through the application of surface
layers of Pt, Al, Cr and/or Al,O5 and getting better insight into degradation mecha-
nisms of y/y'-type Ni—Al alloys.
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Concluding Remarks

Investigation of the oxidation behavior under isothermal and thermal cycling con-
ditions at 1150 °C, in air, of four y/y'-type Ni—Al alloys: unmodified, containing
1.0 wt% of Hf, containing a combination of 0.3 wt% of Hf and 0.03 wt% of Y, and
containing 1.0 wt% of Hf and 1.0 wt% of Si, enabled the following conclusions to be
inferred:

1. All three types of additions resulted in improved oxidation behavior of the studied
y/y' Ni-based alloys, but only that of (Hf +Y) brought about a long-term effect of
interest with respect to further applications.

2. Complex, multi-layered scales developed in all cases, consisting of an innermost
layer of a-Al,O5, a NiAl,O,-spinel layer (outer or intermediate, depending on the
number of layers) and, sometimes, an outermost scale layer composed of NiO.

3. Two stages, transient oxidation and steady-state oxidation, were observed, with
the duration of the transient stages being strongly dependent on the alloy and with
markedly different weight gains at the end of the transient stages.

4. The oxidation rate during the steady-state oxidation stages was the highest in the
case of (Hf + Si)-containing alloy and the slowest for (Hf + Y)-containing alloy.

5. Large Hf-rich oxide protrusions into the underlying substrate and in the scale
developed on the less oxidation-resistant materials containing Hf amounts exceed-
ing its solubility limit in the alloy due to the so-called over-doping effect. In the
case of (Hf + Y)-containing alloy, they initially formed but later either disap-
peared (protrusions) or formed fine and uniformly distributed precipitates in the
scale.

6. The contents of the additions need further modifications toward optimizing the
oxidation resistance. However, the combined incorporation of Hf and Y at applied
levels is a promising starting point for future work.
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