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Abstract: In this paper, a comprehensive study on 1373 K high-temperature oxidation behaviors in a 
Ni-20 at.% Al-5 at.% Pt system was performed by coupling experimental investigations with 
CALPHAD (CALculation of PHAse Diagram) calculations. The discussion was expanded to include 
the effects of chemical concentrations on the degradation mechanism of thermally grown oxide layers 
during oxidation at 1373 K. A step-by-step oxidation procedure was established: first, aluminum oxide 
grows on the underside, followed by nickel oxide, which fully develops and penetrates the original 
aluminum oxide. The formation of NiO leads to aluminum enrichment and nickel depletion; once the 
concentration of Al achieves a threshold, θ-Al2O3 transforms into α-Al2O3, forming a tight structure. 
At this point, Al diffusion toward the exterior predominates, followed by the inward diffusion of O. 
The diffusion of Ni is gradually restricted by the establishment of the α-Al2O3 layer. When Al is not 
enough, Al2O3 combines with NiO to develop NiAl2O4. Nickel segregation may also occur during 
subsequent oxidation at the oxide layer/matrix alloy boundary. Small voids are likely to form due to 
the merging of the vacancies caused by the unbalanced diffusion of Al toward the Al2O3 layer and the 
opposite diffusion of Ni, resulting in significant peeling failure. Additionally, Pt has a beneficial effect 
by forming a thinner oxide scale that is more resistant to spallation. 
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1. Introduction 

As an important intermediate transitional scale between the ceramic coat and substrate alloy in 
thermal barrier coatings (TBCs), the bond coat is easily oxidized and forms a thermally grown    
oxide (TGO) scale [1], whose continuity and stability determines the failure life of TBC materials. 
Once the aluminum is severely depleted due to simultaneous consumption by both oxidation and 
inward diffusion into the matrix alloy, the TGO layer undergoes extensive scale spallation [2]. While 
the Al concentration decreases beneath a threshold value, a complete and steady Al2O3 scale may develop, 
finally resulting in the failure and rupture of the oxide layer. Hence, a continuously porous-free, good 
TGO layer with excellent adhesion should be established during the oxidation of the bond coat. 

The latest γ/γ′ Ni-based alloys with Pt addition have become promising bond coats [3,4], 
benefiting from their up-diffusion phenomenon; the presence of Pt can facilitate the transfer of Al from 
the matrix alloy to the bond coat, ensuring adequate Al levels [5–8]. Several studies [9–12] have 
investigated the influence of Pt on oxidation behavior. It has been found that Pt suppresses the diffusion 
of elements from the matrix to the surface, thus contributing to the stable development of α-Al2O3 and 
effectively avoiding the detrimental oxide formation around the TGO interface [13–15]. Additionally, 
Pt reduces chemical activity, thus effectively slowing down the failure process [16]. It has been 
demonstrated that Pt modification results in oxygen diffusion into the metallic substrate, as demonstrated 
through internal oxidation experiments on the Ni-20 at.% Al-3 at.% Pt alloy at 1423 K [17]. When the 
addition of Pt is increased high enough, usually higher than 15 at.%, the chemical activity of Al 
declines, leading to the uphill diffusion of Al in the matrix alloy. 

Considering the deleterious effects of brittle nickel oxides (NiO and NiAl2O4) on the TGO layer, 
they have been widely studied [18]. Xiao et al. [19] investigated the high-temperature oxidation 
process in several γ/γ' alloys with different Pt contents (0, 10, and 15 at.%). As previously mentioned, 
Pt has a strong preference for specific sites within the Ni crystal lattice in the L12 configuration and 
tends to migrate to the alloy surface due to its larger atomic radius compared to Ni. This increases the 
effective Al/Ni atomic ratio in specific crystallographic planes [20], promoting the formation of     
α-Al2O3 instead of NiO. Consequently, a preferential TGO layer formation is influenced not only by 
alloy composition and phase structure but also by the diffusion of other elements toward the oxidation 
interface during service.  

Based on previous research, the latest generation of Ni-Al-Pt alloy bond coats was chosen as the 
research focus to obtain a more detailed understanding of bond coat oxidation behavior and its     
up-diffusion protection effect. In this study, an experimental program combined with thermodynamic 
calculations of chemical activity was conducted to acquire a deeper understanding. The effects of alloy 
composition on TGO layer degradation behavior during oxidation experiments at 1373 K were 
investigated and discussed. 

2. Materials and methods 

Arc melting was used to prepare Ni-20 at.% Al-5 at.% Pt target alloys with unstained Ni, Al, and 
Pt metals (99.999%) in a vacuum atmosphere. After arc melting, the alloy was treated in inert gas and 
then annealed for 336 h at 1373 K in a vacuum. Specimens were fabricated into discs with 2 mm 
thickness and polished with SiC paper up to 2000 mesh. A thin oxidation film was removed by cleaning 
with a mixture of acid (99%) and H2O in a 1:6 ratio for 5 min. Oxidation experiments were conducted 
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on a GSL-1700X high-temperature vacuum tube furnace. The experimental temperature was set     
to 1373 K, the exposure time to 130 h, and the oxygen partial pressure was PO2 = 0.21 bar. Prior to 
exposure, the temperature of the furnace was increased to 1373 K at a rate of 20 ℃/min. After 130 h 
of oxidation, specimens were mechanically polished using a 1 µm abrasive paste. Then, specimens 
were desiccated and stored in glassware for subsequent characterization using an electron-probe 
microanalyzer (EPMA), scanning electron microscope (SEM) for microstructural analysis, and X-ray 
diffraction (XRD). Energy-dispersive X-ray spectroscopy was used to measure and confirm the    
alloy composition.  

3. Results and discussion 

3.1. Experimental characterization of oxidation 

Figure 1 shows the detailed microstructure and phase distribution in the TGO scales of the    
Ni-20 at.% Al-5 at.% Pt alloy after oxidation for 130 h at PO2 partial pressure of 0.21 bar at 1373 K. 
SEM images with different contrasts illustrate the thickness of the oxide layer, which is 
approximately 7–8 μm. In Figure 1a, a homogenous γ-Ni secondary surface area with darker contrast 
is observed around the oxide scales due to the quick diffusion of aluminum, forming an Al2O3 layer 
approximately 45.90 μm thick. 

The formation of Al2O3 in the TGO scale led to the depletion of aluminum in the substrate alloy. 
On the other hand, the consumption of aluminum during the oxidation process affected the mechanical 
properties of the substrate alloy, influencing the lifespan of the entire coating system. For instance, the 
formation of NiAl2O4 phases under adverse conditions contributed to interfacial brittleness.     
Figure 1a,c show a 5–12 μm thick zone of internal oxidation near the interface with the Ni-Al-Pt matrix 
alloy, where internal oxide particles are visible in the substrate alloy. The presence of different oxide 
phases in the TGO layers is indicated by contrast in the SEM/BSE (Backscattered Electron) images, 
suggesting a need for additional compositional analysis. The particular morphology of the γ'/γ phases 
in the oxidized alloys is shown in Figure 2, indicated by the bright contrasts. As shown in Figure 2b, 
the dark channel region displays a reticular structure with γ and γ' blocks embedded in each other.  

The composition of the oxidation layer was detected by energy dispersive spectroscopy (EDS), with 
measurements taken along two lines across the oxide layer marked in red in Figure 1c,d. While the 
precision of EDS measurement is not enough to characterize light atoms, the results provide qualitative 
insights. The EDS analysis curve in Figure 3 shows a nickel content of approximately 50–60 at.% in 
the oxide layer, while in the central region, the detected ratio of O to Ni approaches 1:1, suggesting 
the presence of NiO. In addition, traces of metallic Ni or Ni3Al may be present, based on the EDS map. 
Therefore, the oxide layer consists of a mixture of different phases and oxidation compounds.  
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Figure 1. (Color online) (a) SEM/BSE images of cross sections of the Ni-20 at.% Al-5 at.% 
Pt specimen oxidized for 130 h under PO2 = 0.21 bar at 1373 K presenting various districts; 
(b) SEM/SE (Second Electron) image of oxide morphology; (c) and (d) enlarged SEM/BSE 
images from (a); the red line in (c) and (d) shows the line scan for the EDS analysis. 

 

Figure 2. (Color online) SEM/BSE image of the microstructure in the Ni-20 at.% Al-5 at.% 
Pt alloy oxidized for 130 h under PO2 = 0.21 bar at 1373 K. (a) SEM images of the γ'/γ 
morphology, (b) amplified morphology of the γ'/γ phase region.  
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Figure 3. (Color online) EDS composition distribution curve of the SEM/BSE graphic. (a) 
Corresponds to Figure 1c, (b) corresponds to Figure 1d. 

An additional EDS scan map of the SEM/BSE image in Figure 1d was conducted to show the 
comprehensive composition distribution of the different elements (Figure 4a). The distribution of Al, 
Ni, and O varies between the oxide layer and the matrix alloy, with localized concentration differences 
corresponding to distinct contrasts caused by different oxide phases. No significant differences were 
found in the distribution of Pt throughout the entire region. Based on the previous analysis, the grown 
oxide is actually a mixture of different oxidation compounds. One obvious region, marked with a red 
box in the EDS map, indicates the existence of an Al2O3 compound near the inner surface based on 
the element distribution. 

 

Figure 4. (Color online) (a) EDS composition distribution map of the SEM/BSE graphic 
corresponding to Figure 1d. (b) and (c) Composition point check (EDS analysis) of 
SEM/BSE graphics in Figure 1c. 

EDS characterization of the grown oxide layer is shown in Figure 4b,c, where two points with 
different brightness contrasts were selected independently from the previous line scan in the SEM/BSE 
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image. This analysis indicates that there are at least two types of oxidation compounds within the TGO 
scale. Point detection demonstrates that both NiO and Ni-Al oxides formed on the samples, with the 
surface point in Figure 4a showing a higher concentration of nickel oxide, and the middle point in the 
oxide layer in Figure 4b showing a higher concentration of aluminum oxide. 

The X-ray diffraction map of the grown oxide on the Ni-20 at.% Al-5 at.% Pt alloy after oxidation 
for 130 h at 1373 K is shown in Figure 5. The oxidation compounds in the TGO scale are primarily 
NiO mixed with γ-Ni and γ'-Ni3Al. The diffraction peaks of γ' and γ phases are close to each other, 
with the exception of extra peaks from γ'. Peaks marked in blue indicate NiO, which may transform 
into spinel phases during further oxidation stages via a solid-phase reaction between Al2O3 and NiO 
in subsequent exposure. Al2O3 peaks were not detected, probably due to Al2O3 being present on the 
inner surface of the Ni-20 at.% Al-5 at.% Pt alloy in quantities too low to detect. The results from both 
EDS and XRD analysis show good consistency in illustrating the oxidation process. 

 

Figure 5. (Color online) XRD patterns of the grown oxide layer on the Ni-20 at.% Al-5 at.% 
Pt alloy oxidized for 130 h under a PO2 = 0.21 bar at 1373 K.   

3.2. Analysis based on thermodynamic calculations  

As previously shown, a series of experimental characterizations were conducted to analyze the 
oxidation process of the Ni-20 at.% Al-5 at.% Pt alloy at 1373 K with PO2 = 0.21 bar. In order to 
further comprehend the role of platinum in slowing down the oxidation process, thermodynamic 
calculations were performed for supplementary investigation. Figure 6 shows the calculated isothermal 
section at the current temperature in the nickel-rich region of the Ni-Al-Pt ternary alloy, based on the 
parameter assessments from [21]. The phase diagram presents the initial composition and relative 
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phase zone. Figure 7a presents the calculated phase fraction curves of γ and γ' in the Ni-Al-based alloy 
with varying Pt contents at 1373 K, using the thermodynamic database from [21] and Thermo-Calc 
software. The γ' content depends linearly on the Pt composition up to 20 at.% Pt, while the γ phase 
shows the opposite trend. Additionally, Figure 7b shows the variation curve for equilibrium 
concentrations of Al in γ' and γ phases vs. Pt content, revealing a slight decline in Al content with 
increasing Pt. Correspondingly, the equilibrium compositions of 5.477 at.% Pt in γ' phase and 4.103 at.% 
Pt in γ phase are achieved in the Ni-20 at.% Al alloy with 5 at.% Pt addition at the current temperature. 
This demonstrates that Al and Pt participate in the γ' phase.  

 

Figure 6. (Color online) Calculated isothermal section at 1373 K in the nickel-rich zone 
of Ni-Al-Pt ternary alloy based on the assessment descriptions from [21]. The original 
alloy constitute is appended in the figure. 
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Figure 7. (Color online) Calculated (a) phase fractions of γ' and γ phases and (b) 
equilibrium aluminum compositions in γ' and γ vs. Pt contents in the Ni-20 at.% Al-based 
alloy with the addition of Pt (at.%) at 1373 K according to the database assessed by [21]. 

It is expected that uphill diffusion of aluminum from the matrix alloy in the TBC system occurs 
due to a reduction in Al chemical activity in phases with platinum content higher than 15 at.% [17]. 
To further explore this, the variation curve for the chemical activity of Al and Pt vs. Pt contents      
at 1373 K was calculated according to the thermodynamic database from [21], as shown in Figure 8. 
Both Al and Ni activities decrease with increased Pt content beyond 15 at.%, which explains the    
up-diffusion behavior. However, for the current Ni-20 at.% Al-based alloy with 5 at.% Pt, the chemical 
activity of nickel increased with the addition of Pt, as the Pt content is insufficient to inhibit the outward 
diffusion of Ni. This results in rapid NiO growth in the TGO scale, as observed in the previous 
experimental characterizations. When the Ni-Al-Pt alloy acts as the bond coat, increasing Pt content 
has two benefits. First, the enhanced up-diffusion effect ensures sufficient Al content in the Ni-Al-Pt 
bond coat, rather than interdiffusion depletion into the Ni-based substrate alloy. Second, at the initial 
oxidation stage of the bond coat, a diffusion concentration gradient of Al forms from the alloy to the 
oxidation interface; then, the presence of Pt and its up-diffusion effects on Al contribute to the 
enhanced transfer of Al to the oxidation interface. Both factors contribute to a stable and continuous 
development of the alumina oxide layer, with higher Pt contents yielding more stable alumina TGO. 

The consumption of Al during Al2O3 formation is not compensated by outward Al diffusion from 
the alloy due to the low Pt content; this means that there is not an adequate driving force for the uphill 
diffusion of aluminum. The chemically favorable effect between Pt and Al is not noticeable at 5 at.% 
Pt. Increasing Pt content above 15 at.% contributes to the establishment of Al2O3 scales by inhibiting 
the formation of rapid NiO growth, as shown in Figure 8. This increase in Al at the oxide/substrate 
interface results in the development of a more robust Al2O3 layer on the alloy surface. 
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Figure 8. (Color online) Chemical activity of aluminum and nickel vs. Pt contents in Ni-
20 at.% Al-5 at.% Pt at 1373 K obtained according to the thermodynamic database from [21]. 

The oxidation process follows the formation energy of oxides, as presented in Figure 9, which 
shows the standard formation energy vs. temperature for Al2O3 and NiO. At the experimental 
temperature of 1373 K, NiO is less stable than Al2O3 in the standard state, so Al will preferentially be 
oxidized beneath the NiO layer as long as its composition and chemical activity are above critical values.  

 

Figure 9. (Color online) Schematic diagram of the standard formation energy vs. 
temperature for Al2O3 and NiO calculated based on our previous work [22,23]. 
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A schematic of the oxidation process of the Ni-20 at.% Al-based alloy with 5 at.% Pt is shown in 
Figure 10. Generally, oxidation can be divided into two types: anion diffusion and cation diffusion [24]. 
The former involves oxygen anion conveyance, and the latter involves metal ion conveyance. Metal 
ions usually oxidize from the free surface, while oxygen ions develop oxides from the alloy surface. 
The whole oxidation process can be summarized in four steps:   

(1) As shown in Figure 10a,b, in the initial stage, Al2O3 develops initially on the underside, while 
NiO grows on top and disrupts the alumina. This occurs due to NiO expanding faster than Al2O3, as 
shown in prior investigations on the oxidation kinetics of pure Al [22] and pure Ni [23]. The ion 
mobility of NiO is faster than that of Al2O3. During the initial period, NiO expands fast and dominates 
the oxidation kinetics, allowing Al2O3 grains to be embedded into the NiO scale. As Ni oxide expands, 
meta-stable θ-Al2O3 with loose porous morphology quickly develops its own scales below the Ni oxide 
layer. In Al2O3, O ions diffusion predominates, and NiO primarily diffuses Ni ions.  

(2) The development of NiO contributes to Ni depletion and Al accumulation. When Al reaches 
a threshold, θ-Al2O3 converts to α-Al2O3 with a compressed configuration. Outward diffusion of Al 
predominates, with inward diffusion of O playing a secondary role, according to prior research [22,23]. 
This α-Al2O3 layer may form an entire scale to prevent further Ni outward diffusion. 

(3) If Al content becomes insufficient, NiO can react with Al2O3 to generate damaging NiAl2O4. 
(4) The continued oxidation process can lead to Ni aggregation at the oxide layer/substrate alloy 

interface. The opposite-directional diffusion of Ni is larger than the transportation of Al to the 
interface [25,26]. Namely, vacancies accumulate by unbalanced diffusion of Al toward the Al2O3 layer 
and opposite-directional diffusion of Ni according to the flux balance reaction, JV = JNi  JAl. These 
vacancies may coalesce into small voids, causing widespread oxide layer spallation. As shown here, 
Pt improves Al diffusion and reduces the opposite-directional diffusion flux of nickel, thereby 
decreasing the diffusion flux of outward vacancies and resulting in a thinner, more rupture-resistant 
oxide layer. 

 

Figure 10. (Color online) Sketch map of the oxidized procedure of the Ni-20 at.% Al-based 
alloy with 5 at.% Pt addition.  
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4. Conclusions 

Oxidation experiments were conducted in a Ni-20 at.% Al-based alloy with 5 at.% Pt addition  
at 1373 K. Relative thermodynamic calculations were performed to further comprehend the oxidation 
mechanism of Ni-Al alloys with different Pt contents. From there, the effects of alloy constitutes on 
the oxidative development of the TGO layers were discussed. The primary conclusions are as follows:  

(1) Initially, Al2O3 granules form within the NiO scale. Here, O ion diffusion drives the 
development of Al2O3, while Ni cation diffusion drives NiO growth. 

(2) The development of NiO leads to Ni depletion and Al accumulation, leading to the 
transformation of θ-Al2O3 into α-Al2O3 with a compacted configuration. The outward Al diffusion 
then predominates, followed by the inward diffusion of oxygen. The α-Al2O3 layer may restrict further 
outward permeation of Ni. 

(3) The formation of NiAl2O4, combined with vacancy accumulation and coalescence into voids, 
results in widespread oxide layer rupture due to unbalanced diffusion of Ni and Al. Platinum mitigates 
this rupture process by reducing the net diffusion flux of vacancies, leading to a thinner and more 
stable oxide layer. 
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