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Abstract: Changes in composition, crystal structure and phase transformations of B2-(Ni,Pt)Al
coatings upon isothermal oxidation experiments (natural and scale free oxidation) at 1100 ◦C,
as a function of time beyond their martensitic transformation, are reported. Specifically, the analysis
of lattice parameter and composition are performed to identify changes in the B2-(Ni,Pt)Al phase
upon the chemically-driven L10-(Ni,Pt)Al and L12-(Ni,Pt)3Al transformations. The B2-(Ni,Pt)Al phase
was found to disorder and transform the martensite during the heat treatments for both oxidation
experiments at approximately 36.3 and 40.9 at. % of Al, 47.7 and 42.9 at. % of Ni, 6.2 and 8.5 at. %
of Pt, 4.2 and 2.9 at. % of Cr and 4.4 and 3.8 at. % of Co. The lattice constant and the long-range
order parameter of the B2-(Ni,Pt)Al phase decreased linearly as a function of the elemental content
irrespective of the nature of the oxidation experiments.
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1. Introduction

B2-(Ni,Pt)Al intermetallics are widely used as bond coats (BC) in Thermal Barrier Coating
systems (TBCs) for aeronautic applications due to their high temperature oxidation and corrosion
resistance [1,2]. Such properties are achieved because these intermetallics serve as Al reservoirs for
the formation of a Thermally Grown Oxide (TGO) α-Al2O3 layer upon oxidation at high temperature.
The formed alumina scale acts as a barrier for the diffusion [3,4] and is the bonding material between
the superalloy (SA) and the ceramic top coat (TC). NiAl has a CsCl crystal structure and can be defined
by the sublattice model proposed by Ansara et al. [5]. In their work, two sublattices are used to define
the NiAl system; Al is located in the first sublattice, β; Ni is located in the second sublattice, α. In this
system, variations from stoichiometry are addressed as Ni antisites in the Ni-rich region, and as Ni
vacancies (Va) in the Al-rich region of the B2 phase, according to the triple point defects model defined
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by Pike et al. [6]. The mechanical and oxidation behavior of NiAl varies as the Al content deviates from
the 50:50 composition until the Ni-rich phase is achieved, but also with additions of ternary elements
such as Cr, Co, Hf, Fe, Mo, among others. In the present case, the Pt content in the B2-(Ni,Pt)Al coatings
reduces the detrimental effect of sulfur impurities on the scale adherence, prevents the formation
of voids at the scale interface and improves the oxidation resistance because it directly diminishes
the chemical activity of Al [7]. In the B2 phase, Pt occupies the Ni sites and has a solubility limit of
42 at. % [8,9]. Other elements, such as Cr and Co, are present in the bond coat since they diffuse
from the superalloy during the heat treatments or high temperature exposures. Cr and Co are known
to improve the oxidation and corrosion resistance and are assumed to occupy the Al and Ni sites,
respectively [10,11].

On the other hand, the Al depletion during operation (cyclic thermal and isothermal
exposure at high temperature) leads to changes in mechanical (Young modulus and other elastic
constants [12]) structural (ordering and size of crystals [1,13]) thermodynamic (phase stability [14],
enthalpy of formation, entropy [15]) and diffusion kinetics (mobility of atoms [16]) of the NiAl alloy,
and subsequently affects the lifetime of the TBC system. A loss of stability of the B2 phase also
leads to martensitic, or even gamma prime phase transformations, generating stresses in the coating
beneath the oxide scale and consequently, leads to TBC failure. For instance, some reports suggest
that the stress fields are the main intrinsic failure mechanisms of TBCs [4] because they contribute
to the rumpling of the BC [4,17], although there has been some controversy about the role of the
martensitic phase transformation on the failure of the TBCs [18]. The martensitic phase transformation
in B2-(Ni,Pt)Al coatings has been studied elsewhere by XRD, SEM and in-situ TEM in samples with
28% and 100% of their Furnace Cycle Test (FCT) life. In these reports, changes in the crystal structure,
such as volume fractions, linear and thermal strains, microstructure and their role in the development
of internal stresses are presented and discussed [19,20]. Additionally, Glynn et al. [21] performed
numerical simulations to study the effect of the thermal expansion coefficient on the stress and strains
distributions of the bond coat during cooling-heating cycles; they concluded that elastic (heating) and
inelastic (cooling) loadings of the bond coat develop a maximum tensile stress in the Top Coat.

The effect of ternary element additions on the nature and evolution of the martensitic
transformation has also been previously reported. Pt additions, and other ternary elements such
as Co and Cr, present an influence on the martensitic transformation temperature. For instance,
Kainuma et al. [22] showed that the start temperature of the martensitic transformation, MS increases
with Pt or Co additions and decreases when Cr, Mo and Fe are added to the B2-NiAl phase.
These studies have been carried out either by performing atomistic and numerical simulations or in
high temperature cycled samples that already contain the martensite phase. However, the effect of
the heat treatments on the stability of B2-(Ni,Pt)Al phase and its disordering until transformation to
L10-(Ni,Pt)Al phase has not previously been reported.

The present contribution focuses on the effect of the isothermal exposure at 1100 ◦C of
B2-(Ni,Pt)Al bond coats deposited on RENE N5 superalloys on the chemical composition, structure and
microstructure of the bond coat, as well as on the chemically-driven B2 ↔ L10 martensitic
transformation. The oxidation experiments are designed to vary the diffusion rates so that the
structural changes in the B2 phase, and early stages of the transformation to the martensite phase,
are separately identified and linked to the local chemical content along the BC.

2. Materials and Methods

The samples used for the isothermal oxidation experiments were coupons of 25 mm diameter and
3 mm thickness, provided by GE-Aircraft Engines-Cincinnati, OH, USA. The coupons are composed
of a low-activity B2-(Ni,Pt)Al bond coat on a RENE N5 superalloy. In this process, a Pt layer is
electrolytically deposited over the substrate, whereas the Al is provided by a chemical vapor deposition
process (CVD) and finally, the nickel required to form the B2 phase diffuses from the SA through
vacuum heat treatments [2,23].
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Two types of isothermal oxidation experiments were conducted in order to identify structural
changes of the coatings related to the composition variations, regarding the possible effects of thermal
and mechanical stresses as the alumina scale grows. Both experiments were conducted at 1100 ◦C in
a single zone tube furnace (GSL-1100X, MTI Corporation, Richmond, CA, USA) in air (pO2 ~ 0.21 atm),
varying the growth conditions of the scale, as follows: In the first case, eight specimens were oxidized as
a function of time for 0–18 h in 3 h intervals. This experiment stands for a regular diffusion-controlled
oxidation process, where Al selectively oxidizes to form alumina (Al2O3) [24,25] at the surface. Since Al
depletes in the bond coat, following the natural diffusion process controlled by the pO2 present at
the metal-scale interface, this first case has been called Natural Oxidation (hereafter NO) experiments.
On the contrary, the second type of experiment is called Scale-Free Oxidation (hereafter SFO) experiments
because it corresponds to isothermal oxidation keeping the same pO2 (0.21 atm) with a minimum
presence of Al2O3 scale at the surface. One sample was used throughout the SFO experiment and
exposed to high temperature for 5 min intervals for a total of 110 min. The thin layer of alumina
grown after every 5 min of exposure was removed mechanically with SiC paper, and the sample was
exposed again to high temperature for 5 min. This process was repeated until 110 min of exposure of
the samples was completed. The TGO scale was removed in 5 min intervals to increase, for instance,
the Al depletion rate in order to address its effect on the crystal structure of the intermetallic.

For comparative purposes, the units of time for NO and SFO experiments are unified to hours
in Figures 2, 4 and 5. All samples were cooled down from 1100 ◦C to room temperature (RT) with
a constant cooling rate (100 ◦C/min). Characterization of samples was also all performed at RT.
It is well known that metallographic polishing introduces mechanical stresses and distorts the B2
lattice shadowing the structural characterization of the coating. To avoid this effect, the crystal
structure of the bond coat is first characterized after every exposure to high temperature, then the
alumina scale is removed by metallographic polishing and characterized in terms of chemical content
and microstructure.

The structural properties of the coatings are studied by X-ray diffraction (XRD) using
a diffractometer (Dmax2100, Rigaku, Tokyo, Japan) with Cu-Kα radiation. All samples, irrespective of
the oxidation process, are characterized before the oxidation treatments and right after every exposure
to high temperature. The lattice parameter (a) of the B2 phase, as a function of oxidation time,
is obtained using Bragg´s law and applying Bradley and Jay’s extrapolation [26]. Additionally,
the long-range order parameter, S, is calculated using the following equation [27]:

S =

√√√√√ ISL_obs
IF_obs
ISL_re f
IF_re f

(1)

where I is the relative intensity of the peaks of the B2 phase. The subscripts correspond to the
contributions of the superlattice (SL) and fundamental (F) peaks of the thermally treated (obs) and
“reference” (ref ) samples. The “as-received” sample for the NO and SFO experiments are used as
the reference condition, since no crystallographic information JCPDS (Joint Committee on Powder
Diffraction Standards) files are available for the B2-(Ni,Pt)Al phase. The determination of S is
performed for those XRD patterns that allowed a reliable measurement of the superlattice/fundamental
peaks ratio. This corresponds to the experiments from 0 to 1.25 h for SFO and from 0 to 12 h for NO
oxidation experiments. After those times, superlattice peaks are not observed.

As mentioned before, after each XRD measurement, the samples were polished in order to remove
the alumina scale (oxidation product), and the microstructure of the surface is studied by scanning
electron microscopy (SEM) using a XL30 (Philips, Eindhoven, The Netherlands) with an incidence
energy of 15 keV and a working distance of 10 mm. The microstructural details are revealed by etching
the surface of the samples with an HCl/HNO3 solution in a volume ratio of 5:1. The etching is carried
out by dipping the sample 5 times for 5 s. This procedure was defined after several procedures in
dummy samples to avoid excessive sample etching and/or pitting. The chemical content on the surface
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of the samples is measured by using Energy Dispersive X-ray spectroscopy (EDS) with the Philips,
XL30, Eindhoven, The Netherlands and verified in some samples by electron probe microanalysis
(JXA-8530F, JEOL, Tokio, Japan). The incidence energy was 20 keV and the working distance was
11 mm. Diffusing elements from the SA (Cr, Co, W, Ta, Mo and Re) were identified in the bond coat
besides the Ni, Al and Pt, but only Ni, Al, Pt, Cr, and Co are considered in the analysis because they
belong to the bond coat as solid solution substitutional atoms and also have high solubility in the B2
phase. Other elements such as W, Ta, Mo, and Re that diffuse from the superalloy are heterogeneously
distributed either in the BC or in a so-called interdiffusion zone (IDZ); they are not considered in
the scope of this work and further work has to be done to address their effect on the properties of
B2-(Ni,Pt)Al coatings.

3. Results

Figure 1 shows the composition of Ni, Al, Pt, Cr and Co along the cross section of the as-received
B2-(Ni,Pt)Al coatings used for the NO and SFO experiments, as a function of the distance from the
surface covering the bond coat, the Interdiffusion Zone (IDZ) and the last 40 µm belongs to the
superalloy. The major constituent elements in the BC (Al, Ni and Pt) varied almost linearly from 51.5,
37.5 and 9.0 at. % to 34.2, 44.2 and 3.7 at. %, respectively. A slight increase in Pt is observed on the
first 13 µm of the BC and later decreased to 0 at the IDZ/SA interface. Co and Cr are also measured in
the BC and vary from 1 and 0.3 at. % to 7 and 7 at. %, respectively. The IDZ showed heterogeneous
concentrations of Ni, Al, Pt, Co and Cr distributed in γ and γ′ phases, as well as µ precipitates [7,28].
Minor content elements, mainly allocated in the IDZ such as W, Re, Ta, Mo (not shown in Figure 1) are
also present even in the BC but are not considered in the analysis. Finally, the chemical content of the
SA is in agreement with that previously reported in the literature [29] and showed a constant behavior
along the measured section.
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Figure 1. Concentration profiles of a cross section reference sample obtained from EPMA, starting from
the BC surface, through the IDZ zone up to the SA.

Changes in the crystal structure as a function of oxidation time are obtained by XRD. The B2
crystal structure of the as-received coatings is unambiguously identified in Figure 2a,b for NO and
SFO experiments, respectively, through the appearance of its fundamental and superlattice peaks.
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The fundamental (110), (200) and (211), and the superlattice (100), (111) and (210) diffraction peaks
of the B2-(Ni,Pt)Al phase are clearly identified in the as-received samples for both experiments.
The fundamental peaks correspond to those diffraction planes that satisfy the selection rules for BCC
lattices (h + k + l = even), and superlattice peaks correspond to the peaks that do not satisfy such rules.
Since the martensite phase has a Face Centered Tetragonal crystal structure, the fundamental peaks
correspond to the diffraction planes that satisfy the selection rules for FCC lattices (unmixed h + k + l),
and superlattice for those that do not apply to these selection rules [27]. The Al2Pt phase is also
identified in some of the samples in the as-received conditions for the NO experiments and is
represented with the symbol V. As expected, α-Al2O3 is also observed in all the samples exposed to
NO experiments whereas it is weakly detected in SFO samples. A monotonic shifting to higher angles
and a decrease in the superlattice peaks’ intensity are evidence of the structural changes taking place
during the NO and SFO experiments. The martensite L10-(Ni,Pt)Al phase is clearly identified after
6 h and 0.92 h for the NO and SFO samples respectively. The criterion to define the onset time of
L10-phase formation is based on the appearance of the fundamental (111) peak at 43.3 degrees of 2θ.
Superlattice peaks of the B2 phase are not observed after 15 h for NO and 1.83 h for SFO. However,
small fundamental peaks indicate the presence of a partially disordered B2 phase. The gamma
prime L12-(Ni,Pt)3Al phase is also observed in the experiments after 18 h and 1.83 h for NO and
SFO, respectively.

In the region of the mixture of phases, the martensite exhibited both superlattice and fundamental
peaks during all the periods of high temperature exposure, while the austenite (B2 phase) partially
decreased the superlattice peaks until they disappeared at 15 h and 1.83 h of NO and SFO experiments.
It is important to remark that the superlattice peaks result after the contribution of the scattered X-rays
by the atoms located in the α and β sublattices of the B2 phase, and therefore they depend on the
difference in the Atomic Scattering factors (ASF) of the elements. Thus, the superlattice peaks allow to
identify if the Ni and Al atoms occupy their corresponding sublattices in the B2-NiAl alloy or, if they
are randomly arranged, promoting a disordered state of this intermetallic [27].

The decrease of the austenite superlattice peaks shows that this phase partially disorders as
a function of the oxidation time and becomes completely disordered after 15 h and 1.25 h of NO and
SFO, while the martensite phase remains ordered as the oxidation time increases.
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Figure 2. XRD patterns for samples processed by (a) natural oxidation for thermal exposure times of
0–18 h and (b) scale free oxidation for thermal exposure times of 0–110 min. The inset is a magnified
view which better shows the evolution of the L10 (111) and B2 (110) peaks.
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SEM micrographs of the microstructure of the NO samples in the as-received conditions, as well
as those oxidized for 18 h, are presented in Figure 3a,b, respectively. The expected B2 phase (previously
identified by XRD) shows equiaxed grains with a heterogeneous size in the range between 3 and 6 µm.
For the 18 h - NO sample, B2-(Ni,Pt)Al, L10-(Ni,Pt)Al and L12-(Ni,Pt)3Al phases are identified based
on their morphology. Particularly, the L10-(Ni,Pt)Al phase is identified because the grains show the
common habit planes of the martensite phase, which is the product of a diffusionless transformation
of the B2 phase upon cooling [21]. This sample also shows a grain coarsening effect of both beta and
the martensite grains (grain size between 8 and 12 µm).
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Figure 3. SEM micrographs of the bond coat surface (a) before and (b) after scale free oxidation
for 110 min. B2-(Ni,Pt)Al, L10-(Ni,Pt)Al and L12-(Ni,Pt)3Al phases are identified with arrows.
The martensite phase is well identified in (b) by its habit planes.

The pores observed in the grains in Figure 3b are likely to be the result of either vacancy
condensation (e.g., Kirkendall effect) and/or chemical etching attack during the metallographic
sample preparation. Additionally, precipitates of γ′ phase are observed in grain boundaries due to
Al diffusion. This diffusion mechanism generates regions with a higher content of Ni and leads to
the transformation to γ′ (Ni,Pt)3Al [23]. The identification of the γ′ phase shows that the content of
the coating exposed to 18 h is in the region of mixture of phases B2 + L12, which correlates well to
XRD measurements.

Figure 4 shows variations in composition from the sample surfaces exposed to both oxidation
experiments. Particularly, Figure 4a (Ni,Al) and 4b (Pt, Cr, Co) show the values corresponding to the
NO experiments and Figure 4c (Ni,Al) and 4d (Pt, Cr, Co) correspond to the SFO experiments.
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Figure 4. Variation in Al and Ni content as a function of (a) NO and (c) SFO heat treatment time.
The martensitic transformation conditions are indicated at 36.9 at. % Al after 6 h of thermal exposure
and at 40.9 at. % Al after 0.92 h of thermal exposure. Variation in Pt, Cr and Co content as a function of
(b) NO and (d) SFO heat treatment time.

The Al content decreased as a function of heat treatment time from 49.0 to 33.5 at. % and from 47.6
to 33.4 at. %, whereas the Ni increased from 34.0 to 50.0 at. % and from 38.8 to 49.5 at. % for NO and
SFO, respectively (Figure 4a,c). The Pt content decreased from 12.0 to 5.3 at. % and from 9.9 to 5.9 at. %
for NO and SFO. In contrast, Co increased from 2.3 to 4.9 at. % and from 2.1 at. % to 5.6 at. % for NO
and SFO, respectively. Similarly, Cr content increased from 1.0 to 4.6 at. % and from 0.8 to 5.6 at. %.

For comparative purposes, the X axes are matched from the as-received (0 h) up to the onset
of martensitic transformation. These conditions correspond to 6 h and 0.92 h for NO and SFO,
respectively. This criterion applies for composition and lattice constant and long-range ordering
from Figures 4 and 5.

From Figure 4a,b, a quasi-parabolic composition profile as a function of the oxidation time
is observed for the NO experiments, whereas an almost linear profile is observed for the SFO
experiments. For NO experiments, two regions of variation that are defined by the onset of the
martensitic transformation are observed. The approximate ratio of the depletion rates in these regions
are 10%, 12%, 14%, 15% and 7% for Al, Ni, Pt, Cr and Co, respectively.

Thus, from 0 to 6 h, high depletion rates are observed for all the elements, keeping however the B2
composition; hereafter called B2 region, since it corresponds to the oxidation phenomena that occurs
before the martensitic transformation. In the second region, the elements presented a lower depletion
rate and are called “B2 + L10 region” because they correspond to the zone where beta and martensite
phase coexist at RT.

On the other hand, the composition of samples exposed to SFO experiments followed only
one tendency in the diffusion processes during all the experiments, even after the martensitic
transformation (Figure 4d).

4. Discussion

Considering the three major elements (Al, Pt and Ni as a balance), the composition of the
as-received coating surface corresponds to the stoichiometric B2-(Ni,Pt)Al phase of the Al-Ni-Pt phase
diagram (see Figure 1). A composition gradient is observed from the surface through the coating
thickness moving to the B2 + L12 region as it approaches the IDZ boundary [10]. The crystal structure
from the surface of the as-received and heat-treated samples was verified by XRD (see Figure 2).
As expected, during coating preparation both the B2-(Ni,Pt)Al and the underlying superalloy show
interdiffusion processes leading to composition gradients with positive (Ni, Cr, Co) or negative
(Al and Pt) trends [2,23].
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The particular increase of Pt on the first 13 µm of the BC causes inversely proportional changes in
the Ni content. This behavior is because Pt has a preference for the Ni sites in the B2 crystal structure
since the bond strength of AlPt is stronger than that of AlNi. As a consequence, Pt decreases the
chemical activity of Al [1,7].

It is worth noting that the oxidation time does not represent a reliable variable to correlate
the structural and chemical properties in both experiments because it changes according to specific
oxidation conditions. Instead, physical and/or thermodynamic considerations, as well as the phase
transformations that occur in the coating, must be taken into account. To do so, and as mentioned before,
the experiments are compared in Figures 4 and 5 from 0 h to the onset of the martensitic transformation.

The NO and SFO experiments represent different oxidation kinetics. Nevertheless, the boundaries
for the B2→ L10 martensitic transformation in the NO experiments are 36.3 at. % Al, 6.2 at. % Pt,
4.2 at. % Cr, 4.4 at. % Co and 47.7 at. % Ni, and those for the SFO experiments are 40.9 at. % Al,
8.5 at. % Pt, 2.9 at. % Cr, 3.8 at. % Co and 42.9 at. % of Ni.

The increase of Pt during the first 0.42 h of SFO experiments (Figure 4d) seems to be associated
with the fabrication process, since a similar trend is also observed in the as-coated sample, in which,
as mentioned before, Pt increases during the first 13 µm of the BC (see Figure 1).

Another non-expected increment of Al is observed in the sample exposed to 12 h of NO due
to the presence of the Al2Pt phase. The characterization of all the specimens in the as-received
conditions allowed the identification of the aforementioned phase in the samples that were later
exposed to 0, 3 and 12 h. In this case, the Al2Pt phase dissolves, which increases the Al content of
the coating.

Figure 5a,b show the lattice constant a and long-range order parameter S of the B2-(Ni,Pt)Al
phase obtained from the analysis of the XRD patterns for the NO and SFO experiments as a function
of the oxidation time. The lattice constant of the as-received sample is 2.932 Å, which is in turn 1.6%
higher than that expected for the stoichiometric binary NiAl alloy. This increase is due to Pt-additions
(12 at. %) and is in agreement with results reported by Chen et al. [30]. In general, it is found that the
lattice constant decreases as a function of the thermal exposure time and follows similar trends for NO
and SFO experiments during the first stages of the oxidation.
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The coupled behavior between composition and lattice constant has already been studied
by Bozzolo [13] and Pike [31] for the binary NiAl systems, which follows the Vergard′s law for



Metals 2016, 6, 208 9 of 13

substitutional solid solution alloys. The contribution of other elements to the lattice constant of the B2
phase depends on its size and specific location in every sublattice, according to the structural triple
point defects generated in this alloy [6]. Based on the sublattice model for NiAl by I. Ansara [5] and on
the site preference models for Pt, Cr and Co proposed by Jiang et al. [8,12], the B2-(Ni,Pt)Al BC can
be represented by a two sublattice descriptions as B2-(Ni, Pt, Co)(Al, Cr, Ni). Given that Al depletes
during the oxidation, the studied system will remain in the Ni-rich alloy region, where no vacancies
are expected and Ni antisites are considered. Additionally, Pt, Cr and Co are taken as substitutional
solid solution defects.

A detailed observation of the composition variations (Figure 4), a and S at the martensitic
transformation boundary (6 h NO and 0.92 h SFO), shows a direct relation between the Al and
Pt contents and these structural parameters of the B2-(Ni,Pt)Al phase. Unlike the other elements,
the higher Al content the higher a and S is observed. A similar behavior is observed at 12 h of oxidation
in the NO experiment, where the effect of Al content on the a and S is probably due to the dissolution
of the Al2Pt in the B2 phase at high temperature.

Del Grosso et al. [32] performed a theoretical calculation of the effects of Pt on the lattice constant
of NiAl as a function of composition based on the Bozzolo-Ferrante-Smith method. For comparison,
their results are plotted as squares in Figure 5a for 1, 3, 6 and 18 h. The compositions for these times
are normalized to the NiAlPt system and correspond to the simulated values by Del Grosso et al.
Although the theoretically calculated a values are higher than the experimental ones, there is a good
agreement in their tendencies as a function of the oxidation time, which is proportional to the
composition. Thus, changes in the crystal structure of B2-(Ni,Pt)Al coatings caused by the oxidation are
prompt to be addressed through experimental and atomistic simulations approaches seeking a better
understanding of their structural stability and phase transformations.

For instance, Sordelet et al. [33] studied the effects of Pt on the isothermal nature of the martensitic
transformation of NiAl and found that Pt increases the start martensitic transformation temperature
Ms. Complementary results are presented by Jiang et al., [34] based on Density Functional Theory
calculations, and show that Pt additions decrease the shear C´ and C44 moduli and thus destabilize
the B2 phase. Additionally, the Al-Ni-Pt phase diagram reported by Hayashi et al. [10] proposes
an extended region where the martensitic transformation may occur. Additions of 20 at. % Pt move
the Al boundary for transformation up to approximately 40 at. % Al [33,35]. These observations are
directly associated with the present results because the coatings exposed to SFO experiments contain
higher Pt content and transformed at higher Al contents than the values required for martensitic
transformation in the binary NiAl (about 37 at. %) alloy.

The behavior of S is found to be in accordance with the chemical content changes in the bond
coat, following the trends of Al depletion in every region. Although S presents similar values for
the B2 region, a significant difference is observed at the transformation boundary (6 h for NO and
0.92 h for SFO) which is explained in terms of the chemical content on each sample, and their role
contributing to the scattering of the X-rays depending on the site occupancy of the sublattices in the
B2 structure [12]. As can be seen in Figure 4c,d, the sample exposed to 0.92 h contained more Al and
Pt than the sample exposed to 6 h (Figure 4a,b) and consequently less Ni. No significant differences
are observed for Cr and Co between both types of samples. Remembering that the B2 phase can be
described by the 2 sublattice model, where Pt and Co occupy the Ni sublattice and Cr occupies the Al
sublattice, six binary systems (B2-XAl and B2-XCr, X: Ni, Pt and Co) can be compared to understand
the role that the elemental composition of the alloy has on the superlattice peaks’ intensity observed
in the X-ray patterns. These peaks are a consequence of the difference in ASF in every sublattice
and therefore define the long-range order parameter. Despite the simplicity of the binary models,
these are useful to show the contributions of the elements to the superlattice peaks. For instance,
the difference in ASF of the binary models at 2θ = 30.9◦ that correspond to the superlattice (100)
peak are: B2-PtAl→ 44.86, B2-PtCr→ 38.57, B2-NiAl→ 8.97, B2-CoAl→ 8.28, B2-NiCr→ 2.68 and
B2-CoCr→ 1.99. It is clearly observed that the larger differences correspond to the Pt containing alloys
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due to the higher electronic density of Pt. This analysis is in good agreement with the content of Al
and Pt at the transformation boundary.

Thus, composition, lattice parameter, as well as for long-range ordering, all follow similar
behaviors, showing two regions of variation before and after the martensitic transformation for
NO experiments, and an almost linear decrease for SFO experiments.

Given that the oxidation time is not a physically meaningful independent variable, nor does it
allow direct comparison of natural and scale free oxidation results, the lattice constant and long-range
ordering parameter are plotted in Figure 6 versus the corresponding variable, as a function of the Al
content for NO and SFO experiments, since it is the most representative contributor to the crystal
structure properties and ordering. The oxidation process is shown by the expressions “Oxidation
starts” for 0 h and “Oxidation ends” for 18 h and 1.83 h of NO and SFO, respectively. Data from
the literature for the binary NiAl system is also represented in Figure 6 for comparative purposes.
The values reported by Bozzolo et al. [36] correspond to first principles calculations performed in
B2-NiAl and applying Ni antisite defects for compositions out of the stoichiometry, in order to maintain
the B2 crystal structure.
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Figure 6. Variation of lattice constant as a function of Al content for NO and SFO experiments.
Results of the analysis from a Binary (Bozzolo) and commercial systems are included.

The lattice constant of the B2-(Ni,Pt)Al phase shows a linear dependence with the Al content
during the complete isothermal oxidation process, irrespective of the nature of the oxidation
(NO or SFO). This behavior corresponds to substitutional solid solution alloys, where the elements
are replaced by others following a model of hard spheres and where Vegard’s law can be applied.
Based on the slopes of the linear trends, we can see that the dependence of the lattice constant with Al
content in the commercial coatings showed good agreement with the behavior of the simulated NiAl
binary system. The dispersion of a values and slight differences in the slopes from 40 to 50 at. % Al are
attributed to the change of Pt, Cr and Co in the Ni and Al sublattices from the as-received conditions
(0 h) to the transformation boundaries (6 h and 0.92 h). The difference in the lattice constant between the
simulations and experiments is mainly due to the effect of Pt substitutions in the Ni site. These results
are in agreement with the work reported by Chen et al. [30]. The effect of Cr and Co on the lattice
constant are not expected to be determinant on the size of the unit cell because their atomic radiuses
are similar to that of Ni, and according to the triple point defect model and site preferences, they do
not affect this parameter.



Metals 2016, 6, 208 11 of 13

The linear dependence of the lattice constant as a function of Al content in the region of
mixed B2 + L10 phases showed a higher slope than the one observed in the single B2 phase region.
This behavior deserves further studies.

These findings show the importance of the Al content in the crystal structure of commercial
B2-(Ni,Pt)Al bond coatings and the effect of the ternary additions on the size of the B2 unit cell
(bigger intercept than for NiAl).

The long-range ordering S for NO and SFO experiments plotted in Figure 6 also exhibits a linear
dependence with the Al content, independently of the nature of the oxidation. These results show
how the B2 phase disorders as the Al is depleted during the oxidation until its transformation to the
martensitic phase. The behavior of S is also affected by the presence of Pt in the alloy due to their
difference in ASF with Al, and this affects the ordering and consequently the stability of the crystal
structure, as shown before.

5. Conclusions

Two different isothermal oxidation experiments conducted at 1100 ◦C and pO2 = 0.2 atm,
on B2-(Ni,Pt)Al/Rene N5 systems were performed to study the effect of chemical content on the
structural stability and the martensitic phase transformation of B2-(Ni,Pt)Al bond coats. The main
conclusions are presented below:

• Natural (NO) and Scale Free (SFO) Oxidation experiments allowed us to study the stability and
martensitic transformation of the B2-(Ni,Pt)Al phase as a function of the composition.

• The B2 phase destabilized and transformed to martensite for NO and SFO experiments at 36.3
and 40.9 at. % of Al, 47.7 and 42.9 at. % of Ni, 6.2 and 8.5 at. % of Pt, 4.2 and 2.9 at. % of Cr and
4.4 and 3.8 at. % of Co, respectively.

• The lattice constant and long range ordering parameter of the B2-(Ni,Pt)Al phase have a linear
dependence on the Al content of the coating and the slopes are similar to the binary NiAl system.

• Diffusing Cr and Co elements from the SA were identified in the bond coat and did not cause
significant effects on the size and ordering of the coating.

• Al and Pt were found to play a determinant role in the lattice constant and S of the B2 phase.
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