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Abstract

The effect of Y additions on the oxidation behavior in furnace cyclic tests and its correlation
with thermogravimetric analysis of sintered NiAl alloys is here reported. Part of the samples
got an EB-PVD 7YSZ coating on top. Highly ordered B2-NiAl intermetallic powder was
obtained by self-propagating high-temperature synthesis (SHS) during ball milling of
elemental precursors with Y additions in amounts between 0 and 1.5 at.%. The SHS process
was optimized to identify the combination of milling parameters that leads to a sharp increase
in the reaction temperature for intermetallic synthesis. The tested samples consisted of NiAl-
Y buttons densified by spark plasma sintering (SPS). Furnace cyclic testing of the SPS-
buttons at 1100 °C showed high resistance to spallation of the 7Y SZ top-coat and a significant
decrease in its oxide growth kinetics attributed to Y-additions. Contents below 0.5 at.% Y
reduce the oxidation kinetics of NiAl exposed to thermal cycles at 1100 °C, while higher Y
contents are favorable for a longer TBC life.
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1. Introduction

NiAl is an intermetallic compound of high technological interest and has been successfully
used for aeronautical, aerospace, and energy generation applications taking advantage of its
high melting point, low density, good thermal conductivity, and good oxidation and corrosion

resistance [1,2].

NiAl alloy has a CsCl structure also known as B2 and is stable in a range of composition and
a melting point of 1638 °C. The stoichiometric B2 phase consists of two interpenetrating
cubic sublattices, each having the same number of sites and completely occupied by Al and
Ni atoms (Ni)(Al). The quality or ordering of the B2 phase is described by the long-range
order parameter S. The ordering is affected either by variations in its stoichiometry or its
processing that includes synthesis and densification steps. Variations from stoichiometry are
accommodated by the substitution of Ni atoms in Al sites in Ni-rich alloys and by the

formation of vacancies on Ni sites in Al-rich compositions [1,3,4].

Preparation of bulk NiAl alloys from a combination of powder metallurgy and sintering
processes has been previously described elsewhere under different terminologies such as
self-propagating high-temperature synthesis (SHS), combustion synthesis, self-sustaining or
self-propagating reactions, etc [5-8]. The synthesis of NiAl by SHS in high energy ball
milling has been reported as a self-sustained reaction in individual particles accompanied by
a large explosive energy release denoting the compound formation [6]. A key aspect of this
process is to be able to in-situ monitoring the SHS process [5,7,8]. For instance, the phase
formation kinetics of NiAl is very sensitive to the sample temperature and the atmosphere
inside the vial. In the in-situ characterization during powder milling, an important step is to
stop the process as soon as the reaction takes place to avoid deformations and changes in
particle size or long-range ordering of the powder. Thus, high-energy ball milling is useful,
not only been used to mix powder particles and controlling their particle size but also for the

synthesis of equilibrium and metastable alloys [9,10].

Densification of NiAl powder can be achieved by several methods, including arc melting,
spark plasma sintering (SPS), etc. In the latter, the short sintering times contribute to the
microstructure conservation of the raw material with almost no grain coarsening effect, and
most of all, high densification [11-13].



The advantage of having a method to prepare NiAl intermetallics from powder precursors
relies on the fact that additions of different elements can be accurately controlled by
monitoring solubility conditions in the synthesis process. Additions of reactive elements (RE)
to NiAl such as Hf, La, Zr, Dy, Ce, or Y [14-28] have been proved to be an effective way to
promote selective oxidation, reduction of the growth rate of transient oxide scales and
inhibition of alumina scale failure leading to a positive effect on the lifetime of thermal
barrier coatings (TBC) [16,21,29-33]. Successful dispersion of RE oxide plays a significant
role to act as heterogeneous nucleation sites for the first formed oxides [16,34]. Under these

conditions, the RE effect has been explained by the dynamic segregation theory [17,35].

RE solubility condition plays an important role in the microstructure and kinetic oxidation of
the B2-NiAl system. The optimum content of Zr or Y for bulk NiAl alloys coatings for
oxidation behavior has been reported to be between 0.05 to 0.08 at.% [33]. Additional aspects
for TBC performance include the interplay between RE and elements diffusing from the
superalloy into the BC, and changes in microstructure during cyclic loading, especially those
affecting the thermally grown oxide (TGO) adherence.

Solubility conditions for Y in NiAl have been subject of discussion considering that this
element presents a low solubility limit reported below 0.5 at.% [36] and in recent studies
lower than 0.05 at.% of Y [37]. Yttrium additions to NiAl and NiAl containing bond coats
reduce the oxidation rate, increase the scale adherence depending on its composition [38—
40], and modify microstructural characteristics leading to sites for heterogeneous nucleation
of the TGO, and avoid the growth of metastable oxides [41]. As a result, Y increases the
adhesion properties on the BC/TGO/TC interfaces reducing the failure of the TBC system
[38,40,42]. Finding the critical or optimum yttrium content in NiAl is crucial since all

mentioned effects are quite sensitive to the RE content.

It is important to remark that Y has been found in oxide scales as elemental Y or Y203
particles as a consequence of the dynamic segregation across the grain boundaries leading in
some cases to the formation of Yttrium Aluminum Garnet (YAG) compounds as a result of
the reaction between Y>03 and Al>Os. However, a detrimental effect on internal oxidation

due to the low volume content of Y has not been reported yet [37,43].



The combination of powder metallurgy based on SHS and SPS sintering processes to obtain
model alloys for the study of the standalone effect of RE-additions on the oxidation behavior

of NiAl has been barely reported in the literature.

The effect of Y-doping on the oxidation behavior of NiAl can be tested either by weight gain
measurements in the thermogravimetric analysis (TGA) or furnace cyclic testing (FCT), with
or without top-coat deposits. The idea of carrying out the tests in fully densified bulk alloys
Is to isolate the outward diffusion effect of Y in concurrence to Al in the NiAl-Y alloy

avoiding the interplay with other diffusing elements, e.g., from a superalloy.

In this work, the oxidation behavior, failure characteristics, and microstructure evolution of
Y-doped NiAl buttons synthesized by the SHS method and sintered by SPS are presented
and discussed after furnace cycle tests and thermogravimetric analysis. These model alloys
were used to evaluate the effect of various Y doping levels in NiAl in both the sintered
intermetallic condition and by adding a 7YSZ EB-PVD topcoat. The TBC samples emulate
the conditions of Y doped NiAl bond coats having a TGO formed during the deposition of
the TBC and further oxidation.

2. Experimental procedure

Commercial Ni (Spectrum chemical, 74 um, 99.8 %), Al (Spectrum chemical, 44 - 400 pum,
99.8 %), and Y (Sigma Aldrich, 400 um, 99.5 %) powders were mixed and milled in a SPEX
8000D using commercial WC vials and 10 mm balls. Experiments with NiAl stoichiometric
ratios were carried out varying both numbers of balls (2, 3, and 5 balls) and a ball-to-powder
ratio (BPR) (4:1, 6:1, and 10:1) to identify the optimal milling conditions for the B2 phase
formation. Powder volumes (V1 to V4) were selected to fix the BPR and weighted inside a
glovebox with an Ar atmosphere to avoid oxidations during the milling experiments. The vial
temperature was real-time monitored fixing a thermocouple on its external wall until the SHS
occurred which is also, indicative of the B2 intermetallic alloy phase formation. The
instrumented vial with a fixed thermocouple allows the identification of the reaction (Treac)
and maximal temperatures (Tmax) as well as the reaction time (treac). The milling process was
stopped immediately after the identification of the temperature sharp increase. The

compositions of the NiAl samples doped with Y up to 1.5 at.% are presented in Table 1.



Densification of the obtained alloys was carried out in a Spark plasma sintering (Dr Sinter
SPS-1050) equipment in vacuum at 1200 °C by using a constant uniaxial pressure of 6 kN.
The cooling stage was performed with a water flux at 25 °C/min using a graphite die to have
a uniform flux of both electrical and thermal conductivity. During the SPS process, the
displacement was continuously monitored, matching the beginning of the compaction and
sintering times. The obtained samples after this process were round-shaped buttons with a

diameter and thickness of 10 and 4.5 mm, respectively.

The crystal structure and phase formation of the powders and sintered samples were
determined by X-ray diffraction (XRD) using a Rigaku Dmax2100 diffractometer with
CuKoa radiation (A=1.54 A) operated at 40 kV and 20 mA. The XRD patterns were recorded
in a 20 range of 20 to 80 ° and from 20 to 90 ° with a step size of 0.02 ° for both precursors
and sintered samples, respectively. Rietveld refinements were used to identify the B2 phase
formation and to calculate its lattice constant as a function of Y-content. Additionally, the

long-range ordering parameter (S) was calculated using the intensities of the pattern for each

(I100/1110) obs
S = /— Eq1l
(I100/T110)std (Eql)

Where Inq 0bs are the intensities of the (100) and (110) planes that correspond to the super-

sample according to Eq. 1 [44]:

lattice and fundamental reflections, respective to the JCPDF file standard (std).

The microstructure of sintered samples was recorded in a field emission scanning electron
microscope Jeol JSM-7200F equipped with a Electron Backscattered Diffraction (EBSD)
detector under an accelerating voltage of 20 kV.

Thermogravimetric analysis (TGA) of the sintered samples was carried out in a Setaram
Setsys Evolution 16/18 thermo-balance at 1100 °C for 10 h in air (pO2=0.2 atm). The weight
gain was normalized respective to the oxidized area and reported as a function of time. The
TGA samples were again characterized by XRD and SEM. Microstructural characterization
of the powders was performed using Philips XL-30 SEM and the cross-section was measured
using Zeiss ULTRA 55 SEM. A secondary electron detector and 6-15 kV accelerating

voltage were used in both cases.



A standard columnar 7Y SZ top-coat was deposited on samples from each Y-content by EB-
PVD in a 150 kW coater (ESPRI). The substrate temperature was maintained between 980
and 1000 °C, and the oxygen flow into the coating chamber was controlled to reach pressure
in the chamber between 6 to 8 x 10~ mbar. Samples were rotated during deposition by 12 rpm
and the deposition rate was around 5 um/min. Subsequently, the samples were exposed under
furnace cycle tests for 10 and 100 h or until the spallation occurred. One cycle consisted of a
50 min heating period followed by rapid cooling under forced air of 10 min according to the
standard FCT-tests of DLR.

3. Results and Discussion
3.1 Starting powder

The most important factors defining the SHS conditions in the high energy milling process
are associated with the characteristics of the starting powders including their morphology,
size, and size distribution. SEM micrographs of a) Ni, b) Al, and c) Y powders are shown in
Figure 1. The morphology of Ni is typical of powder produced by a hydrometallurgical
process where Ni is precipitated under high pressure and temperature to obtain a
“cauliflower” shaped particle [45]. The Al-powders manufactured by atomization show
irregular shaped particles and sizes of 235 um on average. The Y powder shows a
combination of fine particles and agglomerates of irregular shape. The correspondent
analysis of particle size distribution from those powders is shown in Figure 1d. From this
plot, a wide range in the particle size distribution for Y and Al is observed, whereas Ni
presented a uniform range of distribution. The size distribution of each powder is shown in
Table 2.

The XRD patterns of the raw materials are shown in Figure 2. The phase identification was
performed using JCPDF’s 04-0850, 04-0787, and 33-1458 for Ni, Al, and Y, respectively.
According to the patterns for Ni and Al powders, no secondary phases are present. The case
of Y-powder presents partial oxidation, which is unavoidable at the measurement moment
due to the high reactivity of the element at atmospheric conditions, and the oxide was
identified using JCPDF 43-0661.



XRD results were fitted with the reference patterns using Rietveld refinement to obtain lattice
parameters (Table 2). The obtained experimental values agree with the corresponding
theoretical values (Table 2).

3.2 Characterization of the SHS conditions of the NiAl synthesis

As mentioned before, the SHS process was activated during specific milling conditions,

which has been reported to obtain NiAl intermetallics [5-8].

Figure 3 shows the typical results of the NiAl intermetallic synthesis during the mechano-
activation process. Figure 3a shows a representative curve of temperature vs. time depicting
the conditions at which the SHS reaction takes place, identifying in different stages the
reaction and maximal temperatures (Treac and Tmax, respectively) as well as the reaction time
(treac). In the first stage, a continuous parabolic increase in temperature is observed, which
corresponds to powder milling, particle deformation, flattening, fracturing, and cold welding.
The second step is identified with a sharp increase in temperature that describes the
exothermal reaction produced inside the vial during the SHS process, in which the B2 phase
is formed. Finally, in the third stage, the temperature decreases as the milling process evolves,

which purely describes the regime of size diminution of the NiAl alloy particles.

For a stoichiometric NiAl, a sharp peak is formed, evidencing the point for ignition of the
self-propagating process, which is typically shown around 60 min. The reproducibility of the
SHS process of pure NiAl after at least 5 milling tests showed treac = 61 £ 2 min and
Treac =44 + 1.5 °C. For a stoichiometric undoped NiAl alloy, the average values of lattice

and order parameters are 2.8875 + 0.0013 A and 0.878, respectively.

Figure 3b shows the results of SHS reaction time vs. the total volume (milling media +
powder volume) for three different BPR. From this graph, one can see that increasing the
BPR, the SHS reaction time reduces and that for constant BPR, the reaction time shows a
tendency to a linear increase as a function of total volume in the vial with different slopes as
a function of the number of balls. Additionally, for high powder volume, the exothermal
reaction does not occur, and the powder mixture tends to agglomerate during milling. The
operation window identified in Fig. 3b shows the variation of parameters in which the NiAl
phase occurs. As a result of the optimization of B2-NiAl synthesis by mechanical alloying,

the optimal process variables to guarantee the synthesis of the NiAl phase were identified to



be BPR 6: 1 and 3 balls. These parameters were selected for the synthesis of the B2-NiAIxY
alloy.

On the other hand, for the conditions that need long milling times to activate the SHS
reaction, a regime of contamination due to vial wear is present. These results are directly
related to the net volume of powder inside the vial so that for higher powder volumes
(Va4 = 1.7 cm® of powder), more energy or time is necessary to reach the synthesis conditions.
A similar effect has been previously reported elsewhere [9].

NiAl powder synthesized by SHS belongs to the group of mechanochemically prepared
materials or reactive materials in which the thermodynamically convenient stoichiometric
composition of NiAl provides the conditions to achieve the heat of reaction for the synthesis
of highly ordered intermetallic [6,7]. It is well known that Ni and Al belong to the
combination of ductile-ductile metals, which are first cold—-welded during milling, work-
hardened and fragmented due to induced brittleness. It has also been demonstrated by TEM
analysis that the NiAl synthesis mechanism during milling is diffusion controlled so that
before the formation of B2-NiAl, additional phases, such as NiAls, NiAls are formed as the

deformation energy is stored before the ignition reaction of NiAl takes place [46].

The effect of milling conditions on the long-range ordering and lattice parameters for pure
NiAl are shown in Table 3. The results of the S parameter (also included in Figure 3b for
each milling) tend to increase with the BPR and number of balls. On the other hand, the
lattice parameter showed the closest values to the NiAl nominal parameter (2.887 A) when
milling with 3 balls [1]. From these data, the parameters to prepare the compositions
containing Y were fixed to 3 balls and 5.3 g (V3 of powder) of Ni-Al (powder (BPR 6:1)
since it delivers the best combination of S and lattice parameter in terms of avoiding

microstrains in the milled powder.

Under the selected conditions, the set of samples described in Table 1 was prepared by ball
milling and subsequently pressed and densified by spark plasma sintering, allowing to keep
the original phase leading to high densification.

3.3 Structural characterization of NiAl-Y alloys

The structural characterization of the milled powders and sintered alloys with different Y-

content is shown in Figure 4. Figure 4a shows the XRD patterns of the sintered samples with



different Y-content in the NiAl matrix. The B2-NiAl phase was identified using the JCPDF
44-1188. Rietveld refinement was performed to the XRD profiles for data analysis. The
evolution of lattice parameters for both powder samples and sintered buttons as a function of
the Y-content is shown in Figure 4b. The lattice constant of the B2-NiAl phase increases as
a function of the Y content up to 0.7 at.% and remains stable for 1.0 and 1.5 at.%. This
behavior is associated with the inclusion of Y in the B2-NiAl crystal structure of the samples
sintered by SPS. In addition, the XRD patterns of samples containing 1.0 and 1.5 at.% Y
show peaks associated with Y,0s, which is probably related to the solubility limit of Y in the
NiAl alloy.

The experimental values obtained for the milled powders oscillate close to the B2-NiAl
nominal value (2.8875 A). A closer view of the evolution tendency in as-milled powders
shows first, a decrease in the lattice parameter below the nominal value, and then, an increase
at higher Y-content reaching the B2-NiAl nominal value. This behavior can be attributed to
a combination of micro-lattice deformation and the partial incorporation of yttrium in a solid
solution that balances this effect. On the other hand, a clear trend for sintered buttons can be
observed, which shows first an increase of the lattice parameter up to a value of approx.
2.8910 A, which is above the B2-NiAl nominal value. Based on these results, the solubility
limit of Y in the NiAl unit cell of these alloys prepared by SHS+SPS seems to correspond to
0.5 at.% of yttrium. This value is higher than those reported elsewhere for bulk alloys [36].

A summary of these results that also include data of long ordering factor is given in Table 4.
The B2-NiAl alloy obtained after the ball milling optimization process is highly ordered
(5 =0.96). As can be seen from Table 4, the addition of Y decreases ordering to an average
of 0.82 for doped NiAl alloys. This behavior is associated with the site preference of Y in the
B2-NiAl structure and its effect on the relative intensity of the (100) superlattice peak.
Reports of theoretical calculations have shown that Y and other transition metals have a
remarked preference for Al sites in the B2-NiAl structure [47-49]. When Y takes the Al
place, the B2-YNi interaction constitutes a minor difference in atomic scattering factors
(DASF = 11) compared to that of the undoped system B2-NiAl (DASF = 15). Considering
that DASF influences the intensity of the superlattice peaks in these types of crystal structures
[50], the observed decrease in S in doped alloys is attributable to the inclusion of Y in the
B2-NiAl structure.



Finally, figure 4c shows a typical SEM/EBSD micrograph of the undoped NiAl alloy after
SPS. The EBSD image recorded with a step size of 50 nm was selected since it shows
microstructural details of the NiAl sample taking advantage of the crystal orientation
contrast. A non-texturized, dense microstructure of equiaxially shaped grains with a
homogeneous grain size of 4.6 um in average was obtained as a result of the SPS

densification step.
3.4 Oxidation behavior by TGA

As mentioned before, the effect of Y content on the oxidation behavior at 1100 °C of sintered
NiAl samples was evaluated by measuring the weight gain by thermogravimetric analysis
done for 10 h in an air atmosphere of representative sintered buttons (0.0, 0.3, 0.5, 1, and
1.5at. %). No top-coat has been considered in these samples. The corresponding results are
shown in Figure 5. Having the behavior of undoped NiAl as a reference, where a rapid mass
increase followed by a substantial flattening of the curve is noticed, a clear effect of the Y-
content in bare NiAl buttons is observed. The weight gain is reduced for samples with lower
Y content such as 0.3 and 0.5 at.%. The trend of a higher oxidation rate with higher Y-content
is remarkably clear in the current data. Surprisingly, the initial oxide growth rate is lower for
all Y-doped NiAl versions having contents up to 1.0 at.% in comparison to pure NiAl. A
parabolic rate constant of 1.02x10° mg? cm™ s was observed for NiAl, which is smaller
compared with data reported by Poquillon [51] whose results are included in a range of
2.2x10° to 8x107 mg? cm™ st The instantaneous parabolic rate constant for each
composition was calculated using the local fitting procedure proposed by Monceau and

Pieraggi [52] for the general parabolic law:

t = A+ BAm + CAm? (Eq 2)
Where A and B are coefficients related to different kinetic parameters, and C is inversely
proportional to the kp value.

Considering the rest of the TGA curves, in the 0.3 at.% Y sample the oxidation kinetics was
reduced. In this particular case, the parabolic rate constant value is higher compared to values

previously reported elsewhere [37].
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Figure 6a shows that for the time dependence of k, for the oxidized during isothermal
oxidation as a function of Y-content, a steady-state regime is reached at around 4 h of
treatment. The calculated kp values after 10 h are plotted on the Arrhenius plot in Figure 6b,
showing the effect of Y-content on the kp values of NiAl sintered samples. Bold lines refer
to Brumm and Grabke data for a single crystal NiAl [53]. The undoped NiAl alloy and the
NiAl_1.0Y and NiAl_1.5Y samples present kp values higher in one order of magnitude
compared to the 0.3, 0.5 at.% Y-doped alloys. These results are also reflected in the
predominance of the oxide phases, where the compositions NiAl_0.3Y and NiAl_0.5Y are
found in the transition from 0-Al>03 to a-Al203, which suggests that at longer times of
exposure, the formation of a-Al.O3 can be completed. However, a clear tendency to form a-
Al>Oz is observed, whereas compositions higher than 1 at.% Y exhibit a predominance of 6-
Al>Oz phase. The beneficial effect of Y on NiAl oxidation behavior has been demonstrated

at this point.
3.5 Furnace cyclic tests

The measured mass gain after furnace cyclic tests at 1100 °C of 7YSZ coated buttons of
samples in an extended composition range (0.1, 0.3, 0.5, 0.7, 1, and 1.5 at.% Y) are shown
in Figures 7 and 8. As mentioned before, these samples were tested after one side 7YSZ
deposition by EB-PVD. During the deposition process, which is carried out in an oxidizing
atmosphere, the formation of a thermally grown oxide is expected on both sides of the
samples, the TBC coated and the bare intermetallic side. In the current model system,
diffusion is purely outward leading to an oxide scale, and a single interface is formed opposite
to the multiple interfaces expected from an overlay coated superalloy system. Thus,
differences in time to failure can be directly associated with the influence of the Y-content.
The oxidation behavior for the first 100 cycles in FCT as a function of Y-content is shown
in Figure 7a. In most cases, a steady state in weight gain can be observed till 100 cycles. The
state of each sample after 100 cycles in FCT, where the complete top coat is still attached to
the alloy, is shown in Figure 7b, except for the NiAl sample where a clear loss of weight after

the 25" cycle was observed.

Long term cycles to failure of the TBC systems in furnace cyclic tests at 1100 °C are shown

in Figure 8. Some samples were removed early either for further analysis (0.5 at.%) or failure
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reasons (0.1 at.%). From this plot, low Y-content samples (0.1-0.5 at.%) continued showing
the lowest weight gain over hundreds of cycles. However, the only samples that hold for the
total range of 2000 cycles are those doped with 1 and 1.5 at.% Y even when they showed the
highest oxidation kinetics. Thus, it can be seen that the low oxidation behavior and lifetime
are not always coupled, i.e., the samples having the highest Y-level did show the highest
weight gain but provided the best adhesion of TGO and TBC. Based on these results, it is
clear that Y is prompt to diffuse outward first to the surface due to the potential oxygen
gradient creating nucleation sites that help to the formation of a dense TGO. It is well known
that this process inhibits the outward diffusion of AI** cations by reducing chemical activity.
As a result, the a-Al203 scale grew with a low kinetic constant predominantly by inward

transport of O% anions, mainly along the scale grain boundaries.

Irrespective of the type of exposure at 1100 °C, the protective effect of Y-additions is present
even with contents as high as 1.5 at.% from both experimental approaches. For instance,
either for 10 h in TGA or FCT the mass gain of the 1.5 at.% Y sample reaches similar values
respective to the undoped NiAl. From these data, one can conclude that contents lower than

0.5 at.% show clear benefits in the first stages of oxidation behavior.

In a comparison between TGA and FCT results, for the first 10 cycles of FCT at 1100 °C, the
results of the mass gain are lower than the correspondent obtained with TGA (three times
lower, always below 0.4 mg/cm?). This behavior is again not surprising since after EB-PVD
deposition the system already comprises a well-developed oxidation scale. For longer cycles,
the general effect of net mass gain after FCT reveals the same tendency as for the TGA
results. Consistently, the lowest mass gain is observed for the 0.1 and similar to the 0.3 at.%
Y sample (regardless of fewer experimental points) showing a parabolic rate constant of
1.68E-7 mg/cm*s™,

A summary of the results of the first stages of oxidation kinetics in terms of the parabolic
rate constants obtained from TGA and FCT measurements is included in Table 5. In both
cases that the kp value increases as the Y content increases and the kp for the 1 and 1.5 at.%
are one order of magnitude higher than the remaining compositions with lower Y contents.
Furthermore, samples oxidized by FCT presented lower kp values than the samples exposed
on TGA.
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The microstructure of the TGO was analyzed after 100 cycles in FCT in the 0.5 at.% Y
sample, which showed low oxidation kinetics. The correspondent SEM micrographs on the
cross-section are shown in Figure 9. The top coat presents the typical columnar morphology.
A TGO has formed on top of the NiAl-0.5Y button similarly as observed in bond coated
superalloy TBC systems. The upper part of the oxide layer consists of a mixed zone showing
finely dispersed zirconia particles within alumina, which is attributed to phase
transformations and diffusion processes [54]. Further on, a YAG phase was detected both
on the middle and bottom of the TGO layer, probably due to the reaction of the alumina

with some oxidized particles of Y.

Traces of finely dispersed yttrium oxide particles were identified in the micrographs of the
as-sintered samples (micrographs not shown here). This issue is expected to be systematically
observed in the different compositions, without affecting the reactive element effect in the

oxidation tests.

Based on these results, the improvement in the scale adhesion due to small Y additions to
NiAl alloy confirmed previously known effects, such as oxidation rate reduction, increase
the Al,O3 scale adherence [38-40], and modification of its microstructural characteristics
leading to sites for heterogeneous nucleation of the TGO, avoiding the growth of metastable
oxides [41]. As aresult, Y increased the adhesion properties on the NiAl/TGO/TC interfaces
and thus the number of cycles to failure of the TBC system [38,40,42]. Finally, evidence has
been presented showing that the solubility limit of Y in these NiAl alloys is below 0.5 at.%,

which matches data reported elsewhere [36].
4. Conclusions

¢ NiAl buttons sintered by SPS from highly ordered intermetallic powder synthesized
by self-propagating high-temperature synthesis (SHS) have shown to be a great
model system to effectively evaluate the effect of yttrium as a reactive element to
enhance the oxidation protection behavior of Ni-based bond coats and to evaluate the
effect of yttrium concentration on the life time of thermal barrier coatings.

e Highly reproducible SHS of NiAl-Y was successfully activated in a SPEX 8000D
mixer mill. The powders contained between 0 and 1.5 at.% Y and were sintered in

dense coupons by spark plasma sintering.
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A clear effect of Y additions was observed in the crystalline structure of the alloy,
considering the increase of the lattice parameters coupled with the Y content as well
as their mass gain on the oxidation experiments. Low Y contents reduce the oxidation
growth kinetics as measured by TGA and in furnace cyclic tests considerably leading
for the 0.1 to 0.5 at.% Y samples to roughly only one third of the mass gain of the un-
doped NiAl.

The longest TBC lives and lowest spallation rates of an 7YSZ EB-PVD TBC
deposited on the NiAl containing various Y concentrations were achieved for samples
having higher Y contents such as 1.0 and 1.5 at.%, although those showed the highest
mass gains.

Overall, nearly all Y-doped samples improved both, oxidation behavior and TBC live
in comparison to pure NiAl.
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Figures caption

Figure 1. SEM micrographs of the raw materials a) Ni, b) Al, c) Y-precursor. The particle

size distribution of the samples is also shown (d).
Figure 2. XRD patterns of the raw materials.

Figure 3. Results of the NiAl intermetallic synthesis during the mechanoactivation process.
a) Temperature evolution of Ni-Al powder mixtures during ball milling. A sharp
peak evidencing the self-propagating process is shown around 60 minutes. b) Used
process parameters showing the reaction time (min) vs volume of vial and their
combined influence on the long-range ordering parameter. Limits of the synthesis

process for either agglomeration or contamination due to vial use are also shown.

Figure 4. a) XRD patterns of the synthesized alloys and b) Evolution of lattice parameter of

synthesized powder and sintered buttons as a function of yttrium content.

Figure 5. Weight gain during oxidation measurements of NiAl buttons in TGA and as a

function of Y-content.

Figure 6. Analysis of oxidation behavior a) Log kp plotted as a function of time for NiAl-Y
samples during TGA isothermal oxidation as a function of Y content and b)
Arrhenius plot showing the effect of Y-content on the kp values of NiAl sintered

samples. Bold lines refer to Brumm and Grabke data for a single crystal NiAl.

Figure 7. a) Weight gain during oxidation measurements of 7YSZ EB-PVD coated NiAl
buttons after 100 cycles in FCT. b) State of the samples after 100 cycles in FCT.

Figure 8. Lifetime behavior of the tested samples up to 2000 cycles in FCT. The only
samples that hold for the total range are those doped with 1 and 1.5 at.% Y.

Figure 9. Cross section of 7YSZ coated NiAl button doped with 0.5 at.% after 100 cycles
showing the characteristics of TGO and the interfaces with 7YSZ top coat and the
NiAl substrate.

21



Tables caption
Table 1. Composition in at.% of Y doped NiAl samples.
Table 2. Size distribution and structural characteristics of the starting powders.

Table 3. Summary of lattice and long-range parameters as a function of milling parameters
of NiAl powders.

Table 4. Lattice parameters and long ordering factor of sintered NiAl-Y samples.

Table 5. Parabolic rate constants obtained for each alloy on TGA and FCT oxidation

processes.
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Table 1

1D Ni (at.%) | Al (at.%) | Y (at.%)
NiAl_0.1Y 49.95 49.95 0.10
NiAl_0.3Y 49.85 49.85 0.30
NiAl_0.5Y 49.75 49.75 0.50
NiAl_1Y 49.50 49.50 1.00
NiAl_1.5Y 49.25 49.25 1.50




Table 2

Size distribution (um) Lattice parameter (A)
Starting
Powder _
dyo ds dgo Theoretical Calculated
Ni 71.90 | 93.09 | 110.81 a = 3.523 a = 3.527 + 0.003
Al 78.89 | 158.73 | 273.35 a = 4.049 a = 4.048 = 0.002
a=b=3647| a=>b=3.668=+
c = 5.807 + 0.007




Table 3

Number BPR 10:1 BPR 6:1 BPR 4:1

ofballs | S a (A) S a (A) S a (A)

2 0.91 |2.881+0.004| 0.97 | 2.883+0.003 | 1.0 2.885 + 0.002

3 0.86 |2.886 +0.003| 0.96 | 2.886 +0.003 | 0.84 2.883 £0.003

5 0.87 |2.883+0.005| 0.85 | 2.890 +0.003 -- -




Table 4

_ Ordering
Y content (at.%) Lattice Parameter parameter
* SPS buttons
0.0 2.886 + 0.003 0.96
0.1 2.886 + 0.001 0.81
0.3 2.888 + 0.002 0.79
0.5 2.892 + 0.002 0.82
1.0 2.893 + 0.002 0.84
1.5 2.893 + 0.003 0.85




Table 5

kp kp
Y content (mg2 cm s1) (mg? cm-4 s1)
(at.%0)
TGA FCT

0.0 1.02E-5 (after 6h) -
0.1 -- -
0.3 1.15E-6 1.68E-7
0.5 2E-6 2.01E-7
1.0 1.12E-5 1.83E-6
1.5 1.96E-5 1.69E-6
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