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Cast NiCrAl alloys, co-doped with Y, Hf, Ti, and/or B, were evaluated at 1100°C and 1150°C in
dry air, wet air (10 or 50% H,0), and CO,-10%H,0, in order to study the effect of boron additions on
alumina scale growth and adhesion. After 200 cycles at 1100°C, all of the alloys with Y and Hf showed
good scale adhesion. By increasing the test temperature to 1150°C, the addition of ~0.3 at.% (0.07
wt.%) B was shown to improve alumina scale adhesion during 1-h cycles in air with 10%H,0.
Analytical transmission electron microscopy showed no effect of B on the alumina scale microstructure
and only minor effects on the depth of internal oxidation at 1100°C. Combined Ti and B additions did
not produce an additional benefit and Cr-B precipitates were detected in both B-doped alloys.

Exposures in O,-buffered CO,-H,O did not result in any detrimental effect at 1100°C.
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Introduction

Bond coatings are an integral part of a thermal barrier coating (TBC) system [1] and the growth
and adhesion of the thermally-grown alumina scale can be a key to their high temperature performance.
It is widely recognized that reactive element (RE) additions (e.g. Y, Hf, Zr, La, Ce) play a major role in
the adhesion and growth of alumina scales [2-4] and that RE co-doping provides the best performance in
laboratory alloys [5-8], commercial alloys and bond coatings [5,9-13]. However, a direct comparison of
NiCoCrAlY bond coatings with and without Hf and Si additions showed a similar drop in TBC lifetime
for both types of bond coatings with the addition of water vapor in furnace cycle testing [13]. Thus, in
the search for new bond coating solutions for coal-derived syngas-fired turbines for power generation

[14-17], modifications beyond RE-doping were examined. In particular, the higher H,O [17] and



possibly higher CO, contents in clean coal systems may require new coating solutions, which may assist
in eliminating the de-rating (i.e. firing at a lower temperature, thereby reducing efficiency) of syngas-
fired turbines [17].

Boron has long been known to have beneficial effects on the mechanical properties of
superalloys [18] and is currently being studied for new Co-base superalloys [19]. It is also well-
documented that B prevents the H embrittlement of Ni- [20] and Fe-base aluminides [21]. In addition,
boron has been shown to improve the steam oxidation resistance of steels [22], where the injection of H
into the alloy substrate is thought to negatively affect oxidation behavior in chromia-forming alloys [23]
and alumina-forming alloys including TBC adhesion [24,25]. Boron has previously been considered
as a beneficial bond coating additive [26,27]. In this study, the high temperature cyclic oxidation
behavior of cast model NiCrAl alloys was evaluated with combinations of Y, Hf, Ti and B as a first
step in evaluating B as a bond coating addition. The co-doping of Ti and B was done to simulate
interdiffusion of Ti from the superalloy substrate into the bond coating [8,12,28] and to investigate the
potential for TiB, formation [29,30]. In wet air cyclic testing at 1150°C, B additions in the alloys with

Y and Hf were found to improve alumina scale adhesion.

Experimental Procedure

Model NiCrAl alloys were cast and homogenized (4h/1200°C in vacuum) with the compositions
shown in Table 1 and all compositions given in at.%. Coupons with ~16mm diameter and 1-1.5mm
thickness were polished to a 600 grit SiC (for cyclic tests) or 0.3 ym alumina (for isothermal tests) final
finish and ultrasonically cleaned in acetone and methanol prior to exposures: (1) at 1100°C isothermal
thermal gravimetric analysis (TGA) using a Cahn model 1000 microbalance and (2) at 1100° and 1150°C
using 1h cycles with 10 min cooling between cycles using an automated system and weighing the
specimens every 20 cycles on a Mettler-Toledo model XP205 balance with an accuracy of £0.01 mg/cm?.
Four environments were used: dry air or O, (0% H,0), air with 10 vol.% or 50% H,O and
10%H,0+90%(CO,-0.15%0,). The carbon activity in the latter environment was calculated to be 10-

32, For all environments, at the end of each thermal cycle, gas flow was stopped and the specimens



were cooled in laboratory air to prevent water condensation on the specimens. After exposure,
specimens were characterized by scanning electron microscopy (SEM) (Hitachi model S3400 and
S4800), scanning-transmission electron microscope (STEM) (Philips model CM200) operated at 200kV
and equipped with a Schottky field emission gun (FEG) and x-ray energy dispersive spectrometer (EDS).
For polished cross-sections, specimens were Cu-plated prior to sectioning. TEM specimens were
prepared via the focus ion beam (FIB) in-situ lift-out technique using a Hitachi NB5000 FIB-SEM.
Internal oxidation beneath the oxide scale was measured using approximately 40 measurements from the

polished cross-sections using ImagelJ software.

Results and Discussion

Figure 1a compares the cyclic oxidation behavior of the eight alloys in 4 different environments
at 1100°C, showing the final mass change after 200, 1-h cycles. For the Y+Hf co-doped alloys, there was
no effect of adding H,O or CO, to the environment compared to dry air or O, with all of the alloys
showing small mass gains and mostly adherent alumina scales. For the alloys without Hf, mass losses
were typical, with the addition of H,O generally increasing the mass loss as has been observed previously
[8,31]. These masses losses are small and reflect minor spallation, which increased with the
addition of Ti and was not strongly affected by the addition of B, Figure 1a. This spallation cannot
be attributed to indigenous sulfur [32] as all of the alloys had low sulfur contents, Table I, and the Y/S
ratios were >>1 [33]. The one exception to the mass losses for alloys without Hf was the alloy with Y
and B in air with 50%H,0, where a mass gain was observed after 200 cycles and no spallation was
apparent. As was observed previously [8], the addition of ~0.3%Ti had little effect on the mass change
behavior. For the alloys with Hf that nominally formed an adherent oxide during this exposure, parabolic
rate constants were fit to the mass gain data and compared to isothermal TGA data at 1100°C in Figure
1b. In most cases, the rate constants measured from the cyclic mass gain data were higher than those
measured isothermally. The isothermal rate constants measured in CO,-H,O were consistently near 5 x
1013 g2/cm?s, somewhat lower than those measured in dry air (6-9 x 1013 g2/cm%s). More scatter in the

rate constants was observed in air+10%H,0O. Previously it was noted that thinner oxides formed on
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MCrAlY bond coatings oxidized in reducing Ar-H,-H,O environments [34]. As reducing or low pO,
conditions are not expected in a combustion turbine, the CO, contained 1500ppm O,, which set the
O, partial pressure in this condition.

Rather than running longer times at 1100°C to differentiate behavior, additional experiments
were conducted at 1150°C. Figure 2 shows the mass gain data for exposures out to 500, 1-h cycles. As
at 1100°C, the scales on alloys with only Y or Y+Ti spalled quickly and the addition of B with only Y
did not provide any benefit. The strongest benefit of B was for the alloys with Y and Hf where higher
mass gains were observed for the alloys with B. The peak mass gain for the Y+Hf alloy without B was
at ~150 cycles while spallation (the onset of mass loss) did not start until ~400 cycles for the alloy with
Y, Hf and B. A second specimen was run to confirm this result. For the alloys with Y, Hf and Ti, there
was only a small benefit of adding B—an offset of <100 cycles in the peak mass gain.

Characterization was performed on the alloys to determine if there were any microstructural
effects due to the B additions. Figure 3 shows cross-sections of the YHfTi and YHfTiB-doped alloys
exposed at 1100°C. The light microscopy images show the y” and 3 (darker) phases in the alloy and the
Z-contrast SEM backscattered images show the alumina scale and internal oxidation, highlighting the
brighter Hf-rich internal oxidation. Figures 3a-3d show specimens exposed in dry air, but no effect of B
was evident in the scale morphology, the extent of internal oxidation or the 3-depletion behavior. The Z-
contrast of the SEM backscattered electron (BSE) images highlights the internally oxidized Y and Hf. As
a comparison with the previous study [8], Figure 4 quantifies the internal oxidation after 200, 1-h cycles
in environments without water vapor. The boxes are defined by the 25% and 75% values with the mean
as the center line and the whiskers mark the maximum and minimum measurements. Unfortunately, the
B containing alloys also had lower Y contents compared to the alloys without B (Table 1) so the slightly
reduced internal oxidation observed in the B containing alloys may be attributed to this difference, Figure
4. As was observed previously [8], co-doped Y+HTf alloys showed less internal oxidation than the alloys
with Y and Y+Ti and the addition of Ti reduced the depth of internal oxidation in each case. Figures 3e-
3h show cross-sections of the alloy with Y, Hf, Ti and B after exposure in 10% and 50%H,0. As was

quantified previously [8], the internal oxidation increased with the addition of H,O. Figures 3i and 3j



show cross-sections of the same alloy after exposure in the CO,-H,O environment, where no additional
degradation (such as internal carburization) was observed as suggested by the mass change data in Figure
1.

Figure 5 shows representative cross-sections of specimens exposed at 1150°C for 200 cycles.
For the alloys without Hf, significant [ depletion was observed reflecting the significant scale
spallation for these alloys, Figures 5a and 5b. At higher magnification, Figure Sc shows the YHfB
alloy with much less § depletion. A third phase was identified rich in Cr and B, which is further
discussed below. Figure 5d shows the same YHfB alloy exposed in air with 50%H,0O with a change in
contrast to highlight these Cr-B precipitates. Figure 6 quantifies the internal oxidation observed in
several of the alloys exposed for 200, 1-h cycles at 1150°C. Comparing the YHf and YHfB alloys, the
internal oxidation was significantly reduced but this difference again could be due to the lower Y content
in the B-containing alloy and perhaps due to the better scale adhesion on this alloy, Figure 2. Returning
to the precipitates seen in Figures 5c and 5d, the precipitates were easier to image in Figure 5d and had
an average size of 6.1+1.4 ym. As shown in Figure 7 for the alloys with Ti, similar precipitates were also
observed in the YHfTiB alloy exposed at 1150°C (Figure 7d), but were not observed in the YHfTi alloy
exposed at 1150°C (Figure 7c) or in corresponding specimens exposed at 1100°C (Figures 7a and 7b).
Further characterization is needed to determine if this is due to coarsening at the higher temperature.
After the 500, 1-h cycle exposure at 1150°C shown in Figure 7d, the precipitates were similar in size
(5.9+1.7um) but there appeared to be a ~250 ym precipitate depletion zone near the surface. Figure 8
shows EPMA maps from the center of the YHfTiB alloy exposed at 1150°C (shown in Figure 7d), where
the precipitates were found to be primarily B and Cr. Auger electron spectroscopy also confirmed the
precipitates to be rich in Cr and B. Further characterization did not find any Ti-rich precipitates or other
indication of TiB, formation (a more stable boride) [29,30] at either temperature for the YHfTiB alloy.
Both EPMA and x-ray diffraction data suggested that the precipitates are CrB [35] and Cr3B,, which also
was predicted by thermodynamic calculations [36]. The depletion layer could suggest that B is
participating in the reaction in some manner. The original research on beneficial B additions to

aluminides [20,21] suggested a B-H interaction that has been shown to be very strong in a subsequent



study [37]. If B reacts with H in the alloy or at the metal-scale interface (injected by OH™ transport
through the scale), this may counter any detrimental role of H. Assuming a B-H interaction, the depletion
layer may suggest the depth to which H has penetrated. However, B has a low solubility in Ni-base alloys
[38] and the depletion layer also may suggest that the benefit may be short-lived if B is needed at the
metal-scale interface and if the B-rich reservoir phase is receding into the substrate.

In order to look for an effect of B on the alumina scale microstructure, TEM specimens were
prepared, which complement the previous TEM work reported for the B-free model alloys [8]. Figure 9
shows STEM bright field (BF) images of the scale formed on the B-containing co-doped alloys after a
100h isothermal exposure at 1100°C in dry air. The inner a-Al,O5 has the typical columnar grain
structure, interrupted by an internal oxide peg in Figure 9b. The outer Ni-containing oxide is variable in
thickness, as shown in Figure 10a. As has been observed in numerous studies [5,39.40], pores were
observed at or near the interface between the inner alumina layer and the outer, spinel-type oxide layer,
suggesting a solid-state reaction between NiO and Al,O3 resulting in NiAl,0O,4 and voids that has been
previously studied in detail [41]. In general, these scale microstructures were very similar to those
observed on the B-free model alloys [8]. Also as observed previously [8], the outer oxide layer formed
over the 3-phase was thicker than the scale formed over the y’-phase and mainly consisted of Cr and Al.
The outer layer formed over the y’-phase was thinner and had a slightly different appearance with
equiaxed oxide grains containing Ni, no Y or Hf rich precipitates, and more voids at the interface
between the inner and outer oxide layers. In the inner alumina layer, Y and Hf grain boundary
segregation was detected similar to previous studies [5,8,11,12.40].

Returning to the effect of CO,, Figures 10a and 10b show plan-view images of the scale formed
on the alloy doped with Y, Hf and Ti after isothermal exposures at 1100°C in dry air and CO,-H,O,
respectively. The outer transient oxide appeared to be thicker when the alloy was exposed to CO,-H,0,
which may explain the slightly slower growth rate of the inner alumina layer in this environment, Figure
1b. Increased transient oxide formation also may be a concern for adhesion of the bond coating to the
overlying ceramic top coating. STEM high-angle annular dark field (HAADF) images of the same

specimens are shown in Figures 10c and 10d. These images also indicate that the transient, outer oxide



was thicker in the CO,-H,O environment. Otherwise, similar to comparisons made in dry and wet air,
no major differences were noted when the scale was grown in the presence of CO,. Since ~90%CO, did
not appear to negatively affect scale growth and adhesion or TBC lifetime [42.43], it does not appear to
be a concern for strategies to enrich CO, in turbine exhaust to facilitate carbon capture and storage.
Based on the possibility of a beneficial B effect on alumina scale adhesion in the presence of
water vapor, B-containing powders have been atomized and bond coatings will be fabricated to determine
if this benefit can lead to longer TBC lifetimes. In order to minimize B oxidation, a vacuum plasma spray

coating process will be used for deposition.

Conclusions

The oxidation behavior of model NiCrAl alloys containing combinations of Y, Hf, Ti and B was
investigated at 1100° and 1150°C in environments containing H,O and CO,. The relatively poor scale
adhesion observed on alloys without Hf was not significantly improved by the addition of ~0.3B. For
the adherent oxides formed on the alloys with Y and Hf at 1100°C, the addition of B did not change the
oxidation performance in any of the environments investigated for 200 cycles. However, at 1150°C, the
alloys containing B showed better scale adhesion, particularly for the alloy doped with Y, Hf and B
compared to the alloy with only Y and Hf. The addition of B to the alloy did not appear to significantly
affect the alumina scale microstructure or the depth of internal oxidation. At 1150°C, Cr-B precipitates
were observed in the underlying substrate of the Y- and Hf-doped alloys containing B but were not

observed after oxidation at 1100°C.
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Figure Captions

Figure 1. (a) Specimen mass change after 200, 1-h cycles at 1100°C in dry air or O,, air + 10%H,0 and
buffered CO,+10%H,0 for model NiCrAl alloys and (b) parabolic rate constants from selected alloys in
100h isothermal and 200x1h cyclic tests at 1100°C in dry air, air + 10%H,O and
90 % (CO»+0.15%0,)+10%H,0.

Figure 2. Specimens mass change as function of time in 1h cycles at 1150°C in air+10%H,0.

Figure 3. Light microscopy (a, c, e, g) and SEM BSE (b, d, f, h) images showing cross-sections of a)
NiCrAl+YH{Ti after 200h exposure in 0%H,O%+Air at 1100°C and NiCrAl+YHIfTiB after also after
200h exposure at 1100°C in dry air (c-d), air+10%H,0 (e-f) air+50%H,0 (g-h), and CO,-H,0 (i-j).
Figure 4. Box and whisker plots of the measured internal oxidation for various model alloys after
exposure for 200h 1h cycles without H,O at 1100°C. Values for the alloys without B are presented for
comparison [8].

Figure 5. Light microscopy of polished cross-sections after exposure for 200h at 1150°C in air+10%H,0
(a) NiCrAl+YTi (b) NiCrAl+YTiB (c) NiCrAl+YHfB; and (d) NiCrAl+YHfB in air+50%H,0.

Figure 6. Box and whisker plots of the measured internal oxidation for various model alloys after 200, 1-

h cycles in air+10%H,0 at 1150°C.
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Figure 7. Light microscopy of polished cross-sections after exposure for 200h in air+10%H,0 at 1100°C
a) NiCrAl+YH(Ti and b) NiCrAl+YH{TiB alloys and at 1150°C c) NiCrAl+YHfTi, d) NiCrAl+YHfTiB
(500h).

Figure 8. (a) EPMA backscattered electron image of NiCrAl+YHfTiB after 500h at 1150°C in
air+10%H,0 and x-ray maps from the same region: (b) B and (c) Cr.

Figure 9. STEM BF cross-section images of the scale formed on a) NiCrAl+YHfB and b)
NiCrAl+YH(fTiB after isothermal exposure for 100h at 1100°C in dry air.

Figure 10. SEM secondary electron plan view images of scales formed on NiCrAl doped with YHfTi
after 100h isothermal exposure at 1100°C in a) dry air and b) CO,+10%H,0 and corresponding STEM

HAADF images of the scales cross-section in c) dry air and d) CO,+10%H,0.

Table 1. Chemical composition in at.% determined by inductively coupled plasma and combustion analyses.

Alloy Ni Cr Al Y Hf Ti C S B
NCAY 61.2 19.7 189  0.066 0.001 0.003 0.021 <0.0003 0.001
NCAYB 61.3 19.7 186  0.063 <0.001 0.003 0.038 <0.0003 0.29
NCAYTi 61.2 19.4 19.0 0.066 <0.01 0.31 0.024 <0.0003  <0.001
NCAYTiB 59.9 20.1 192  0.071 <0.01 0.32 0.032 <0.0003  0.25
NCAYHf 62.3 15.1 22.5 0.030  0.040 0.003 0.024 <0.0003  <0.001

NCAYH{B 60.6 16.8 222 0.015 0.037 <0.01 0.028 <0.0003 0.33
NCAYH{Ti 61.9 15.2 22.6  0.020 0.043 031 0.017 <0.0003  <0.001
NCAYH{TiB  60.5 16.6 223 0.014 0.040 0.32 0.032 <0.0003  0.28
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Figure 1. (a) Specimen mass change after 200, 1-h cycles at 1100°C in dry air or O,, air + 10%H,0 and
buffered CO,+10%H,0 for model NiCrAl alloys and (b) parabolic rate constants from selected alloys in
100h isothermal and 200x1h cyclic tests at 1100°C in dry air, air + 10%H,O and
90%(C0O,+0.15%0,)+10%H,0

13



Figure 2. Specimens mass change as function of time in 1h cycles at 1150°C in air+10%H,0.

14



Cu plate

NN

internal oxidation

YHSTi/0%H,0 TOum b

\

alumina scale

d
o YHfTiB/50%H,0 Hi-rich oxide h
gap between
Cu and scale
; YHITB/CO,H,0  |20Mm|[10um ]

Figure 3. Light microscopy (a, c, e, g) and SEM BSE (b, d, f, h) images showing cross-sections of a)
NiCrAl+YHfTi after 200h exposure in 0%H,O%+Air at 1100°C and NiCrAl+YHIfTiB after also after
200h exposure at 1100°C in dry air (c-d), air+10%H,0 (e-f) air+50%H,0 (g-h), and CO,-H,0 (i-)).
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Figure 4. Box and whisker plots of the measured internal oxidation for various model alloys after expo-
sure for 200h 1h cycles without H,O at 1100°C. Values for the alloys without B are presented for com-

parison [8].
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Figure 5. Light microscopy of polished cross-sections after exposure for 200h at 1150°C in air+10%H,0O
(a) NiCrAl+YTi (b) NiCrAl+YTiB (c) NiCrAl+YHfB; and (d) NiCrAl+YHI{B in air+50%H,0.
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Figure 6. Box and whisker plots of the measured internal oxidation for various model alloys after 200, 1-
h cycles in air+10%H,0 at 1150°C.
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Figure 7. Light microscopy of polished cross-sections after exposure for 200h in air+10%H,0 at 1100°C
a) NiCrAl+YH(fTi and b) NiCrAl+YHfTiB alloys and at 1150°C c) NiCrAl+YHfTi, d) NiCrAl+YHfTiB
(500h).
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10 um

Figure 8. (a) EPMA backscattered electron image of NiCrAl+YHfTiB after 500h at 1150°C in
air+10%H,0 and x-ray maps from the same region: (b) B and (c) Cr.

Figure 9. STEM BF cross-section images of the scale formed on a) NiCrAl+YHfB and b)
NiCrAl+YH(fTiB after isothermal exposure for 100h at 1100°C in dry air.
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Figure 10. SEM secondary electron plan view images of scales formed on NiCrAl doped with YHfTi
after 100h isothermal exposure at 1100°C in a) dry air and b) CO,+10%H,0O and corresponding STEM
HAADF images of the scales cross-section in c) dry air and d) CO,+10%H,0.

19



