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Abstract 

To investigate the effect of oxide dispersion strengthening (ODS) on bond coating 

performance, commercial Co-30wt.%Ni-20Cr-8Al-0.4Y powder was milled with 2% 

additions of Al2O3, Y2O3 or Y2O3+HfO2.  Free-standing specimens were made by low-

pressure plasma spraying (LPPS) and oxidized at 1100°C both isothermally (100 h) in 

air+10%H2O and using 1-h cycles in air±10%H2O for 500 cycles.  Dry air cyclic testing 

was conducted at both ORNL and FZJ with remarkably similar results.  Two LPPS 

specimens without oxide additions were tested for comparison.  The specimens with 

2%Al2O3 addition exhibited the best behavior as the powder already contained 0.4%Y.  

Additions of 2%Y2O3 and especially 1%Y2O3+1%HfO2 resulted in over-doping as 

evidenced by high mass gains and the formation of Y- and Hf-rich pegs.  In general, 
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water vapor caused typical effects of more scale spallation.  The isothermal specimens 

were characterized using analytical scanning transmission electron microscopy (STEM).  

In the over-doped specimens, Hf and/or Y segregation to the alumina scale grain 

boundaries was not observed.   

 

Introduction 

In searching for improved bond coatings for thermal barrier coating (TBC) 

systems for land-based gas turbines, a recent observation was that an air plasma sprayed 

(APS) “flash” coating on top of a high velocity oxygen fuel (HVOF) MCrAlY coating 

resulted in a substantial improvement in furnace cycle lifetime [1,2].  One explanation for 

this improvement is an increased roughness compared to typical HVOF coatings that 

provides better bonding with the APS yttria-stabilized zirconia (YSZ) top coating.  

However, the outer APS bond coating layer also contains a higher content of oxide 

particles.  It is well-known that oxide dispersion strengthening (ODS) can lead to 

improvements in oxidation behavior and, in particular, effects associated with a higher 

creep strength substrate [3-7].   

To study the potential ODS benefit on the oxidation performance of MCrAlY 

bond coatings, this study fabricated free-standing ODS CoNiCrAlY specimens using 

LPPS and characterized the reaction products after both isothermal and cyclic oxidation 

testing at 1100°C.  Cyclic oxidation testing using 1-h cycles was conducted at both Oak 

Ridge National Laboratory (ORNL) and at Forschungszentrum Jülich (FZJ).  

Characterization of the reaction products was used to better understand the oxidation 

results including how the reactive element (RE) addition might be optimized in the 
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coating, which also is dependent on the coating process [8].  The ODS as well as the non-

ODS LPPS NiCoCrAlYHf and CoNiCrAlY specimens were used to illustrate these 

issues.  Evaluations also included testing in air with 10%H2O environments to better 

simulate turbine exhaust and the detrimental effects of water vapor on bond coating 

oxidation behavior [9-13] 

 

Experimental Procedure 

Commercial Co-30wt.%Ni-20Cr-8Al-0.4Y powder (Amdry 9954, -90+45 µm; 

purchased from Erlikon Metco, Wohlen, Schweiz) was ball milled with 2 wt.% additions 

of either (1) Al2O3, (2) Y2O3, or (3) Y2O3+HfO2. Additional details of the process 

development are detailed elsewhere [14].  The oxide dispersion powders were within       

-18+0.2 µm size range and were purchased from Martinswerk, Bergheim, Germany.  

Each batch was ball milled for 6 h in a static Ar atmosphere using a Simoloyer model 

CM01 ball mill (Zoz GmbH, Wenden, Germany).  Stearic acid (Ligacid 10-12, C18H36O2, 

Peter Greven GmbH & Co. KG, Bad Mustereifel, Germany) was used as a process 

control agent (PCA) to limit particle growth and ensure successful incorporation of the 

oxide particles [14].  After ball milling, the powders were sprayed via low pressure 

plasma spray (LPPS) on a steel plate including CoNiCrAlY and a NiCoCrAlYHf powder 

without an oxide addition, Table 1.   

Oxidation coupons (10 x 20 x 1.5 mm) were cut from the steel plate using spark-

erosion. The free-standing material was then heat-treated in vacuum of 10-5 mbar at 

1120°C for 2 h followed by 24 h heat treatment at 845C.  The FZJ coupons were 

polished to a P1200 grit (15.3 µm) surface finish and ultrasonically degreased in ethanol.  
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The coupons at ORNL were polished to a 600 grit (16 µm) surface finish and 

ultrasonically cleaned in acetone and methanol prior to oxidation testing.  Mass change 

was measured using a Mettler-Toledo model XP205 balance with an accuracy of 0.04 mg 

(or ±0.01 mg/cm2).  Specimens were tested at 1100°C (1) isothermally for 100 h using a 

Cahn model 1000 microbalance to measure the reaction kinetics using air with 

10±1%H2O with a gas flow rate of 100 cc/min and (2) cyclically using 1-h cycles with 10 

min cooling between cycles using an automated system with dry or wet (10% H2O) air 

with a gas flow rate of 185 cc/min for 500 cycles. The specimens were weighed every 20 

(ORNL) or 50 (FZJ) cycles. 

After exposure, specimens were Cu- or Ni-plated and characterized in cross-

section using light microscopy, scanning electron microscopy (SEM) (Hitachi model 

S4800) equipped with x-ray energy dispersive spectroscopy (EDS) (EDAX system) and a 

FEI Talos F200X operated at 200 kV, which is equipped with an extreme field emission 

gun (X-FEG) electron source and Super-X EDS (energy dispersive spectroscopy) system 

with 4 silicon drift detectors (SDD) for chemical analysis.  Specimens for TEM analysis 

were prepared by focused ion beam (Hitachi model NB5000 FIB-SEM,) using the in-situ 

lift-out method from oxidized surfaces of only isothermally tested coupons.  Electron 

backscatter diffraction (EBSD) analyses were acquired using a Zeiss Merlin SEM 

equipped with a Nordlys EBSD camera and Aztec software package (Oxford 

Instruments). Transmission Kikuchi diffraction (TKD) was performed on the scales using 

FEI Versa 3D Dual beam equipped with Aztec software package (Oxford Instruments). 

The -phase depletion was measured from the gas/oxide interface because often the 

metal/oxide interface was difficult to be determined using the Fiji software.  
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Results 

Cyclic oxidation 

Figure 1 shows the specimen mass change data for 1-h cycles at 1100°C.  Figure 1a 

shows the data from ORNL and FZJ in dry air where remarkably similar results were 

observed in both laboratories.  The non-ODS NiCoCrAlYHfSi specimens had the highest 

mass gain due to significant internal oxidation, Figure 2a.  A non-ODS CoNiCrAlY 

specimen was only exposed at FZJ and showed significantly lower mass gain, Figure 1a.  

The ODS-CoNiCrAlY specimens with a 2%Al2O3 addition showed the lowest mass gain 

and formed a uniform, thin alumina scale, Figure 2b.  The addition of 2%Y2O3 resulted in 

a slightly higher mass gain, similar to the non-ODS CoNiCrAlY specimen for ~250 

cycles.  The Y2O3-dispersed specimens then showed decreasing mass suggesting scale 

spallation.  Consistent with the mass gain data, the oxide was thicker on this specimen, 

Figure 2c and the inset in Figure 2c shows an area where the scale spalled.  Finally, the 

specimens with 1%Y2O3 and 1%HfO2 showed a higher mass gain followed by evidence 

of scale spallation.  In this case, there was some difference in spallation behavior between 

the ORNL and FZJ specimens, Figure 1a.  The combination of Y2O3 and HfO2 resulted in 

increased internal oxidation, Figure 2d, consistent with the higher initial mass gain. 

 Figure 3 shows the scale formed on the non-ODS CoNiCrAlY specimen.  

Consistent with the low mass gain in Figure 1a, a thin, fairly uniform scale was observed 

with only minor internal oxidation of the Y in the powder, Table 1.  The SEM EDS maps 

in Figure 3 reveal that significant Y was incorporated into the scale during this exposure 

and the typical  depletion zone developed. 
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 Figure 1b shows the effect of adding 10% water vapor on the cyclic oxidation 

behavior for cyclic tests conducted at ORNL.  In general, the ODS specimens showed 

increased spallation with the addition of H2O, while the non-ODS NiCoCrAlYHfSi 

specimen exposed in wet air showed a slightly higher mass gain.  Cross-sections of the 

specimens cycled in wet air are shown in Figures 2e-2h and compared to the specimens 

exposed in dry air at ORNL.  In both environments, the non-ODS NiCoCrAlYHfSi 

specimens formed a thick scale with significant internal oxidation.  The bright particles in 

the BSE images are oxides rich in high atomic number elements Hf or Y.  For the ODS 

specimens, the scales were thinner after exposure in wet air consistent with scale 

spallation.  No internal oxidation was observed for the Al2O3-dispersed specimens.  For 

the specimens with Y2O3 additions, Y-rich oxides in the scale were only clearly observed 

after oxidation in dry air, likely due to more scale spallation in wet air.  In both 

environments, the specimens with both Y2O3 and HfO2 additions showed significant 

internal oxidation with evidence of RE-rich oxide formation, particularly in the areas 

with the thickest scale, Figures 2d and 2h.  These specimens also showed bright 

precipitates in the metal, which were identified as HfC.  For the specimen exposed in wet 

air, there appeared to be a region depleted in HfC beneath the scale, Figure 2h. 

 Figure 4a quantifies the scale thicknesses shown in Figure 2 using box and 

whisker plots that show the 25% and 75% values along with the median value within the 

box.  The whiskers show the minimum and maximum values measured.  Consistent with 

the mass change data in Figure 1, the thinnest oxides were observed on the Al2O3-

dispersed specimens followed by the Y2O3-dispersed specimens.  However, for the 

exposures in water vapor, the scales may be thinner due to scale spallation.  The thickest 
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oxides were observed on the non-ODS specimens and the measurements suggest that the 

addition of water vapor slightly increased the scale thickness, perhaps by increasing the 

degree of internal oxidation.  As a measure of the amount of degradation, Figure 4b 

shows the depth of -phase depletion in each of the specimens in Figure 2.  Consistent 

with the mass change data in Figure 1b, water vapor had little effect on the depletion 

observed in the non-ODS NiCoCrAlYHfSi specimen.  For the ODS CoNiCrAlY 

specimens, the -phase depletion increased when the specimens were tested in water 

vapor, consistent with the increase in spallation.  The largest depletion was observed for 

the specimens with 1%Y2O3 and 1%HfO2, which is not surprising given the thicker scale 

that formed on these alloys.  The significant increase in depletion for the Al2O3-dispersed 

specimen exposed to wet air seems unusual given the relatively small mass loss.  In 

general, the CoNiCrAlY powder had a lower Al content and the depth of  phase 

depletion should not be compared with that of the NiCoCrAlYHfSi specimen. 

 The alloy microstructure also was examined ~200 µm below the surface after the 

500 h cyclic exposure, Figure 5.  As expected, the alloy grain size was smaller in the 

ODS specimens.  The Al2O3-dispersed specimen appeared to have the finest grain size.  

In addition to the oxide particles inhibiting grain growth, the PCA addition appeared to 

further refine the microstructure [14].  Carbon residue from the PCA may have 

contributed to the formation of Cr-rich carbides.  Note the very high C contents in the 

ODS specimens, Table 1.  Figure 6 shows the SEM EDS Cr maps showing the Cr-rich 

precipitates in the ODS specimens, but they were typically not observed in the  

depletion zone.  For example, no Cr-rich precipitates were observed in Figure 6h because 

of the large depletion zone in the 1%Y2O3+1%HfO2 ODS specimen after being cycled in 
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wet air.  In contrast, many Cr-rich precipitates were observed in the Al2O3-dispersed 

specimen after cycling in dry air (Figure 6b) where the  depletion zone was small, 

Figure 4b.  Also, no Cr-rich precipitates were observed in either NiCoCrAlYHfSi 

specimen, Figures 6a and 6e. 

 In both Hf containing specimens, HfC precipitates were observed and they 

appeared to contribute to grain size refinement.  The high Z, Hf-rich precipitates appear 

bright in the SEM BSE images in Figure 7.  In the NiCoCrAlYHfSi specimen, the grains 

were finer near the HfC precipitates, which were not uniformly dispersed.  In the ODS 

specimen with 1%Y2O3+1%HfO2, there appears to be a larger fraction of HfC (consistent 

with the higher Hf content, Table 1) and a smaller grain size.  A further examination of 

the air-cycled FZJ specimen with 1%Y2O3+1%HfO2 showed that HfC was present in the 

substrate at the edge of the  depletion zone, Figure 8a.  Deeper in the substrate, Figure 

8b, both HfC and Cr-rich M23C6 were present as suggested by the EDS Cr map in Figure 

6d. 

Isothermal oxidation 

Because of the scale spallation observed in the cyclic testing, the only suitable way to 

carefully study the scale microstructure formed on the ODS specimens was in isothermal 

exposures at 1100°C.  Exposures of 100 h were selected as this has been used in other 

studies of alumina-forming alloys [15-17].  Figure 9 shows the mass gain curves for each 

of the specimens in wet air.  Similar to the cyclic oxidation results, the lowest mass gain 

was observed for the ODS specimen with 2%Al2O3 and the highest mass gains were for 

the ODS and non-ODS specimens containing Hf (parabolic rate constants of 3x10-12 and 

1x10-11 g2/cm4s, respectively).  The rate for the ODS specimen with 2%Al2O3 was 3x10-
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13 g2/cm4s, which was very similar to the non-ODS CoNiCrAlY specimen (6x10-13 

g2/cm4s).  The rate for the ODS specimen with 2%Y2O3 was 1x10-12 g2/cm4s. 

 Cross-sections of the oxide scales after 100 h are shown in Figure 10.  

(Unfortunately, the non-ODS CoNiCrAlY specimen was obtained later and was not 

included in the characterization.)  Similar to the scales formed in cyclic testing and 

consistent with the mass change data, thicker scales formed on the Hf-containing alloys 

(ODS and non-ODS) and a very thin uniform scale formed on the Al2O3-dispersed 

CoNiCrAlY specimen.   

 Figure 11 summarizes the STEM observations for the four specimens in Figure 10 

showing both bright field (BF) and high angle annular dark field (HAADF) images of 

each specimen.  The thicker, less uniform scales on the Hf-containing alloys were more 

difficult to section and get a representative area for characterization than the more 

uniform scales formed on the ODS specimens with 2%Al2O3 (Figures 11b and 11f) and 

2%Y2O3 (Figures 11c and 11g).  In general, the scales formed columnar scales with an 

outer layer of more equiaxed grains.  Figure 12 shows higher magnification STEM 

HAADF images of the outer layer on each of the specimens.  Voids and RE-rich 

precipitates were frequently observed in this layer while the inner columnar layer tended 

to be denser.  Both the inner and outer scales were identified as -Al2O3.  As an example, 

Figure 13 shows electron diffraction analysis of the inner and outer scale layers formed 

on the NiCoCrAlYHfSi specimen.  Both electron diffraction patterns were oriented with 

the electron beam in the [ ] direction.  Analysis of the interplanar spacings and angles 

confirmed the presence of -Al2O3.   

2110
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 Figure 14 shows STEM HAADF images and EDS maps of the same four 

specimens.  The maps confirm that where thicker scales formed, RE-rich oxide particles 

were incorporated into the scale, i.e. peg formation with the RE-rich oxide surrounded by 

alumina due to the fast O transport in RE oxides and/or at precipitate-alumina interfaces 

[18,19].   

At a higher magnification, Figure 15 shows images of the slow-growing, mainly 

columnar scale formed on Al2O3-dispersed CoNiCrAlY.  With the advanced EDS 

detection on the Talos STEM, grain boundary segregation of Y on most of the alumina 

scale grain boundaries can be found in one map.  In addition, small Y-rich oxides were 

observed near the interface between the outer and inner oxide layers (Figure 12c) and in 

the substrate adjacent to the scale, Figure 15c.  Recall that this Y was present in the 

starting CoNiCrAlY powder.  The Cr EDS map in Figure 15d also shows some Cr 

incorporation in the outer scale.  Surprisingly, in the other specimens with higher Hf 

and/or Y levels no grain boundary segregation of Y or Hf was detected (including 

attempts at higher magnification).  In these specimens, the large RE additions appeared to 

be only found in the RE-rich oxides rather than segregated to the alumina grain 

boundaries. 

 Finally, the grain structure of the scales formed on the ODS specimens was 

analyzed using TKD, Figure 16.  In general, the scale was less columnar on the Hf-

containing specimen.  The TKD showed similar orientations of the alumina grains even 

though there was a variation in the scale morphology.  However, TKD showed more 

random grains in the outer equiaxed region.  The phase maps also confirmed that the 

outer scales were -Al2O3, consistent with the electron diffraction analysis shown in 
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Figure 13.  Figures 16a and 16c have more non-indexed pixels because of an issue with 

specimen preparation. 

 

Discussion 

While the initial goal was to study the role of an oxide dispersion on the oxidation 

behavior of free-standing bond coating compositions, in many cases the specimens were 

illustrations of RE over-doping, which has been discussed in a number of RE studies 

[8,21,22].  Overdoping was an issue because the starting powder contained Y and adding 

HfO2 and/or Y2O3 then provided much more RE than necessary for optimal behavior.  

Table 1 clearly shows the lower Hf and Y values in the commercial powders compared to 

the ODS materials.  The clearest evidence of the non-optimal behavior was the excessive 

formation of RE-rich oxide precipitates which permits rapid O transport through the 

alumina, resulting in much thicker scales.  The overdoped scales also had a less columnar 

grain structure.  Surprisingly, the overdoped scales also did not show segregation of Hf 

and/or Y ions to the alumina grain boundaries.  A possible explanation is that nearby RE-

rich oxides provide “sinks” for the RE ions, thus reducing the amount of segregation.  

Previously it was demonstrated that the amount of segregation dropped when RE-rich 

oxides precipitated [24].  The lack of RE segregants may explain the larger grains in the 

overdoped scales.  In prior studies with over-doping, the thick scales were typically not 

studied by STEM, thus the lack of RE segregation in over-doped scales has not been 

previously reported. 

The only ODS specimen that was not overdoped was the Al2O3-dispersed 

CoNiCrAlY, Figures 1 and 9.  This composition showed the slowest scale growth rate 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



and best scale adhesion.  However, the specimen cycled with water vapor in the 

environment did show noticeable scale spallation, Figure 1b and 2f.  Smialek has 

suggested that this is due to a process similar to stress corrosion cracking at the metal-

scale interface [11].  While stronger substrates do resist deformation [3,25], they also are 

unable to relax the thermal mismatch stress [26] and their oxide scales tend to spall more 

readily than those that form on weaker (e.g. non-ODS) substrates.  Another reason for 

increased scale spallation from the ODS materials could be the high C content in the 

ODS materials. Cr-carbide formation at the metal-scale interface was shown to promote 

scale spallation during cyclic oxidation of model C-containing FeCrAlY alloys [27].  

Indications of Cr-rich carbide formation at the scale/metal interface of the ODS-coatings 

studied in the present work can be found in Figure 6.  Further studies are required to 

determine to what degree these two factors contributed to the observed scale spallation. 

The non-ODS NiCoCrAlYHfSi specimens were not the optimal comparison for 

the ODS CoNiCrAlY specimens.  Later in the project, non-ODS CoNiCrAlY was 

compared in the cyclic oxidation test in dry air, Figure 1a, and in the isothermal 

experiment, Figure 9.  With less Y and no Hf, the mass gain was much lower than the 

NiCoCrAlYHfSi specimen and similar to the mass gains for the Al2O3- and Y2O3-

dispersed specimens. 

The non-ODS NiCoCrAlYHfSi specimens illustrated an important issue about the 

effect of coating O content on the optimal RE addition.  This composition with ~0.25%Hf 

and 0.68%Y [22] may provide excellent results for cathodic arc and HVOF coatings 

[17,23] but the LPPS process used here typically results in a much lower O content that 

has been shown to produce non-optimal results for a fixed RE content in the powder [8].  
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When the coating contains a higher O level, the RE additions are tied up as oxides.  

Compared to RE alloy additions, the RE is less mobile when present as oxides and less 

RE becomes incorporated into the alumina scale [8,16,19], typically resulting in better 

oxidation performance.  To produce optimal results, the Y and Hf levels should have 

been reduced in the powder for the LPPS process, although, it should be mentioned that 

overdoping also is a function of specimen/coating thickness [28,29]. 

 The effect of water vapor observed in Figure 1b is typical of prior work [9-13].  

Alumina is less affected by water vapor than chromia or silica scales [30,31], however, 

alumina-forming alloys and coatings can still show effects such as increased scale 

spallation and shorter TBC lifetimes [12,13,32].  The CoNiCrAlY with Y2O3 and HfO2 

appeared to show an initial faster scale growth rate in wet air compared to dry air.  The 

other ODS specimens showed similar initial mass gains in both environments followed 

by increased spallation in the presence of water vapor.  The isothermal testing was 

conducted with water vapor as this environment is more representative of the turbine 

operating conditions. 

 Several unique microstructural observations were noted.  The formation of Cr-

rich M23C6 can be attributed to the higher C content in the ODS material compared to the 

original powder, Table 1.  In general, ball milling can lead to increased interstitials such 

as C, N and O during milling and handling of the powder.  In this case, the PCA addition 

also likely further increased the C content.  The apparent depletion of M23C6 in the  

depletion zone, has been modeled previously for the case of alloy 602CA [33,34].  The 

depletion of M23C6 may be related to the effect of Al content on Cr activity, i.e. the 

decreased Al content in the subscale depletion zone results in a decreased Cr activity, 
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apparently resulting in a dissolution of the carbide phase. In addition to M23C6, HfC was 

observed in both Hf-containing materials. For the ODS material, this observation implies 

that the HfO2 dispersion added during manufacturing dissociated and reacted with C 

introduced into the coating by the PCA.  All of the ODS materials contain very high C 

levels, Table 1.  A more complete thermodynamic assessment is needed.  The HfC 

depletion observed in Figure 2h could be attributed to dissolution of the HfC as Hf 

becomes incorporated into the scale. This means that effectively a reverse transformation 

of Hf-carbide into Hf-oxide occurs. Again, these issues could be studied computationally 

considering the locally prevailing thermodynamic activities of Hf, C and O and diffusion 

controlled reactions. 

 The outer scale layer formed on the ODS CoNiCrAlY materials shown in Figure 

11 contained RE-rich oxides, voids and enrichment of Cr from the transient phase of 

oxidation, Figure 15e.  The observation of voids in this layer could be due to the  

phase transformation [15,16,35], the solid state formation of NiAl2O4 [36] or the 

evaporation of Cr and/or Ni [37]. 

 Similar powders with 2%Y2O3 and 1%Y2O3+1%HfO2 were sprayed as bond 

coatings using HVOF with an APS YSZ top coating and compared to a conventional 

HVOF NiCoCrAlYHfSi bond coating [38].  In 100-h furnace cycle testing at 1100°C in 

wet air, all of these bond coatings showed a similar lifetime of 4 cycles.  Thus, the ODS 

additions did not improve the TBC lifetime.  However, based on this study, the Al2O3-

dispersed powder also should have been evaluated.  Subsequently, a >4X increase in 

TBC lifetime was observed when the APS flash coating was added to the conventional 

HVOF bond coating [2].  To further study the benefit of ODS bond coatings, future work 
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should focus on Al2O3-dispersed coatings with no further RE additions and lower C 

contents.  In addition, quantifying the ODS effect on coating mechanical properties 

would be useful for modeling as well as studying how the volume fraction of oxide 

affects oxidation behavior.  For actual coating studies, the ODS layer could be used as the 

flash coat layer with an HVOF inner layer. 

 

Conclusions 

Free standing bond coating compositions with and without oxide dispersion 

strengthening (ODS) were sprayed using low pressure plasma spray and evaluated in 

cyclic and isothermal oxidation at 1100°C.  Detailed characterization of the scale and 

alloy microstructures were conducted in order to study the effect of different oxide 

dispersions on oxidation behavior in both dry air and air with 10%H2O to simulate 

turbine exhaust.  For 1-h cyclic testing in dry air, similar results were obtained at FZJ and 

ORNL.  Non-ODS NiCoCrAlYHfSi specimens experienced significant internal oxidation 

of Hf and Y resulting in high mass gains and thick scales in both 500, 1-h cycles and 100-

h isothermal exposures.  Likewise, CoNiCrAlY with additions of 2%Y2O3 and 1%Y2O3 + 

1%HfO2 showed faster scale growth, particularly for the latter composition.  All three of 

these compositions were overdoped with Hf and/or Y.  The best performing composition 

was with a 2%Al2O3 addition, which showed the lowest mass gains, best scale adhesion 

and limited  phase depletion beneath the scale.  This was the only specimen where Y 

ions were found to strongly segregate to the alumina scale grain boundaries.  All of the 

ODS specimens had a finer grain size.  Similar to previous studies, the addition of water 

vapor in the cyclic testing resulted in increased oxide scale spallation for all of the ODS 
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compositions.  The use of PCA to prepare the powder resulted in high levels of C in the 

specimens leading to the formation of Cr-rich M23C6 in all cases and HfC in the Hf-

containing specimens.  Future work should focus on Al2O3 dispersions to avoid issues 

with overdoping. 
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Figure Captions 

 

Figure 1.  Specimen mass change as a function of cumulative exposure time in 1-h cycles 

at 1100°C (a) in dry air comparing results from ORNL (dashed line) and FZJ (solid line) 

and (b) ORNL data in dry (closed symbols) and wet air (open symbols). 

 

Figure 2.  SEM BSE images of polished cross-sections of the ORNL specimens after 

500, 1-h cycles at 1100°C in (a-d) dry air and (e-h) wet air, (a,e) non-ODS 

NiCoCrAlYHfSi and CoNiCrAlY with oxide dispersions of (b,f) Al2O3, (c,g) Y2O3 and 

(d,h) 1%Y2O3 + 1%HfO2.  The inset in (c) shows an area where the scale spalled. 

 

Figure 3. (a) SEM BSE cross-section of the scale formed on non-ODS CoNiCrAlY after 

500, 1-h cycles at 1100°C in dry air.  The SEM EDS maps show the (b) Y, (c) O, (d) Al, 

(e) Cr and (f) Ni. 

 

Figure 4. Microstructure measurements of specimens exposed to wet and dry air at 

1100C for 500 1-h cycles (a) scale thickness and (b)-phase depletion beneath the scale.  

The whiskers show the minimum and maximum values measured and the boxes are the 

25% and 75% values with the median value marked as the horizontal line in the box. 

 

Figure 5. SEM BSE images in the substrate ~200 µm beneath the scale after 500, 1-h 

cycles in wet air, (a) non-ODS NiCoCrAlYHfSi and CoNiCrAlY with oxide dispersions 

of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. 

 

Figure 6. SEM EDS Cr elemental maps generated for specimens exposed for 500, 1-h 

cycles at 1100°C in (a-d) dry air and (e-h) wet air; (a,e) non-ODS NiCoCrAlYHfSi and 
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CoNiCrAlY with oxide dispersions of (b,f) Al2O3, (c,g) Y2O3 and (d,h) 1%Y2O3 + 

1%HfO2. 

 

Figure 7. SEM BSE images in the center of the substrate after 500, 1-h cycles in wet air, 

(a) non-ODS NiCoCrAlYHfSi and (b) CoNiCrAlY with 1%Y2O3 + 1%HfO2. 

 

Figure 8. EBSD maps from the FZJ ODS CoNiCrAlY specimen with 1%Y2O3+1%HfO2 

oxidized for 500, 1-h cycles in dry air at 1100°C (a) near the interface of the  depletion 

zone and (b) ~200 µm below the surface. 

 

Figure 9.  Specimen mass gain during isothermal exposure at 1100°C in air with 

10%H2O.  Noise in the system occurred during the exposure of the CoNiCrAlY specimen 

with 1%Y2O3 + 1%HfO2. 

 

Figure  10. SEM BSE polished cross section images after 100 h in wet air of (a) non-

ODS NiCoCrAlYHfSi and CoNiCrAlY with oxide dispersions of (b) Al2O3, (c) Y2O3 and 

(d) 1%Y2O3 + 1%HfO2. 

 

Figure 11. STEM BF and HAADF cross-section images of the scale formed after 100 h 

isothermal oxidation in wet air on (a) non-ODS NiCoCrAlYHfSi and CoNiCrAlY with 

oxide dispersions of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2.  All of the images 

are at the same magnification. 

 

Figure 12. STEM HAADF cross-section images of the outer scale formed after 100 h 

isothermal oxidation in wet air on (a) non-ODS NiCoCrAlYHfSi and CoNiCrAlY with 

oxide dispersions of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2.  All of the images 

are at the same magnification. 

 

Figure 13. (a) STEM BF cross-section image of the scale formed after 100 h isothermal 

oxidation in wet air on non-ODS NiCoCrAlYHfSi.  Both the (b) outer and (c) inner 

layers were identified as -Al2O3 using the electron diffraction patterns along the [2 0] 

zone axis. 

 

Figure 14. STEM HAADF cross-section images and associated EDS maps of the scales 

formed after 100 h isothermal oxidation in wet air on (a) non-ODS NiCoCrAlYHfSi and 

CoNiCrAlY with oxide dispersions of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. 

 

Figure 15. (a) STEM BF cross-section of the scale formed on Al2O3-dispersed 

CoNiCrAlY after 100h isothermal exposure at 1100C in wet air.  The STEM EDS maps 

show the (b) O, (c) Al, (d) Y and (e) Cr. 

 

Figure 16. STEM TKD of the scale cross-sections formed after 100h isothermal 

exposure at 1100C in wet air on CoNiCrAlY with dispersions of (a) Al2O3, (b) Y2O3 and 

(c) 1%Y2O3 + 1%HfO2. 
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Table 1. Chemical composition (wt.%) of free-standing coatings after 6 h of ball milling 

determined by inductively coupled plasma optical emission spectroscopy: values for O, 

C, and N determined by combustion analysis are given in ppmw 

 

† - nominal values; # - values typically measured in Amdry 9954 coatings sprayed with same LPPS-

process 

 

 

 
Figure 1.  Specimen mass change as a function of cumulative exposure time in 1-h cycles 

at 1100°C (a) in dry air comparing results from ORNL (dashed line) and FZJ (solid line) 

and (b) ORNL data in dry (closed symbols) and wet air (open symbols). 

 

        
Figure 1.  Specimen mass change as a function of cumulative exposure time in 1-h cycles 

at 1100°C (a) in dry air comparing results from ORNL (dashed line) and FZJ (solid line) 

and (b) ORNL data in dry (closed symbols) and wet air (open symbols). 
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Figure 2.  SEM BSE images of polished cross-sections of the ORNL specimens after 

500, 1-h cycles at 1100°C in (a-d) dry air and (e-h) wet air, (a,e) non-ODS 

NiCoCrAlYHfSi and CoNiCrAlY with oxide dispersions of (b,f) Al2O3, (c,g) Y2O3 and 

(d,h) 1%Y2O3 + 1%HfO2.  The inset in (c) shows an area where the scale spalled. 

 

 

 

Figure 2. SEM BSE images of polished cross-sections of the ORNL specimens after 500, 

1-h cycles at 1100°C in (a-d) dry air and (e-h) wet air, (a,e) non-ODS NiCoCrAlYHfSi 

and CoNiCrAlY with oxide dispersions of (b,f) Al2O3, (c,g) Y2O3 and (d,h) 1%Y2O3 + 

1%HfO2.  The inset in (c) shows an area where the scale spalled. 
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Figure 3. (a) SEM BSE cross-section of the scale formed on non-ODS CoNiCrAlY after 

500, 1-h cycles at 1100°C in dry air.  The SEM EDS maps show the (b) Y, (c) O, (d) Al, 

(e) Cr and (f) Ni. 

 

 
Figure 4. Microstructure measurements of specimens exposed to wet and dry air at 

1100C for 500 1-h cycles (a) scale thickness and (b)-phase depletion beneath the scale.  

The whiskers show the minimum and maximum values measured and the boxes are the 

25% and 75% values with the median value marked as the horizontal line in the box. 
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Figure 5. SEM BSE images in the substrate ~200 µm beneath the scale after 500, 1-h 

cycles in wet air, (a) non-ODS NiCoCrAlYHfSi and CoNiCrAlY with oxide dispersions 

of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. 

 

 
Figure 6. SEM EDS Cr elemental maps generated for specimens exposed for 500, 1-h 

cycles at 1100°C in (a-d) dry air and (e-h) wet air; (a,e) non-ODS NiCoCrAlYHfSi and 

CoNiCrAlY with oxide dispersions of (b,f) Al2O3, (c,g) Y2O3 and (d,h) 1%Y2O3 + 

1%HfO2. 
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Figure 9.  Specimen mass gain during isothermal exposure at 1100°C in air with 

10%H2O.  Noise in the system occurred during the exposure of the CoNiCrAlY specimen 

with 1%Y2O3 + 1%HfO2. 
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Figure  10. SEM BSE polished cross section images after 100 h in wet air of (a) non-

ODS NiCoCrAlYHfSi and CoNiCrAlY with oxide dispersions of (b) Al2O3, (c) Y2O3 and 

(d) 1%Y2O3 + 1%HfO2. 

 

 
Figure 11. STEM BF and HAADF cross-section images of the scale formed after 100 h 

isothermal oxidation in wet air on (a) non-ODS NiCoCrAlYHfSi and CoNiCrAlY with 

oxide dispersions of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2.  All of the images 

are at the same magnification. 
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Figure 13. (a) STEM BF cross-section image of the scale formed after 100 h isothermal 

oxidation in wet air on non-ODS NiCoCrAlYHfSi.  Both the (b) outer and (c) inner 

layers were identified as -Al2O3 using the electron diffraction patterns along the [2 0] 

zone axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. HAADF-STEM images of the outer scale cross-section formed after 100 h in 

wet air on (a) non-ODS CoNiCrAlYHfSi and CoNiCrAlY with oxide dispersions of (b) 

Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. All of the images are at the same 

magnification. 

 

 

 

 
Figure 13. (a) BF-STEM image of the scale cross-section formed after 100 h in wet air 

on non-ODS CoNiCrAlYHfSi.  Both the (b) outer and (c) inner layers were identified as 

a-Al2O3 using the electron diffraction patterns along the [2110] zone axis. 
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Figure 15. (a) STEM BF cross-section of the scale formed on Al2O3-dispersed 

CoNiCrAlY after 100h isothermal exposure at 1100C in wet air.  The STEM EDS maps 

show the (b) O, (c) Al, (d) Y and (e) Cr. 

 

 
 

Figure 14. HAADF-STEM images of the scale cross-section  and associated EDS maps 

of the scales formed after 100 h in wet air on (a) non-ODS NiCoCrAlYHfSi and 

CoNiCrAlY with oxide dispersions of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. 

 

 
Figure 15. (a) BF-STEM cross-section of the scale formed on Al2O3-dispersed 

CoNiCrAlY after 100h isothermal exposure at 1100°C in wet air.  The STEM EDS maps 

show the (b) O, (c) Al, (d) Y and (e) Cr. 
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Figure 16. STEM TKD of the scale cross-sections formed after 100h isothermal 

exposure at 1100C in wet air on CoNiCrAlY with dispersions of (a) Al2O3, (b) Y2O3 and 

(c) 1%Y2O3 + 1%HfO2. 
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Figure 16. TKD and phase maps of the scale cross-sections formed after 100h isothermal 

exposure at 1100°C in wet air on CoNiCrAlY with dispersions of (a) Al2O3, (b) Y2O3 and 

(c) 1%Y2O3 + 1%HfO2. 

 

 

 

a) b)  c) 
FCC 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



        
Figure 1.  Specimen mass change as a function of cumulative exposure time in 1-h cycles 
at 1100°C (a) in dry air comparing results from ORNL (dashed line) and FZJ (solid line) 
and (b) ORNL data in dry (closed symbols) and wet air (open symbols). 
 

 

a)	 b)	

Fig1 Click here to download Colour figure (print) 1. Mass change.pdf 

http://www.editorialmanager.com/mht/download.aspx?id=55965&guid=059c9815-3b0a-4448-ab81-9284b65250fe&scheme=1
http://www.editorialmanager.com/mht/download.aspx?id=55965&guid=059c9815-3b0a-4448-ab81-9284b65250fe&scheme=1


 
 

Figure 2. SEM BSE images of polished cross-sections of the ORNL specimens after 500, 
1-h cycles at 1100°C in (a-d) dry air and (e-h) wet air, (a,e) non-ODS NiCoCrAlYHfSi 
and CoNiCrAlY with oxide dispersions of (b,f) Al2O3, (c,g) Y2O3 and (d,h) 1%Y2O3 + 
1%HfO2.  The inset in (c) shows an area where the scale spalled. 
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Figure 12. HAADF-STEM images of the outer scale cross-section formed after 100 h in 
wet air on (a) non-ODS CoNiCrAlYHfSi and CoNiCrAlY with oxide dispersions of (b) 
Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. All of the images are at the same 
magnification. 
 
 
 

 
Figure 13. (a) BF-STEM image of the scale cross-section formed after 100 h in wet air 
on non-ODS CoNiCrAlYHfSi.  Both the (b) outer and (c) inner layers were identified as 
a-Al2O3 using the electron diffraction patterns along the [2110] zone axis. 
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Figure 14. HAADF-STEM images of the scale cross-section  and associated EDS maps 
of the scales formed after 100 h in wet air on (a) non-ODS NiCoCrAlYHfSi and 
CoNiCrAlY with oxide dispersions of (b) Al2O3, (c) Y2O3 and (d) 1%Y2O3 + 1%HfO2. 
 

 
Figure 15. (a) BF-STEM cross-section of the scale formed on Al2O3-dispersed 
CoNiCrAlY after 100h isothermal exposure at 1100°C in wet air.  The STEM EDS maps 
show the (b) O, (c) Al, (d) Y and (e) Cr. 
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Figure 16. TKD and phase maps of the scale cross-sections formed after 100h isothermal 
exposure at 1100°C in wet air on CoNiCrAlY with dispersions of (a) Al2O3, (b) Y2O3 and 
(c) 1%Y2O3 + 1%HfO2. 
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