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ABSTRACT 

Nickel-based superalloy components in the hot sections of commercial gas turbine engines 

are often protected by aluminide coatings due to their ability to function in oxidative and 

corrosive environments.  However, the microstructures of these coated systems are metastable 

and change in service due to interactions with the environment and interdiffusion with the 

underlying substrate.  The extent of these changes depends critically upon coating 

microstructure, chemistry, and the environment that the coated component operates in.  This 

thesis highlights the influences of chemical composition, post-deposition annealing, and 

isothermal oxidation at 1050°C on the microstructures and properties of NiAl-Zr and NiAl-Cr-Zr 

overlay bond coatings.  In particular, the results indicated that in slightly Ni-rich NiAl-based 

coatings, coating/substrate interdiffusion and Al-depletion within the coating could be inhibited 

by increasing the Zr content from 0.3 at.% to 1.0 at.% Zr.  However, subsequent additions of 5 

at.% Cr to coatings containing 1 at.% Zr, resulted in interdiffusion and Al-depletion levels more 

similar to low Zr or Zr-free coatings.  Results are discussed relative to conventional coating 

systems. 
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CHAPTER 1:  INTRODUCTION 

1.1 General Background 

Significant advances in the high temperature capabilities of gas turbines have been realized 

through the development of new Ni-based superalloys, novel cooling technologies, and improved 

manufacturing methods [1-7].  Modern gas turbines typically use combustor and turbine 

superalloys with melting points in excess of ~1200°C [2,8].  However, when these alloys are 

used to form components in the turbine, combustor, and/or augmentor sections of gas turbines, 

they become vulnerable to environmental damage due to oxidation and/or hot corrosion (see refs. 

[1-3,9-11]).  Because of this, the surfaces of superalloy components are often protected with 

environmental- and thermal-protection coatings.   

Thermal barrier coating (TBC) systems are designed to reduce the bulk and surface 

temperatures of a component, thus increasing their service lifetimes [5,12,13].  The benefits of 

thermal barrier coatings include not only the ability to run at higher operating temperatures 

resulting in higher efficiencies, but also include reduced costs, higher corrosion and oxidation 

resistance, reduced creep damage, and improved thermal fatigue life [12].  Typical TBC systems 

are composed of an insulating ceramic top coat (the actual TBC), a metallic bond coat, a 

thermally grown oxide (TGO) between the top and bond coats, and the underlying superalloy 

substrate.  The TGO, which typically forms during processing or service, simultaneously 

improves adhesion between the top coat and the bond coat while providing resistance to 

oxidation and hot corrosion.  The properties and performance of the bond coat, in particular the 

kinetics of TGO growth, have been shown to play one of the largest roles in determining TBC 
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lifetime [2,10].  This is because TGO growth kinetics and the evolution of stresses within the 

coating system are dependent upon the chemistry of the bond coat.  As such there is significant 

interest in the development of advanced bond coats specifically designed to improve TBC life. 

The bond coats used in modern TBCs are typically one of two types: (1) metallic MCrAlX 

overlay coatings (where “M” is Fe, Co, and/or Ni, and “X” is either an oxygen-active element or 

precious metal); or (2) diffusion aluminide coatings such as β-(Ni,Pt)Al [3,4,10].  Each of these 

coatings offers advantages and disadvantages in terms of processing and performance.  It is 

important to note that these modern coatings generally include small additions (on the order of 

500 ppm or so) of oxygen reactive elements (REs) to increase TGO adhesion [12,14].  Though 

the reasons for the beneficial influence of REs are still under investigation [15], research on 

model bulk alloys suggests that precious metal free, RE-doped NiAl bond coats could yield 

significant improvements in TBC performance in comparison to traditional bond coats provided 

that processing methods could be developed to facilitate their uniform incorporation and 

retention [16-20].   

1.2 Motivation 

This thesis reports the results of a study of NiAl-0.3 at.% Zr, NiAl-1.0 at.% Zr, and NiAl-5.0 

at.% Cr-1.0 at.% Zr overlay coatings deposited onto Ni-based superalloy alloy substrates CMSX-

4 and Rene΄-N5.  These coatings were selected for several reasons: (1) little is known about these 

alloys and their effectiveness when used as bond coatings for a TBC system; (2) they offer the 

potential for significant cost reductions in comparison to state-of-the art diffusion aluminide 

coatings; and (3) they represent model systems for investigating the β-NiAl overlay coating 

concept.  Previous studies have shown that the addition of reactive elements such as Zr or Hf 

along with as much as 10 at.% Cr to the NiAl can provide increased coating strength and 
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adherence [21-25].  Studies have also shown that these additions may be more resistant to 

interdiffusion, which can lead to a longer blade life since less of the blade is consumed by the 

interdiffusion of the two alloys.  Furthermore, a reduction of interdiffusion also leads to faster 

repair times given that less of the blade has to be ground and refinished.     
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Thermal Barrier Coatings (TBCs) 

2.1.1 Current TBCs 

Current thermal barrier coatings have three components: the substrate, the overlay bond coat, 

and a ceramic top coat.  The substrate, which is primarily a single crystal nickel based 

superalloy, is used because of its high melting temperature and favorable mechanical properties 

at high temperatures.  The second component of the TBC is the bond coat which provides 

protection from oxidation by forming a thin layer of alumina at high temperatures to reduce 

oxygen diffusion.  The third component, better known as the insulating layer or top coat, is 

typically a ceramic composed of yttria-stabilized zirconia (YSZ).  The top coat allows the 

surface temperature of the coating to be reduced by up to 200°C. These layers, coupled with the 

current design of turbine blades, allow cooling air to pass through the blade and provide thermal 

protection [12,13].  

The composition of the bond coat is continually evolving to provide better protection from 

oxidation and reduce the risk of TBC spallation.  As noted in Chapter 1, The bond coats used in 

modern TBCs are typically one of two types: (1) metallic MCrAlX overlay coatings (where “M” 

is Fe, Co, and/or Ni, and “X” is either an oxygen-active element such as Y or Zr, a precious 

metal, or some combination of those elements); or (2) diffusion aluminide coatings such as β-

(Ni,Pt)Al [3,4,10].  Diffusion aluminides are coatings that consist primarily of a Pt modified β-

NiAl phase along with PtAl2 in coatings containing sufficient amounts of Pt.  When applied to a 

Ni-based super alloy and heat treated and/or oxidized, the coatings generally transform to a 
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mixture of Pt-modified β-NiAl and γ′-Ni3Al phases along with multiple types of precipitates 

(e.g., α-Cr or W, σ-phase, and µ-phase, etc.).  These precipitates have been observed to form 

along grain boundaries and within the β-NiAl grains. The formation of these precipitates is a 

direct result of Al diffusing into the substrate resulting in the entrapment of reactive elements in 

the grains [26].  The Pt addition in these coatings helps to inhibit the formation of these 

precipitates by reducing the diffusivity of the reactive elements.  The Pt also provides many other 

important improvements to the coating, such as lowering the rate at which β-NiAl transforms to 

γ′-Ni3Al and promoting selective oxidation of the Al.  This selective oxidation provides 

improved coating adhesion and stability, which results in a decreased oxide growth rate since the 

oxide is more pure [27,28].  The improvement provided by the addition of Pt comes with the 

major drawback of its high cost. These coatings also have large interdiffusion zones compared to 

MCrAlYs and reactive element coatings, which results in longer repair times and shorter blade 

life. Rumpling of the surface is another problem with the diffusion aluminide coatings.  

Rumpling is the slow surface roughening of the bond coat during oxidation [12,21,29].  Several 

mechanisms have been proposed to describe rumpling including strain accumulation caused by 

coating-TGO thermal expansion mismatch[30], strains caused by the occurrence of a martensitic 

phase transformation [31], or some combination of mechanisms [32].  When rumpling occurs it 

can result in cracking through the bond coat and/or TGO, which can result in separation of the 

top coat from the underling substrate.        

Another category of bond coats currently in use are the MCrAlY overlay bond coats.  Like 

the diffusion aluminides, MCrAlY overlay coatings were created to produce a slow growing 

alumina layer to protect from oxidation.  These coatings contain a base of Fe, Co, and/or Ni 

along with Cr, Al, and Y as the primary alloying elements [10,12,33].  When first deposited 
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these coating consist of β-NiAl and γ′ phases with a small volume fraction of Cr-rich and Co-rich 

precipitate phases.  After heat treatment and oxidation the amount of γ′ phase increases due to Al 

depletion, while the amount of β decreases.  These phase changes at high temperatures can cause 

variations in the stress distribution throughout the coating as a result of volume fluctuations [34].  

The phase changes result from the Al in the β phase diffusing toward the surface of the coating to 

create the protective alumina scale, as well as some Al diffusing into the substrate.  This Al 

depletion is one of the main problems seen in MCrAlY coatings due to the fact that it can lead to 

spallation of the TBC due to the creation of spinel oxides[35].  These oxides weaken the bonding 

between the ceramic topcoat and bond coat resulting in coating failure.  Aluminum depletion is a 

problem that cannot be easily solved because a higher initial percentage of Al in the original 

coating might lead to brittleness and cracking.  One possible way to slow Al depletion is by 

introducing diffusion barriers between the coating and substrate consisting of stable compounds 

or slow diffusing elements [35-42].  Furthermore, Al depletion can also cause micro-structure 

instabilities.  This is caused by the inward diffusion of Al from the coating and the outward 

diffusion of Ni and other elements from the substrate.  

MCrAlY and diffusion aluminide coatings provided some of the needed protection for 

turbine blades, but were never really intended for use in the TBC system.  As such scientists 

have begun research into the use of NiAl-based reactive element (RE) doped bond coats, which 

contain a small amount, (typically less than 5 at.%), of a reactive elements such as Zr, Hf, and Y.   

Recently Hamadi et al. [22-24] and Priest [43] demonstrated the ability to process Pt-free, 

RE-doped NiAl via chemical vapor deposition (CVD) methods.  Both studies showed that Ni-

rich NiAl coatings with uniform RE contents below 1 at.% could be reliably produced.  In these 

coatings, it was observed that the REs initially segregated to the coating/substrate interface.  In 
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the case of Zr-doped NiAl, Hamadi et al. [24] showed that pre-treatment of an NiAl-Zr coating 

for as little as 12 minutes at 950°C under a residual oxygen pressure of 10
-3

 mbar, resulted in Zr 

migration from the coating to the coating/TGO interface where it remained mostly metallic.  

Subsequent cyclic oxidation at 1100°C of the pre-treated coatings resulted in the uniform 

incorporation of Zr into the growing TGO during the early stages of oxidation which contributed 

towards improved spallation resistance [22,23].  Priest [43] produced microstructurally similar 

coatings doped with Zr, Hf, and Y, but did not investigate their oxidation behavior.  In both of 

these studies, RE contents were maintained well below their experimentally measured or 

estimated solubility limits in β-NiAl. 

Using a different approach, Hazel et al. [21] have shown that the addition of relatively large 

amounts of Zr (on the order of 0.2-0.8 at.%) along with as much as 10 at.% Cr to the NiAl can 

provide increased coating strength and adherence [21].  It has also been shown that these 

coatings may be more resistant to coating/substrate interdiffusion, which can lead to a longer 

component life since less of the component would be consumed by interdiffusion.  Furthermore, 

a reduction of interdiffusion could lead to faster repair times given that less of the component 

would need to be ground and refinished.  This paper reports the results of an investigation into 

the microstructural evolution and oxidation resistance of ternary NiAl-Zr coatings produced via 

unbalanced direct current (DC) magnetron sputtering.  The results are discussed relative to recent 

observations in analogous coating systems. 

These bond coat systems have many advantages over the current MCrAlYs and diffusion 

aluminides because they were designed for improved spallation durability, while also improving 

performance and maintaining manufacturing requirements.  One of the major advantages is that 

RE-doped coatings have larger aluminum reserves to create the protective alumina scale.  
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Another potential advantage of RE-doped coatings is the possible formation of pegs.  These 

“pegs” can improve the integrity of the alumina scale and act as an anchor, holding the top coat 

and the bond coat together [21].  Pegs are not seen in all RE doped coatings and the formation of 

too many pegs can negate their possible positive effect.  Likewise, there is an ideal threshold of 

RE concentration that can be present and once this value is exceeded over-doping of the coating 

can occur which could lead to spallation.   In addition, a few other benefits of RE coatings are 

decreased creep rate and improved coating strength [24].  

2.2 Application of TBCs 

 The current application and preparation of TBCs is continually being optimized.  The 

process starts by grit blasting the turbine blade using an alumina medium.  Once this is 

completed, the coatings can be applied by electron beam physical vapor deposition (EB-PVD), 

plasma spray processing, or magnetron sputtering [9,12,33].  EB-PVD and plasma spray are 

currently the accepted methods in industry since application through these two methods is 

significantly less time consuming as compared to magnetron sputtering.  The plasma spray 

process starts by feeding the coating material into the gun.  The plasma melts the material and 

creates particles that are applied to the substrate.  After the correct amount of coating has been 

applied the specimen is cooled and the coating solidifies.   The EB-PVD process uses a melt pool 

of the raw material for coating.  A focused high-energy beam is used to generate vapor which is 

deposited on the specimen to be coated [12]. 

2.3 Problems in TBCs 

The two main problems that TBCs face when placed in their operating environment are 

oxidation and corrosion.  Both of these issues can result in catastrophic failure of the coating and 

the underlying substrate.   
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Oxidation occurs when metals are exposed to oxygen and other oxygen-containing gases 

at elevated temperatures.  When exposed to oxygen two results are possible:  the formation of a 

protective oxide layer or the removal of the metal surface.  This removal is called spallation, and 

is often a problem observed with TBCs at elevated temperatures.  When this occurs the coating 

flakes off and exposes the alloy underneath.  Once the alloy is exposed the oxygen atoms attack 

the metal resulting in the loss of load-bearing capability and eventually in component failure 

[12].  Both the aluminum and chromium in the alloy help reduce the risk of oxidation because 

aluminum reacts with the oxygen and forms a protective oxide layer while the chromium helps to 

increase the activity of aluminum, which results in the formation of a thicker oxide layer.  

Chromium also helps reduce oxygen diffusion through the coating.    

Corrosion is the degradation of a material because of a chemical reaction with the 

material and its surrounding environment.  TBCs are exposed to two main types of hot corrosion 

known as type Ι and type ΙΙ hot corrosion [44,45].  Hot corrosion occurs between 700°C and 

925°C, where type I occurs at the higher end of the temperature range and type II at the lower 

end.  Hot corrosion results when the molten salts in oxidizing gases melt and corrode away the 

TBC.  This occurs due to the molten salt attaching itself to the protect oxide layer and slowly 

breaking down the alumina scale.  Once this protective layer is broken down, the molten salt can 

attack the unprotected metal at a higher rate than before the break down of the oxide layer.   

Based upon research conducted on model bulk alloys and coatings [46-50], it is 

anticipated that NiAl-Cr-Zr coatings will exhibit hot corrosion resistance that is either 

comparable to or superior to current platinum aluminum coatings.  In NiAl-Cr-Zr coatings, this 

improvement is related to the incorporation of Cr, which is known to promote improved hot 

corrosion resistance in aluminide coatings.  In the case of Cr-free NiAl-Zr alloys and coatings, it 
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is expected that NiAl-Zr coatings would exhibit superior hot corrosion resistance than a binary 

NiAl alloy, but inferior hot corrosion resistance in comparison to a Cr containing alloy [46,51].   
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CHAPTER 3:  EXPERIMENTAL PROCEDURE 

3.1 Sample Preparation 

Alloy sputtering targets with dimensions of 50.8 mm diameter × 6.08 mm thickness were 

purchased from Sophisticated Alloys, Inc. (Butler, PA).  The nominal sputtering target 

compositions are provided in Table 3.1.  Coatings, approximately 30 µm in thickness, were 

deposited onto single crystal nickel based superalloy substrates (either CMSX-4 or René N5) 

using an AJA International, Inc. (Scituate, MA) ORION 4 sputtering system with a sputter-down 

configuration.  Prior to coating, the CMSX-4 substrates were ground to a 1000 grit finish with 

SiC paper while the René N5 substrates were coated in their as-grit blasted condition.  Before 

loading into the deposition chamber, each substrate was ultrasonically cleaned in baths of 

acetone, methanol, ethanol, and isopropanol followed by plasma cleaning to remove any surface 

films or impurities.   

 

Table 3-1 Composition of NiAl-Zr and NiAl-Cr-Zr Sputtering targets 

 NiAl-1%Zr NiAl-0.3%Zr NiAl-Cr-Zr 

 At.% Wt.% At.% Wt.% At.% Wt.% 

Ni 50 67.5 51 69.1 49 64.8 

Al 49 30.4 48.7 30.3 45 27.3 

Zr 1 2.1 0.3 0.6 1 5.9 

Cr - - - - - - - - - - - - 5 2.0 
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3.2 Deposition of Coatings 

The process of magnetron sputtering was used for the application of the NiAl-Zr and NiAl-

Cr-Zr overlay bond coats.  In the first portion of the sputtering process, magnets in the gun 

attract positive ions toward the target.  These ions collide with the target surface, ionizing it, 

which creates a vapor and the vapor particles are deposited on the substrate which is placed just 

below sputtering gun [12].  This method was chosen because previous studies have shown that 

coatings produced using magnetron sputtering can exhibit oxidation lifetimes exceeding those of 

other deposition techniques [21].  The process was also chosen because nearly any alloy can be 

deposited on a substrate with any type of surface roughness.   

The specific process of magnetron sputtering for coating deposition starts with the pumping 

down of the specimen chamber to between 5.0 × 10
-7

 to 5.0 × 10
-6

 Torr.  In the deposition 

chamber, the substrates were first heated to 675°C and allowed to soak at temperature until base 

pressures of 2.5 × 10
-6

 mTorr or better were achieved, approximately one hour.  At temperature 

the substrates for the NiAl-Cr-Zr samples were sputter cleaned for 30 minutes using an RF 

power supply with a bias of 25W.  The substrates for the NiAl-Zr samples were plasma cleaned 

but not sputter cleaned before deposition.  Then a pre-sputter process is performed by igniting 

the sputtering gun and slowly raising the power while the chimney is closed.  The pre-sputter 

process takes approximate 5 minutes then the chimney is opened and the stage is raised to 75mm 

from the target.  For the NiAl-Zr bond coatings a working gas of ultrahigh purity (UHP) Ar was 

used to maintain a working pressure of 10 mTorr (1.33 Pa).  The power was set at 300 W for the 

duration of deposition and all substrates were coated on the two primary faces.  For the NiAl-Cr-

Zr bond coat a working gas of UHP Ar was used to vary the pressure every 30 minutes from 

2mTorr to 20mTorr.  This helped to alleviate the thermal stress and spallation problems observed 
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during annealing.  During the first 30 minutes of each deposition, the samples were biased at 25 

watts.  Biasing of the substrates provides a denser first layer to help with coating adhesion [52].  

The power was set to 250 W for the duration of the deposition and all substrates were coated on 

the two primary faces.  After deposition was complete all substrates were held at a temperature 

of 675°C for one hour to help reduce any sputtering-induced residual stresses.    

3.3 Heat Treatment/Oxidation  

When the deposition process was complete, the samples were then heat treated and oxidized.  

The NiAl-Zr samples were heat treated in Thermolyne 21100 tube furnace under a flowing 

mixture of 5% hydrogen plus 95% argon.  Prior to heat treatment, the furnace was evacuated 

using a roughing pump.  The temperature was increased to 1000°C at a rate of 15°C/minute.  

Once the temperature was reached the samples were held there for two hours.  Then the samples 

were cooled at a rate of 15°C/minute down to room temperature.  Rather than using a flowing 

gas, the NiAl-Cr-Zr samples were sealed in quartz tubes that had been partially backfilled with 

ultra-high purity Ar.  The sealed tubes were then placed in a Thermolyne 21100 furnace for 

annealing.  The temperature of the furnace was increased to 800°C at a rate of 10°C per minute, 

held steady for one hour, and then increased to 1050°C where it was held for two hours.  The 

holding at 800°C for one hour was done to alleviate thermal stresses.  These samples were then 

cooled to room temperature at a rate of 15°C/minute.   

After heat treatment the samples were oxidized in laboratory air furnace.  Specimens were 

placed in annealed high purity alumina boats for oxidation.  The NiAl-Zr samples were 

isothermally oxidized for four, 24, 48, and 96 hours.  The NiAl-Cr-Zr samples were isothermally 

oxidized for 10, 20, 50, 100, 300, 500 hours.  Each isothermal oxidation test was conducted at 
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1050°C.  Each specimen was weighed before and after each oxidization test to determine the 

mass change as a function of exposure time.     

3.4 Microstructural Characterization  

The samples to be characterized were then mounted in a thermosetting, a hot mounting 

compound, and polished using standard metallographic techniques.  Prior to mounting and 

polishing, oxidized samples were coated with a thin copper layer to protect any oxide that 

formed.  Analysis was performed on these samples by means of X-ray diffraction (XRD) to find 

the phases that were present in the coating, scanning electron microscopy (SEM) with energy 

dispersive X-ray spectrometer (EDS) to determine the atomic composition throughout the 

coating, transmission electron microscopy (TEM) with the use of EDS, scanning transmission 

electron microscopy (STEM), and high angle annular dark field (HAADF) to confirm phases 

through diffraction patterns, and a dual beam focused ion beam (FIB) microscope with a silicon 

drift detector to collect elemental maps of the coating cross section.  The FIB was also used to 

produce all the TEM foils via the in-situ lift-out technique [53].     
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CHAPTER 4:  MICROSTRUCTURAL ANALYSIS OF NIAL-ZR COATINGS 

4.1 Coating Microstructures before oxidation 

NiAl-0.3%Zr and NiAl-1%Zr coatings were deposited using the same sputtering conditions 

that Bestor et al. [54,55] used in their studies of NiAl-Hf and NiAl-Cr-Hf coatings.  These 

deposition conditions produced dense coatings with columnar zone T microstructures and no 

apparent interaction between the coatings and the underlying substrates.  Results from XRD 

analysis of the as-deposited coatings are presented in Fig. 4.1.  Similar to results for NiAl-Hf 

coatings [55,56], all of the observed XRD peaks matched those of a Ni-rich β-NiAl phase [57].  

Coating compositions, as measured via SEM-EDS, are presented in Table 4.1.  The chemical 

compositions of the NiAl-0.3%Zr coatings were close to the nominal values while the NiAl-

1%Zr coatings were found to be enriched in Ni.  Though the chemistries of the targets were not 

quantified, it is believed that the Ni enrichment in the as-deposited coatings reflects the 

compositions of the target materials utilized and the selected sputtering conditions.   
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Figure 4-1 X-Ray diffraction patterns for as-deposited NiAl-Zr coatings 

 

Table 4-1 Chemical composition for NiAl-Zr coatings 

Alloy Condition Ni Al Zr Cr Co 

NiAl-0.3%Zr Nominal 51 48.7 0.3 --- --- 

  As-Deposited 52.33 ± 0.67 47.35 ± 0.72 0.32 ± 0.21 --- --- 

  1000°C/2h 56.21 ± 1.80 40.54 ± 1.53 0.24 ± 0.14 1.07 ± 0.38 1.90 ± 0.57 

NiAl-1%Zr Nominal 51 48 1.0 --- --- 

  As-Deposited 54.60 ± 0.84 44.36 ± 1.02 1.03 ± 0.55 --- --- 

  1000°C/2h 55.09 ± 1.23 42.93 ± 1.75 0.78 ± 0.29 0.78 ± 0.41 1.03 ± 0.34 

 

Representative XRD patterns for the annealed coatings are shown in Fig. 4.2.  The XRD 

peaks indicated that the annealed coatings consisted primarily of a Ni-rich β – NiAl phase along 

with small amounts of α-Al2O3, θ-Al2O3, and γ′-Ni3Al.  Fig. 4.3 shows representative cross-

sectional SEM images of the annealed coatings.  It was found that annealing resulted in 

precipitation within the coatings, coating/substrate interdiffusion producing a distinct IDZ, and 

the formation of a thin oxide layer on the coating surfaces.   
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Figure 4-2 XRD patterns for coatings after annealing for two hours at 1000°C.  (a) NiAl-0.3%Zr 

coating, (b) NiAl-1.0%Zr coating. 

 

 

  
 

Figure 4-3 Cross sectional SEM images following annealing for two hours at 1000°C. (a) NiAl-

0.3%Zr coating, (b) NiAl-1.0%Zr, and (c) 10000x magnified area of NiAl-1.0%Zr coating 
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Figure 4-3  continued 

 

 

In the NiAl-0.3%Zr and NiAl-1%Zr specimens (Figs. 4.3a and 4.3b), which were annealed in 

a flowing mixture of UHP Ar+H2, the surface oxide was continuous and ranged in thickness 

from ~500 – 700 µm.  In all of the annealed coatings, at least two distinct types of precipitates 

were observed in the SEM, the volume fractions of which varied with coating composition.  In 

the NiAl-0.3%Zr coatings a large number of sub-micron sized precipitates with low atomic 

number contrast were observed throughout coating thickness.  Also observed were a very small 

number of higher atomic number contrast precipitates located closer to the coating/IDZ interface 

and a dark band just above the IDZ, the nature of which became apparent during oxidation 

experiments (reported in section 4.2).  Similar observations were made in the NiAl-1%Zr 

coatings; however, the volume fraction of precipitates was considerably larger and the dark band 

was more visible.  IDZ thicknesses of 3.2 ± 0.5, and 3.6 ± 0.4 µm respectively were measured for 

the NiAl-0.3%Zr and NiAl-0.1%Zr coatings.   

Fig. 4.4 shows EDS line profiles for coatings annealed at 1000°C/2h.  As could be inferred 

from Figs. 4.3-4.4 and Table 4.1, annealing at 1000°C resulted in significant interdiffusion 

(c) 
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between the substrates and the coatings.  In particular, in the ternary NiAl-Zr coatings the Ni, Co, 

and Cr concentrations increased relative to the as-deposited coatings, while the Al and Zr 

concentrations decreased.   

 

 

Figure 4-4  Composition profiles through the annealed (a) NiAl-0.3%Zr and (b) NiAl-1.0%Zr 

coatings  
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Figure 4-4  continued 

 

TEM studies were undertaken in an effort to identify the precipitates that formed during 

annealing.  Fig. 4.5 shows representative bright field TEM images of the grain structures and 

precipitates observed in the annealed coatings.  Similar to previous investigations of NiAl-Hf and 

NiAl-Cr-Hf coatings [54,55,58], the grains were composed primarily of β-NiAl with submicron 

sized precipitates (10 – 80 nm) located predominantly along grain boundaries and occasionally 

within coating grains.  Using a combination of selected area diffraction (SAD), STEM imaging 

and EDS analysis, the precipitates were primarily identified as the β′-Ni2AlZr (i.e., Heusler) 

phase; however, a number of faceted α-Al2O3 precipitates were also observed within the 

coatings. 
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Figure 4-5  Representative TEM micrograph for (a) NiAl-0.3%Zr, and (b) NiAl-1.0%Zr. 

 

4.2. Coatings after oxidation 

Short term isothermal oxidation tests were conducted to determine influences of Zr content 

on microstructural evolution in the presence of oxygen.  Fig. 4.6 shows mass change data for 

coated specimens following oxidation at 1050°C.  Mass change data for similarly processed 

binary NiAl coatings are included for comparison [59].  In binary NiAl coatings, rapid mass 

gains were observed during the first 24 h of oxidation at 1050°C followed by scale spallation and 

mass loss.  In comparison, rapid mass gains were continuous in the NiAl-0.3%Zr and NiAl-

1.0%Zr coatings with lower mass changes in the NiAl-0.3%Zr coatings.   

(b) (a) 
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Figure 4-6 Mass change during oxidation for the NiAl-0.3%Zr and NiAl-1%Zr coatings.  The 

data for binary NiAl comes from reference [59]. 

 

XRD results for the oxidized coatings (Fig. 4.7) indicated the presence of α-Al2O3, θ-Al2O3, 

γ′-Ni3Al, and β
′
-Ni2AlZr phases in addition to β-NiAl.  The number and intensity of the XRD 

peaks associated with these phases increased with oxidation time.  Figs. 4.8 and 4.9 show SEM 

cross-sections and elemental concentration profiles for the coatings after isothermal oxidation at 

1050°C.  In both coatings, an oxide scale (i.e., a TGO) formed during oxidation as a result of the 

outward diffusion of Al from the coatings.  The TGO continued to grow with increasing 

oxidation time.  For example, in the NiAl-0.3%Zr coating, the scale thickness increased from 

1.30 µm to 4.92 µm after 96 h of oxidation.  Also observed was the apparent segregation of Zr to 

the coating/substrate interface after 96 h of oxidation (Fig. 4.9c).  Closer examination of the 

coatings also revealed the presence of a large number of low atomic number contrast precipitates 

superimposed upon the coatings, and their apparent agglomeration just above the IDZ forming a 

semi-continuous dark band.  This dark band can be clearly seen after 48h of oxidation of the 
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NiAl-1%Zr sample in Figure 4-10.  After TEM EDS and STEM HAADF it was determined that 

the dark band was composed of a mixture of alumina which was dispersed in a β-NiAl matrix 

(Fig. 4-11). The amounts of Co and Cr diffusing into the coating increased as the oxidation time 

increased.  Table 4.2 shows the average composition for the area 5 to 12 µm below the coating 

surface for the NiAl-0.3%Zr and NiAl-1%Zr coating.  The Ni, Cr, and Co concentrations 

increased, while the Al and Zr concentrations decreased with increasing oxidation time. 
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Figure 4-7 XRD patterns for coatings oxidized at 1050°C.  (a) NiAl-0.3%Zr coating, and (b) 

NiAl-1.0%Zr coating 
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Figure 4-7  continued 

 

 

Table 4-2  Average atomic compositions for 5-12µm below the coating surface 

Alloy Condition Ni Al Zr Cr Co 

NiAl-0.3Zr 1050°C/4 h 56.07 ± 1.07 39.70 ± 1.01 0.18 ± 0.18 1.68 ± 0.26 2.42 ± 0.40 

  1050°C/48 h 57.41 ± 0.62 36.98 ± 0.90 0.09 ± 0.09 2.25 ± 0.26 3.35 ± 0.24 

  1050°C/96 h 64.66 ± 5.97 29.18 ± 5.57 0.00 ± 0.00 2.28 ± 0.39 4.35 ± 0.29 

NiAl-1.0Zr 1050°C/4 h 57.60 ± 1.28 37.24 ± 0.96 0.81 ± 0.22 1.86 ± 0.21 2.47 ± 0.39 

  1050°C/48 h 56.91 ± 0.74 37.55 ± 0.62 0.67 ± 0.35 1.75 ± 0.37 3.11 ± 0.33 

  1050°C/96 h 57.82 ± 1.06 35.40 ± 1.34 0.99 ± 0.50 2.42 ± 0.14 3.37 ± 0.63 
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Figure 4-8 Cross-sectional SEM image and compositional profiles through the NiAl-0.3%Zr coating after (a) 4hr oxidation (b) 48hr 

oxidation, and (c) 96hr oxidation 
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Figure 4-8  continued 
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Figure 4-9 Cross-sectional SEM images and composition profiles through the NiAl-1.0%Zr coating after (a) 4hr oxidation (b) 48hr 

oxidation, and (c) 96hr oxidation 
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Figure 4-9  continued 
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Figure 4-10  SEM image showing the dark band in NiAl-1%Zr following oxidation at 1050°C 

for 48 h. 

 

 

Figure 4-11  STEM HAADF image of alumina formed within the dark band near the coating 

substrate interface 
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Fig. 4.12 shows Al, O, Cr, Zr, and Co elemental maps for the NiAl-0.3%Zr and NiAl-1%Zr 

samples after oxidation for 96 h.  The maps indicate that Al diffuses to the coating surfaces to 

form Al2O3 for each coating.  The sample containing 1%Zr also exhibits the segregation of Zr to 

the interface between the coating and substrate.  It is also evident from the maps that Cr and Co 

are diffusing into the coatings from the substrate.   

 
Figure 4-12 Cross-sectional SEM image and corresponding elemental map for (a) NiAl-0.3%Zr 

(b) NiAl-1%Zr after 100h oxidation  

 

Fig. 4.13 shows the grain and precipitate structures after 48h of oxidation.  Through the use 

of SAD patterns and EDS collection on the TEM it was determined the main phases were γ′-

Ni3Al and β-NiAl with small precipitates of α-Al2O3 and β
′
-Ni2AlZr.   
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Figure 4-13  Representative TEM micrograph of grain structure and precipitation in (a) NiAl-

0.3%Zr and (b) NiAl-1%Zr. 

 

4.3 Discussion 

Overlay bond coats containing NiAl-1%Zr and NiAl-0.3%Zr where produced and compared 

after annealing and varying lengths of oxidation.  Similar to the observations of Ning et al. [56] 

and Bestor et al. [55], the as-deposited coatings were found to be single phase with metastable 

B2 crystal structures.  All Zr was observed to remain in solid solution.  Differences between the 

two coating systems were found after annealing and oxidation.  During annealing at 1000°C, 

significant precipitation and interdiffusion occurred.  The most noticeable differences were in the 

quantity of precipitates and phases found as well as the quantity of elements diffusing into and 

out of the coatings.   

The annealed coatings were found to consist predominantly of a Ni-rich β-NiAl phase 

interspersed with nano-scale γ′, β′, α-alumina, and θ-alumina precipitates located along grain 

boundaries and on occasion in grain interiors.  An additional observation was the presence of a 
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series of Zr-rich precipitates located throughout the coatings.  The Zr-rich precipitates were 

found throughout the coating and confirmed through the use of TEM EDS and SAD patterns.   

After oxidation the same phases and precipitates were present, in varying amounts, with the 

addition of small Ta-rich precipitates in the NiAl-1%Zr coating.  These precipitates, which were 

observed near the coating/substrate interface, exhibited a body centered cubic crystal structure 

and lattice parameters consistent with Ta.  Precipitates containing Ta or other reactive elements 

can be expected in these coatings due to the outward diffusion of substrate elements.  Similar 

precipitates were observed by Zhang et al. in a  study of Pt-aluminides on CMSX-4 [28].   

The NiAl-0.3%Zr coating had a large increase in γ′ with oxidation time, as can be seen in 

Figure 4.12, where the NiAl-1%Zr coating had a relatively small increase in γ′ as oxidation time 

increased.  This is expected because more Ni is diffused into the NiAl-0.3%Zr coating creating 

the high Ni concentration needed to created γ′.  According to SAD analysis some of the γ′ phase 

found in the NiAl-0.3%Zr coating had the L10 structure which is representative of a martensitic 

phase.  The formation of this phase was also observed by Liang et al. in NiCoCrAlY overlay 

coatings [60].  It was also found that the Heusler precipitates were more numerous in the NiAl-

1%Zr coating compared to the NiAl-0.3%Zr coating.  

Annealing and oxidation resulted in diffusion into and out of the coating by multiple 

elements resulting distinct microstructural changes that were similar to those observed in 

diffusion aluminide and MCrAlY type overlay coatings during annealing or oxidation.  In the 

case of nickel aluminide diffusion coatings, it is well known that they form either through the 

inward diffusion of Al or the outward diffusion of Ni and that they ultimately degrade in service 

due to Al loss within the coatings during service [12,33,61].  In MCrAlY type overlay coatings, 

it is generally accepted that coating life degrades due to the outward diffusion of Al to form an 
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alumina TGO and the inward diffusion of Al into the substrate producing β-phase depleted 

regions within the coating [12,33].  Similar Al diffusion processes are believed to be occurring in 

the NiAl-Zr overlay coatings produced in the present study.  More specifically, Al diffuses to the 

coating surface and to the coating substrate interface promoting the formation of an alumina 

TGO on the surface of the coating and the formation of the IDZ.  Accompanying this Al 

diffusion is Zr diffusion towards the newly formed TGO and towards the coating/substrate 

interface.  Some Cr and Co were also found to have diffused out of the substrate into the coatings 

during annealing and oxidation.  This can be seen clearly in Fig. 4.9.  The NiAl-0.3%Zr coat had 

the higher quantities of each element diffuse into and out of the coatings compared to the NiAl-

1%Zr coating, as seen in Table 4.2.   

An interesting observation in all of the coatings produced in this study was the appearance of 

oxide precipitates within the bulk of the coatings and of an oxide layer along the coating 

substrate interface, just above the IDZ.  This dark band was not as apparent in the NiAl-Cr-Zr 

coated samples (described in the next chapter) which where sputter cleaned prior to coating 

deposition.  One reason for the oxidation at the coating substrate interface for the NiAl-Zr 

coatings results from the formation of an oxide layer on the surface of the superalloy during the 

heating to 675°C.  At these elevated temperatures a small amount of oxygen present in the 

chamber bonds with the superalloy substrate creating a thin oxide layer.  The partial pressure of 

oxygen at 675°C is estimated to be 4 × 10
-3

 Torr.  Another possible explanation for this internal 

oxidation is the penetration of oxygen along columnar grain boundaries into, and in some 

instances, all of the way through the coatings to the coating/substrate interface.  Similar 

observations have been made by Wang et al. in sputtered CoCrAlY coatings and by 

Niranatlumpong et al. in plasma-sprayed NiCrAlY overlay coatings [62,63].  It is believed that 
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the penetration of oxygen to the coating/substrate interface via columnar grain boundaries 

resulted in the formation of a mixed oxide layer consisting of a mixture of ZrO2 and Al2O3; 

however, this layer did not result in coating spallation.  

The segregation of Zr towards the growing TGO has been reported by Hamadi et al. in CVD 

NiAl-Zr coatings [22].  This diffusion can be explained using the dynamic segregation theory 

described by Pint et al. [18].  This theory suggests that reactive elements such as Zr should 

preferentially segregate to the free surface during thermal exposure, particularly under an oxygen 

potential gradient due to their high affinities for oxygen [22-25,35]. 

The segregation of Zr towards the coating/substrate interface was not expected.  Priest made 

a similar observation in Zr containing diffusion aluminide coatings formed via pack 

aluminization [43].  Sun et al. and Vande Put et al. reported the segregation of Hf towards this 

same interface during the processing of Hf-modified bond coats via EB-PVD and sputtering and 

high temperature annealing methods [64,65].  One possible explanation for this segregation is the 

fact that elements such as Hf and Zr exhibit a strong partitioning coefficient (i.e., a strong 

affinity) for the γ and γ′ phases [66].  This fact that could be inferred from available phase 

diagrams, such as the Ni-Al-Zr diagram presented below [67], which show that Hf and Zr have 

higher solubility limits in γ and γ′ phases than in β-NiAl [67-69].  Interestingly, Bacos and co-

workers observed that the REs initially segregated to the coating/substrate interface during 

processing [22-25]; an observation that is in line with the observations made in the present study.   
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Figure 4-14  Ni-Al-Zr phase diagram.  Adapted from [67]. 

 

 

During oxidation, the NiAl-0.3%Zr coatings exhibited lower mass changes than the NiAl-

1%Zr coatings, as seen in Fig. 4.6.  During this process “pegs” also formed.  These “pegs”, 

which were first observed after 48 h of oxidation in both coating systems, can help improve the 

adhesion of the alumina scale.  This improvement is a result of the pegs forming an irregular 

coating to oxide boundary [21,70].  The irregular boundary created by the pegs resist crack 

propagation along the coating/TGO interface; resulting in improved scale adherence.   
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CHAPTER 5:  MICROSTRUCTURAL ANALYSIS OF NIAL-CR-ZR COATINGS 

5.1 Coating Microstructures before oxidation 

NiAl-Cr-Zr coatings were prepared to investigate the influences of Cr additions on the 

microstructures and properties of β-NiAl based bond coats containing large quantities of Zr.  

During the early stages of this investigation, coatings were deposited using the same sputtering 

conditions presented in Chapter 4.  However, the majority of the coatings produced using these 

settings delaminated from the underlying substrates either upon removal from the sputtering 

system or during post-deposition heat treatments.  Based upon prior work at The University of 

Alabama by Coleman, it was surmised that high residual stresses within the coatings were the 

cause for this delamination [71].  As a result, a pressure cycling method was used adopted to 

produce more adherent coatings.  With this method, which is described in reference [72], thick 

coatings are deposited by cycling the pressure from the high to low regime during deposition, 

thus producing layers with alternating tensile and compressive stresses resulting overall in 

coatings that would be nearly stress free.  In the present study, the working pressure was varied 

between 2 mTorr to 20 mTorr every 30 minutes to produce alternating layers in tension and 

compression; shown in Fig. 5.1.   

Results from XRD analysis of an as-deposited coating are presented in Fig. 5.2.  The 

majority of the observed XRD peaks matched those for a slightly Ni-rich β-NiAl phase.  

However, a small peak was observed near 2θ = 51°.  This peak is consistent with the presence of 

either a disordered γ or and ordered γ′ phase.  Average coating compositions, as measured via 

SEM-EDS, are presented in Table 5.1.  Overall, the chemical compositions of the NiAlCrZr 
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coatings were close to the nominal values.  However, EDS linescans showed the layers deposited 

at lower working gas pressures to be more Al-rich than those at high pressures (Fig. 5-3).      

 

 

Figure 5-1 Cross section SEM image of As-Deposited NiAlCrZr coating 
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Figure 5-2 XRD patterns for as-deposited NiAlCrZr coating 
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Figure 5-3 Composition profiles through the as-deposited NiAl-Cr-Zr coating 

 

Table 5-1  Chemical composition for NiAl-5Cr-1Zr coatings (at.%). 

Alloy 

 

Condition Ni Al Zr Cr Co 

NiAlCrZr Nominal 49 45 1 5 --- 

 As-Deposited 52.53 ± 4.06 41.63 ± 4.10 0.97 ± 0.40 4.88 ± 0.35 --- 

 1050°C/2h 58.04 ± 3.00 34.81 ± 2.09 0.86 ± 0.40 4.17 ± 2.55 2.11 ± 0.45 

 

Representative XRD results for the annealed coatings are shown in Fig. 5.4.  From the XRD 

peaks it was surmised that the annealed coatings consisted primarily of a Ni-rich β-NiAl phase 

along with small amount of θ-Al2O3, and γ’-Ni3Al.  Fig. 5.5 shows a representative cross-

sectional SEM image of an annealed coating.  It was found that annealing resulted in 

precipitation within the coatings, coating/substrate interdiffusion producing a distinct IDZ, and 

the formation of a thin oxide layer on the coating surfaces. 
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Figure 5-4  XRD pattern for NiAlCrZr coating annealed for 2h at 1050°C 

 

In the NiAlCrZr specimens (Fig. 5.5), which were annealed after being encapsulated in a 

quartz tube with a working gas of UHP Ar, the surface oxide was continuous and ranged in 

thickness from approximately 500 to 700 nm.  In the annealed coatings, two distinct types of 

precipitates were observed within the SEM.  A large number of sub-micron sized precipitates 

with high atomic number contrast were observed throughout the coating thickness.  Also 

observed were the appearances of small low atomic number contrast precipitates (i.e., dark spots) 

distributed throughout the coating. 
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Figure 5-5  Cross sectional SEM images of the NiAlCrZr coating following annealing for 2h at 

1050°C.  (a) low magnification and (b) higher magnification.  Note the presence of γ′ and a 

series of low atomic number contrast precipitates in (b). 

 

Figs. 5.6 and 5.7 show EDS line profiles and composition maps for coatings annealed at 

1050°C/2h.  As could be inferred from Figs. 5.5-5.7 and Table 5.1, annealing at 1050°C 

produced significant interdiffusion between the substrates and the coating.  In particular, the Ni 

and Co concentrations increased relative to the as deposited coatings, while the Al, Cr and Zr 

concentrations decreased. 
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Figure 5-6 Composition profiles through the annealed NiAlCrZr coating 

 

 
Figure 5-7 Cross-section SEM image and corresponding elemental maps for annealed NiAlCrZr 

coating 

 

TEM studies were undertaken in an effort to identify the precipitates that formed during 

annealing.  Fig. 5.8 shows a representative bright field TEM image of the grain structure and 

precipitates observed in the annealing coatings.  The grains were composed primarily of β-NiAl 
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with submicron sized precipitates (10-80 nm) located predominantly along grain boundaries and 

occasionally within coating grains.  Using combination of selected area diffraction (SAD), 

STEM imaging and EDS analysis, the precipitates were primarily identified as β′-Ni2AlZr (i.e., 

Heusler phase), γ΄-Ni3Al, and α-Al2O3.  

 

Figure 5-8  Representative TEM micrograph for a NiAlCrZr coating after annealing. 

 

5.2 Coatings after oxidation 

Short term isothermal oxidation tests were conducted to determine influences of Cr and Zr 

content on microstructural evolution in the presence of oxygen.  Fig. 5.9 shows the mass change 

data for coated specimens following oxidation at 1050°C.  Mass change data for similarly 

processed ternary NiAl-Zr coatings are included for comparison.  In binary NiAl-Zr coatings, 

rapid mass gains were observed during complete set of oxidation test at 1050°C.  Rapid mass 

gains were seen during the first 50h of oxidation.  After 50h the rate of mass change increased at 

a slower rate with one outlier at 100h that was included for completeness of the data.      
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Figure 5-9  Mass change during oxidation of NiAlCrZr coatings. 

 

XRD results for the oxidized coatings (Fig. 5.10) indicated the presence of α-Al2O3, θ-Al2O3, 

γ΄-Ni3Al, and β΄-Ni2AlZr phases in addition to β-NiAl.  The γ΄ and Al2O3 peaks increased in 

number and intensity with oxidation time.  After 500h all β-NiAl peaks disappeared.  Fig. 5.10 

shows SEM cross-sections and elemental concentration profiles for the coatings following 

isothermal oxidation at 1050°C.  An alumina TGO formed on the coating surface during 

oxidation as a result of the outward diffusion of Al from the coatings.  This TGO continued to 

grow with increasing oxidation time.  For example, the scale thickness increased from 500 nm in 

the annealed condition to 2.59 µm after 100 h of oxidation.  Table 5.2 shows the average atomic 

composition for the area 5 to 12 µm below the coating surface for the NiAlCrZr coating.  The Ni 

and Co concentrations increased, while the Al, Cr, and Zr concentrations decreased with 

increasing oxidation time.  
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Figure 5-10 XRD patterns for NiAlCrZr coating oxidized at 1050°C. 
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Figure 5-11  Cross-sectional SEM images and composition profiles through the NiAlCrZr coating after (a) 10h, (b) 20h, (c) 50h, (d) 

100h, (e) 300h, and (f) 500h oxidations. 
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Figure 5-11  continued 
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Figure 5-11  continued 
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Table 5-2  Average atomic compositions for 5-12µm below the coating surface. 

Alloy 

 

Condition Ni Al Zr Cr Co  

NiAlCrZr 1050°C/10 h 62.86 ± 5.21 30.54 ± 4.60 0.42 ± 0.28 3.75 ± 0.73 2.45 ± 0.51 

 1050°C/ 20 h 61.03 ± 5.30 31.80 ± 4.44 0.84 ± 0.21 3.39 ± 0.92 2.95 ± 0.33 

 1050°C/50 h 64.16 ± 6.65 28.90 ± 6.19 0.53 ± 0.53 3.32 ± 0.43 3.15 ± 0.60 

 1050°C/100 h 66.31 ± 3.56 27.14 ± 3.55 0.31 ± 0.17 3.09 ± 0.50 3.14 ± 0.59 

 1050°C/300 h 67.78 ± 3.08 24.34 ± 3.44 0.72 ± 0.42 2.96 ± 0.50 4.21 ± 0.22 

 1050°C/500 h 68.41 ± 1.49 22.86 ± 2.36 1.82 ± 1.30 2.60 ± 0.25 4.53 ± 0.36 

 

Fig. 5.12 shows elemental maps for Al, O, Cr, Zr, and Co for a sample that was oxidized for 

300h.  The maps indicate that Al diffuses to the coating surfaces to form Al2O3 for each coating.  

The maps also show segregation of the Cr to the interface between the coating and substrate.  

Through the use of TEM SAD it was confirmed that the Cr segregated to form α-Cr just below 

the coating substrate interface.   

 
Figure 5-12 Cross-section SEM image and corresponding elemental maps for 300 h oxidized 

coating 
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Fig. 5.13 shows the evolution of the oxide scale that formed on top of the NiAlCrZr coating 

during isothermal oxidation.  The oxide scale is composed predominately θ alumina in the initial 

stages of oxidation as evinced by the presence of needle-like features on the surfaces of the 

specimens oxidized for 10, 20, 50 and 100 hours, but slowly transforms to predominately α 

alumina after 500h of oxidation.  Fig. 5.14 shows a STEM HAADF image of the oxide scale that 

formed after 300 hours of oxidation.  The Zr from the coating has diffused into the oxide creating  

Zr-rich precipitates throughout the oxide.   

 

Figure 5-13 Oxide scale formation during isothermal oxidation  
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Figure 5-14 STEM HAADF image of the oxide scale from the 300h isothermal oxidation. 

 

5.3 Discussion 

In this portion of the study, the processing variables were changed along with the addition of 

Cr to the baseline NiAl-1.0%Zr bond coating.  During multiple heat treatments the NiAl-Cr-Zr 

bond coatings began to spall or had spalled.  It has been reported that additions of Hf and Cr 

decrease the coefficients of thermal expansion of NiAl and of MCrAlY type coatings due to the 

formation of low expansion phases [73-75].  Extending these observations to the present study; 

the formation of β′ and γ′ phases during annealing could contribute towards a larger CTE 

mismatch between the underlying superalloy substrates and the coatings which would contribute 

towards the development of high thermal stresses on the coating during heat treatment and 

delamination.  To alleviate the stress, the variable pressure method described by Mattox et al. 

was used to create alternating layers in tension and compression and presumably stress free 

coatings [72].  This modification greatly reduced the amount of spallation seen during annealing.   
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The precipitation found after annealing in the Cr containing bond coat was similar to that 

found in the NiAl-Zr coatings; namely γ′, β′-Ni2AlZr , and α-Al2O3.  The β-NiAl grains slowly 

transformed into γ΄-Ni3Al grains as oxidation time increased resulting in a coating that was 

completely transformed to γ′ after 500 hours of oxidation.  Some of the Cr that was contained in 

the coating diffused to the interface between the superalloy substrate and coating to form 

precipitates of α-Cr.  This phenomenon was also seen in [54].  Some of the Zr contained in the 

coating diffused to the substrate/coating interface and into the oxide scale.   

During annealing and oxidation multiple elements diffused into and out of the coating.  Ni 

and Co diffused into the coating well Cr, Zr, and Al diffused out.  The Ni diffused into the 

coating to form γ΄-Ni3Al, while the Al diffused out of the coating to form the protective oxide 

scale.  The Zr diffused to the substrate/coating interface and the oxide to help improve oxide 

scale adherence [21].  Unlike the NiAl-Zr samples, an alumina band did not form after annealing 

at the coating substrate interface.  The reasons for the absence of this feature are not known.  

However, it is speculated to be a related to sputter cleaning the substrates prior to coating 

deposition and biasing of the substrates during the first 30 minutes of deposition.  As noted in 

Chapter 4, the “dark band” feature, which was shown to be an oxide containing layer, was 

always observed in NiAl-Zr coatings deposited on pre-heated substrates.  At the deposition 

temperature, 675°C, we estimated the oxygen partial pressure in the system to be ~4 × 10
-3

 Torr, 

which we believe may be enough to form a thin layer of oxygen or oxide on the substrate 

surface.  The presence of such a layer could be enough to drive RE segregation towards the 

coating/substrate interface via the dynamic segregation theory proposed by Pint [18]; a 

hypothesis that is supported indirectly by the recent work of Subanovic et al. [76], Guo et al. 

[77], and Peng et al. [36,78].  Using a co-RE-doped MCrAlY alloy, Subanovic et al. showed that 
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vacuum heat treatments of 900°C/24h could be used to increase the RE content near the oxygen 

exposed side of a coating, leading to improved oxidation resistance.  Alternatively heat 

treatments of 1100°C/2h in the same environment, promoted internal RE oxidation and RE-

depletion leading to inferior oxidation resistance.  Guo et al., in their study of nano-oxide 

dispersed NiAl coatings, observed the preferential segregation of Hf towards Al2O3-dispersed 

regions of EB-PVD β-NiAl coatings where it reportedly reduced some of the the Al2O3 particles 

forming HfO2 particles while increasing the Al content within the bulk of the coating.  Peng et al. 

made a similar observation in MCrAlY type coatings containing an oxide-dispersed diffusion 

barrier zone.  In those coatings, Hf and W were once again found to have preferentially 

segregated to the oxide-dispersed region and not out into the rest of the coating.  In their studies, 

both Guo et al. and Peng et al. cited the work of Loehman et al. [79] who reported that it was 

possible to form HfO2 or ZrO2 by reacting Hf or Zr with Al2O3.  The occurrence of such 

reactions, which occur via the reaction sequences 3Hf + 2Al2O3 = 3HfO2 + 4Al and Zr+Al2O3 = 

ZrO2+Al, coupled with the known mechanism for peg formation could explain the occurrence of 

the “dark zone” observed in the ternary NiAl-Zr alloys (and the lack of one in the present 

NiAlCrZr alloys).  These observations are also in qualitative agreement with Pint’s dynamic 

segregation theory.  It would be instructive to conduct further studies to quantify these 

occurrences and to understand the development of this feature.   
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CHAPTER 6:  SUMMARY AND CONCLUSION 

6.1  NiAl-Zr Coatings 

Similar precipitates and phases consisting of β-NiAl, γ΄, β′-Ni2AlZr, Zr, α-alumina, and θ-

alumina were found in the both coating systems.  A larger concentration of Heusler precipitates 

were found in the NiAl-1%Zr coating while larger amounts of γ΄ were found in the NiAl-0.3%Zr 

coating.  The NiAl-0.3%Zr coating showed lower oxidation mass gains than the NiAl-1%Zr 

coating.  The NiAl-0.3%Zr coating system showed higher rates of Al and Zr depletion along 

with Ni, Cr, Co diffusing into the coating compared to the NiAl-1%Zr coating system during 

oxidation.  The differences in oxidation rate are attributed to more extensive internal oxidation of 

Zr in the NiAl-1.0%Zr coating resulting in the formation of internal oxides. 

6.2  NiAl-Cr-Zr Coating 

Similar to the NiAl-Zr bond coat systems precipitates and phases consisting of β-NiAl, γ΄, β΄-

Ni2AlZr, Zr-rich, α-alumina, and θ-alumina were found along with the addition of γ and α-Cr.  

The addition of Cr resulted in the formation of α-Cr precipitates in the IDZ.  The amount of γ΄ 

increased with oxidation time until coating had become completely γ΄.  It was found that Ni and 

Co diffused into the coating while Al, Cr, and Zr diffused out of the coating during annealing 

and oxidation.  The oxidation rates were equivalent to those of ternary NiAl-1.0%Zr coatings 

indicating that Cr did not improve or degrade oxidation resistance.  A new deposition scheme 

was developed to allow for rapid deposition of the NiAl-Cr-Zr coating.  This deposition method 

allowed coatings to be deposited at high rates without significant spallation. 
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6.3  Future Work 

Expansion of this research should include optimizing the deposition parameters to yield 

oxide free coatings with optimized RE distributions.  An interesting investigation would be into 

the influences of low temperature annealing in various environments on the RE distributions and 

precipitate distributions within the coatings.  Such investigations may yield methods for further 

improving the creep resistance and oxidation resistance of β-NiAl based coatings.  Our 

preliminary findings and unintentional low temperature annealing step used during heat 

treatment of the NiAl-Cr-Zr coatings supports this line of reasoning.  Post-deposition surface 

treatments such as surface peening should also be investigated as they are used with great 

regularity in MCrAlY type overlay coatings and should yield NiAl-Cr-Zr coatings that are more 

resistant to oxidation. 

Additional areas for research are related to studying microstructural stability using high 

resolution characterization methods such as high-resolution transmission electron microscopy 

and atom probe tomography to elucidate chemical distributions.  Coating mechanical properties 

should also be investigated. 

Thermodynamic modeling and interdiffusion studies would be useful in interpreting 

microstructural evolution and would contribute towards better fundamental understanding of 

coating degradation. 
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APPENDIX 

Select TEM SAD Patterns: 
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