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Introduction
Gas turbine engines and their respective components require a high degree of engineering
ingenuity, dependability and iteration in their design. Since the efficiency in the engines
production of energy is largely dependent on the temperature at which the fuel is combusted, the
hot portions of the gas turbine operate at extremely high temperatures. In order to aid further
design and performance enormous effort has been made in the characterization of materials both
at high temperatures as well as long operating lifetimes.
Environmental protective coatings such as oxidation resistant metallic coatings are in common
use in hot section components of gas turbine engines. Platinum-modified nickel aluminide
coatings are used as stand-alone oxidation resistant coatings as well as bond coats for thermal
barrier coatings in Solar’s engine components. Currently empirical models are used to estimate
coating life of these platinum-modified nickel aluminide coatings. Yet due to the experimental
nature of purely empirical models they must be subjected to a conservative safety factor, thus
limiting the true design potential of both the coating and substrate alloys. This project aims to
improve the coating life model by creating a new method of diffusion profile determination as
well as performing extensive testing. The data will be used to generate a new coating life model
utilizing kinetics to describe the behavior of the coating and gain insight into more accurately
modeling their capabilities.
Experimental Procedure
In order to assess the various life contributing variables in the coating/substrate system, extensive
experiments were performed to simulate hot turbine section conditions. Over one hundred
coupons were prepared and underwent thermal testing. Five different temperatures were utilized
in order to ascertain not only the condition at the temperature of interest but also to forecast
behavior at higher operating temperatures. Coupons were tested at 1700°F, 1800°F, 1900°F,
2000°F and 2100°F. Additionally each temperature consists of seven variable test durations; 100,
200, 500, 1000, 2000, 5000 and 10000 hours. In supplement to these isothermal tests, cyclic
testing was also performed at the same temperatures for durations of 100, 200, 500 and 1000
hours.
Temperature
1700°F
1800°F
1900°F
2000°F
2100°F
As Coated

Isothermal
X
X
X
X
X

Table 1. Complete test matrix of current project.

Cyclic
X
X
X
X
X

Exposure (h)
100 – 10,000
100 – 10,000
100 – 10,000
100 – 10,000
100 – 10,000
0

Each coupon was prepared to be compositionally identical; the substrate alloy was a single
crystal superalloy CMSX-4, and the coating was a standard platinum-modified nickel aluminide
coating. The coating was processed by first electroplating a platinum layer on the grit blasted
substrate, then aluminizing the Pt-plated coupons by a low activity aluminizing process. Table 1
demonstrates the average composition of the substrate superalloy; typically it is represented in
specification as a range of minimum and maximum values for each element, while the nickel
concentration is the balance. This investigation, however utilized primarily atomic mass percent
of each element, thus Tables 2 and 3 present converted compositions for the substrate alloy and
the coating in atomic mass percent per the respective materials engineering specification.
Element
Nickel
Chromium
Cobalt
Tungsten
Rhenium
Molybdenum
Aluminum
Titanium
Tantalum
Hafnium

Nominal at%
Balance
7.48
9.95
2.12
0.96
0.38
12.62
1.27
2.18
0.03

Table 2. CMSX-4 Composition (at%)
Element
Nickel
Aluminum
Platinum

Nominal at%
Balance
40.55
5.62

Table 3. Coating Composition (at%)
Theoretical Background
The mechanism for the protective functionality of metallic coatings on hot components is their
ability to form a stable thermally growth oxide (TGO) layer that is primarily composed of
aluminum oxide, desirably α-Al2O3. The aluminum content of the coating that was initially
composed of β-NiAl phase is known to change during thermal exposure, due to continuous
formation of a protective oxide scale as well as due to interdiffusion with the superalloy
substrate. Change in aluminum concentration of the coating results in phase transformation of βNiAl to Al-lean phases such as ordered γ’-(Ni,Pt)3Al and Ni solid-solution γ-Ni. Since the oxide
is a ceramic compound, its coefficient of thermal expansion and lattice mismatch with the
metallic coating results in continuous spallation after a period of initial growth [1]. This process
facilitates unremitting Al depletion first in the coating and eventually all the way into the
substrate. Simultaneously the Al concentration gradient present due to the difference in
substrate/coating composition draws the Al out of the coating and deeper into the substrate. The

balance between the oxidation and diffusion of Al and other elements in the system can be used
to determine if a coating remains protective. An ideal model is capable of investigating both the
oxidation and diffusion effects on the elemental composition of the coating.

Figure 1. As-received microstructure of the coating/substrate system, the layered structure is
composed of Pt modified β-NiAl phase of the coating, the diffusion zone followed by the
γ’+ γ Superalloy substrate.
Empirical Model
Previous efforts recognized the complexity of the problem and instead of attempting to
characterize the kinetics of the system chose a largely empirical approach. Assuming the
depletion of Al in the coating is a function of two contributing mechanisms, oxidation and
diffusion. Both mechanisms are thermally driven and thus can be modeled jointly by an
empirical relationship. This method did not consider any interactions elements might have
relative to each other or the two mechanisms individually. Instead it defines a life limiting
criteria of 12.2 at% Al in the coating, an amount corresponding to the nominal substrate alloy
composition. This is logical since beyond this point the coating offers no more protection than an
uncoated substrate alloy.

Al concentration was only one of the variables acquired in established empirical model, along
with oxide thickness, weight change, coating thickness and other parameters. Yet ultimately it
was the Al depletion which was determined to yield the life of the coating. Modeled as a simple
relationship;

C= Ci eAt
Where C is the concentration of Al in the coating, Ci is the initial Al concentration, A is the

temperature dependent coefficient and t is time. The empirical model utilized data from a similar
test matrix to the current project’s experiments to determine the change in concentration of Al
and then fit the data with the presented equation.
Kinetic Model
A novel approach for modeling the coating life has been proposed [2], which will take the
kinetics of the system into consideration. Using the species concentration in the coating and the
substrate, and the oxidation reaction as the boundary conditions at the coating/oxide interface,
the coating/substrate system can be modeled as one-dimensional diffusion. In order to perform
these calculations one must know the diffusion coefficients of each respective element. A
significant effort has been made to determine these constants, particularly in the academic field.
The focus of these studies has been on simple systems, often using tracer diffusion or binary
diffusion couples. This is due to the nature of kinetics, in the sense that each additional element
has an influence on the diffusion kinetics of other elements present [3]. Thus even if it is possible
to collect self-diffusion coefficients for all elements of interest, their interaction parameters must
still be determined. This is an insurmountable effort in a system, such as the present one that has
over a dozen elements, since the diffusion coefficient becomes a 12x12 matrix or even larger.
The composition of the coating/substrate must be simplified in order to reduce the number of
parameters to make the computation tractable. This calls for a calculation of equivalency of
several elements, and their consolidation into parameter smaller number (3, in the present case)
of interacting elements. Elements such as Ni and Pt for instance, can be combined considering
their similar crystal structure and substitution behavior in the phases of the system. This report
will not discuss the details of such a calculation further, partially because it is proprietary
information and partially because such an effort will be made only following the completion of
this project.
In order to determine the interaction parameters of the given system, the kinetic model can be
compared with experimental results. This comparison is accomplished with the use of diffusion
profiles, as they are the direct result of the kinetic process given appropriate boundary
conditions. This investigation was aimed at developing a method for the determination of such
diffusion profiles, which will later be utilized to both create and validate a new kinetic based
coating life model.
Method of Diffusion Profile Determination
The main objective of this project was to develop and standardize a method for statistically
representative diffusion profile determination. The problem statement included several

requirements; time effectiveness, cost and instrument availability. The most limiting was the
constraint to utilize only the equipment readily available. Typically diffusion profiles are
collected using an instrument such as EMPA [4]. Scanning Electron Microscope (SEM) with
Energy Dispersive X-ray Spectroscopy (EDS) being an in-house analytical tool, was employed
in this study.
Preliminary efforts investigated the use of line scans for diffusion profile determination. This
method however was not able to generate representative diffusion profiles, largely due to the fact
that it is a one dimensional analysis of a three dimensional system. The lack of dimensionality
caused a significant variation in the composition profile, depending on which part of a
microstructural feature the line scan was spanning. While Figure 2 visually demonstrates the
length of the line scan, this is evident from the data presented in Figure 3.

Figure 2. As-coated microstructure and visual representation of line scan.
In addition to the expected variation of coating and substrate composition, the composition data
collected from the diffusion zone were seen with substantial scatter due to the localized presence
of various phases. In order to obtain an accurate diffusion profile from the line scan technique, it
must be performed numerous times over the length of the sample’s cross section. This is an
exceptionally time consuming method. Thus it was discarded in pursuit of an approach that will
allow for a timely and more complete analysis of the given test matrix.
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Figure 3. Al composition profile gathered from line scan of as-coated sample.

Spectral Mapping
The main issue with line scans was not necessarily accuracy, but lack of precision due to the one
dimensionality in its analysis. Optimally the diffusion profile analysis can be conducted by a
volume determination method; this would yield more precise results due to the capability of
gathering an average point of data per volume as opposed to a point on a length. This sort of
analysis requires specialized equipment. The next logical step is to gather concentration data
based on a two-dimensional area as opposed to a line. This can be accomplished by performing
many line scans over an area, a technique already discussed as too time consuming. One of the
features in EDAX software is Spectral Mapping, a mode in which the EDS data is collected over
an area and recorded pixel by pixel in a raster pattern akin to typical electron image data
collection. The end result is a comprehensive compositional map of the cross section of interest.
This compositional data is stored as a file and thus does not require the SEM to be live to extract
the data from the regions of interest.
As the name implies, a spectral map collects the elemental topography across an area. The data is
recorded numerically but is represented visually as well. Figure 4 demonstrates the results of a
typical spectral map, the BSE image corresponds to the area of the sample which is analyzed.
The top right image graphically represents the distribution of Al throughout the coating/substrate
system. The aluminum oxide can be clearly seen at the top of the coating as a thin layer of
concentrated brightness of color. Also note the zone of Al depletion in the coating where β phase
was transformed to γ’. The bottom left Cr composition map exhibits chromium-rich precipitates
present in the diffusion zone. The bottom right image of Pt distribution demonstrates the depth of
its diffusion into the substrate from the coating (since initially Pt concentration in substrate was
zero). Spectral maps were collected simultaneously for each of the 11 major constituting
elements. The purpose of this mode is to provide a visual representation of elemental distribution

in a given system. Yet that is not the goal of this project, in order to extract the quantitative data
from the spectral maps several efforts must be taken.

Figure 4. Spectral maps of several different elements, as well as the BSE image.
Data Extraction
As previously mentioned the spectral maps can be analyzed post collection. Since they contain
all the necessary compositional information the next step is to extract it from the images. The
software was not designed to create diffusion profiles from these maps, thus there is no easy way
to output the desired data in a format ready for analysis. In order to create a complete
compositional profile several actions must be performed. First the spectral data is corrected for
background, (Z) atomic number, (A) absorption and (F) florescence (ZAF) effects. This is
accomplished by the software by designating preferences. Second the spectral image must be
analyzed in such a way as to construct a diffusion profile. This can be accomplished by creating
a small slice of area across the width of the map, extracting the compositional data corresponding
to the slice, then systematically moving this area along the height of the map, extracting
compositional data at 99 different regions as a function of depth. Figures 5-6 demonstrate this
procedure in a stepwise fashion as it is performed in the EDAX software.

Figures 5-6. Extraction of spectral map data, small selective areas generate representative data
points for compositional diffusion profile.
The manual effort required to collect even one diffusion profile is considerable. But the total
collection time of a spectral map compares to the collection time of a line scan which is
favorable considering the improvement in the concentration profile data. However, performing
this analysis for over 40 samples manually is almost unimaginable. Fortunately the nature of this
data collection is extremely repetitive. If the actions of the user were recorded and played in a
continuous loop, a computer could simulate the procedure necessary to extract the data. This led
to an investigation of different software packages which detect mouse and keyboard input. The
search concluded with JitBit Marco Recorder, a piece of software capable of creating such
macros, or recordings of user input. Once this process has been automated it was only a matter of
time before the data was extracted, and requires almost no effort from the user. The issue of

extraction time was also solved by this software. One of its many features is to increase the speed
of a recorded macro. This ultimately allowed for the completion of the project in a timely
manner while providing the desired compositional precision. Figure 7 demonstrates the resultant
diffusion profile of various elements.
Elemental Profile
70

Concentration (at%)

60
50
40
30
20
10
0
0

20

40

60

80

100

120

140

Distance (Microns)

Figure 7. Elemental diffusion profile of one spectral map.
Each sample has some inherent deviation in composition depending on the area which was
analyzed. In order to verify that the concentration profiles are truly representative of the whole
sample, three spectral maps in three different areas were collected per sample, Figure 8 provides
an example. It is apparent here that the profiles are indeed consistently representative of the
whole sample, with minor variance. The data from Figure 8 was then consolidated and ultimately
yields the final result, a characteristic compositional profile of 11 different elements such as
Figure 9.
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Figure 8. Overlay of three diffusion profiles which are consolidated into an average.
Complete Elemental Diffusion Profile
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Figure 9. Complete diffusion profile, plotting concentration of 11 elements versus distance.

EDS Verification
Spectral mapping proved to be both a time and cost effective method for diffusion profile
determination. But it must also be accurate enough to yield statistically significant results. This is
a concern with all EDS data. Due to the presence of consistent background spectrum in the data,
enough signals must be collected from the sample to facilitate an accurate background
correction. In order to validate the accuracy of spectral map data a comparison can be made
between the measured elemental concentration as well as the concentrations given in the
specification of the given materials. Tables 2 and 3 represent the elemental compositions as
defined by the material specification in at %. For comparison Tables 4 and 5 present data
collected using the spectral map method.
Element
Nickel
Chromium
Cobalt
Tungsten
Rhenium
Molybdenum
Aluminum
Titanium
Tantalum
Hafnium

EDS at%
Balance
7.3
9.7
2.77
1.16
0.53
13.17
1.47
3.27
0.01

Table 4. CMSX-4 Composition (at%) extracted from spectral maps
Element
Nickel
Aluminum
Platinum

EDS at%
Balance
38.54
6.36

Table 5. MDC-150L Composition (at%) extracted from spectral maps

Most elements compare rather well with their expected values, usually lying within the range of
the specification. However some elements, particularly the heavy W, Re, Hf and Ta have some
variability, this can be accounted for by their close proximity in the x-ray spectrum as well as
their relatively low quantity in the system. Overall all elements are within ±1 at% of the expected
value, this is indicative of typical EDS data [5] and reassures that the spectral mapping technique
is an acceptably accurate measure of diffusion profiles given the equipment used.

Conclusions
A new quantitative method for elemental concentration profiling has been developed,
standardized, verified and then used to complete diffusion profile determination on over 40
samples. The data will be utilized to help create and validate a new coating life model that is
based on the kinetics of the materials system.
The technique has been utilized to accomplish several tasks, along with the aforementioned goal.
It has been implemented in the analysis of other coating systems to help give insight of
concentration profiles corresponding to microstructural changes.
Though ultimately the goal of this project was to acquire the data necessary to facilitate the
development of a new coating life model it can also be used to potentially improve the one that is
already implemented. Since the empirical model currently in use is determined as a function of
Al depletion in the coating the diffusion profiles gathered in this undertaking can produce the
same data, by simply taking an average Al concentration in the coating. This data is much more
accurate than the data used in the original model, thus it allows for a more precise calculation of
empirical parameters such as the temperature dependent rate constants as well as an improved
data fit. Both the improvement of the existing model and the creation of a new kinetic model are
outside of the scope of this report, and will be conducted supplementary to the completion of this
effort.
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