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ARTICLE INFO ABSTRACT

Keywords: Metallic coatings are widely employed to improve the oxidation resistance of superalloys. However, the inter-
Bond ?oati‘ng diffusion between the metallic coatings and the superalloys leads to microstructural degradation in both. Some of
Interdiffusion the underlying degradation mechanisms are still elusive, e.g., the y' (Ni3Al) phase depletion in superalloys, where
Microstructural degradation ' .. . . . . . . .

. a large amount of y' precipitates are dissolved in the y matrix even though the incoming Al from coatings indeed
Thermodynamics

increases the Al content. Here, we investigated the interdiffusion behavior between the Amdry365 coating and
the IN792 superalloy at 1100 °C, using multiple microscopic techniques and thermodynamics calculations. Our
results showed an excellent agreement between experiments and thermodynamics simulations, indicating the
dominant role of Al on the initial diffusion-induced phase transitions. We proposed the Al-Cr interference effect
to account for the pile-up behavior of Cr and the reduced Al content near the coating/superalloy interface. The
local phase equilibrium calculations revealed that the y' depletion in the superalloy is primarily attributed to the
loss of y-forming elements, such as Ta and Ti. Our findings opened up an avenue for studies on the superalloy/

coating interdiffusion, contributing to reducing this damaging impact.

1. Introduction

Thermal barrier coatings (TBCs) significantly elevate the operating
temperatures and enhance the oxidation resistance of superalloys, the
state-of-the-art materials for high-pressure turbine blades in aircraft
engines [1-4]. The functioning of TBCs is achieved through a ceramic
top coating with low thermal conductivity, and a metallic bond coating
to provide oxidation resistance [5-7]. MCrAlY coatings (M: Ni and/or
Co) are widely employed as bond coatings due to their exceptional high-
temperature oxidation resistance and cost-effectiveness [8-12]. In these
systems, an approximate 50 vol% fraction of -NiAl precipitates acts as
Al reservoirs, enabling the formation of a dense Al,O3 layer as a barrier
against oxygen penetration at elevated temperatures [13,14]. Addi-
tionally, a thermally grown Al,O3 layer on the bond coating mitigates
the thermal expansion mismatch between the ceramic top coating and
the substrate superalloy [15]. Unfortunately, interdiffusion often occurs
between the bond coating and the superalloy at high temperatures,
resulting in microstructural degradation of the superalloy [16-20].
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Further, this effect compromises the high-temperature mechanical
properties of the substrate superalloy. For example, coated superalloys,
IN792, Superni C263 and K403, exhibit reduced creep or fatigue life
compared to uncoated materials under identical testing conditions
[21-24]. Hence, the advantage of bond coatings, i.e., enhanced oxida-
tion resistance, comes at the expense of reduced mechanical properties.

The interdiffusion between the coating and the superalloy is driven
by a chemical potential gradient. Driven by this, the elements of Al, Cr,
Co migrate from the coating side to the superalloy side, while simulta-
neously the elements of Ta, W, Mo, Ti in the superalloy side diffuse to the
coating side [25,26]. Notably, the elements of Al, Cr, Co exhibit higher
diffusion rates compared to Ta, W, Mo, Ti in the nickel-based superalloy
[27,28]. The discrepancy in elemental diffusion rates causes the for-
mation of Kirkendall voids in the coating side, close to the coating/su-
peralloy interface, thereby weakening the bonding between the coating
and the superalloy [27,29]. Furthermore, the elemental diffusion dis-
rupts the original phase equilibrium in both the superalloy and the
coating. Consequently, it leads to the precipitation of topologically close
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Table 1
Compositions of IN792 and Amdry365 (in wt.%).
Al Cr Co Y Ta w Mo Ti C Ni
IN792 3.4 12.5 9 - 4.2 4.2 1.9 4 0.08 Bal.
Amdry365 10.5 20.4 23.4 0.6 — - - — — Bal.

Z [111]

Fig. 1. The microstructure of Amdry365 after SPS. (a) SEM image; (c) the HAAD image; SADPs of (d) y and (e) f phase.

packed (TCP) phases and the depletions of both  and y' phases [30-34].
Those brittle TCP phases, such as (Cr, Ta)-rich p phase, (Al, W, Co)-rich P
phase and (Cr, Co)-rich ¢ phase, could reduce the ductility of superalloys
[35-37]. The B depletion (B — y) can be attributed to the loss of Al,
which is the primary component of both f (NiAl) and y' (NizAl) [38].
However, the depletion of y' in superalloys is still elusive: while the
incoming Al from the coating should in principle promote the precipi-
tation of y' phase in the superalloy, numerous experimental observations
confirm the formation of a y' depleted zone [16,31,39-41]. A compre-
hensive understanding of this phenomenon is crucial to reduce the
adverse impact of bond coatings on superalloys.

In this research, we investigated the interdiffusion behavior between
a classic MCrAlY coating Amdry365 and a nickel-based superalloy
IN792, using an integrated approach combing microscopic techniques
and thermodynamic calculations. IN792 is a typical high-Ti, Re-free
superalloy, renowned for its exceptional high-temperature strength and
cost-effectiveness [42]. Ti enhances the precipitation hardening effect
[43,44], but diminishes the high-temperature oxidation resistance of
superalloys [45,46]. Thus, a protective coating is necessary for this
material. The oxidation test was carried out at 1100 °C for up to 2000 h
in air. The microstructural evolution near the Amdry365/IN792 inter-
face was examined by scanning electron microscopy (SEM) equipped
with an energy dispersive spectroscopy (EDS), and the quantitative
measurement of composition profiles was implemented using electron
probe microanalysis (EPMA). The Thermo-Calc (TC) software was
employed to simulate the interdiffusion process between Amdry365 and

IN792.
2. Experiment and simulation

The chemical compositions of Amdry365 and substrate IN792 are
provided in Table 1. The Amdry365 ingots with a size of 10 x 20 x 25
mm? were prepared using high purity (>99.9 %) pure metals by arc
melting, in a water-cooled copper mold with an Ar protective atmo-
sphere. The ingots were then sliced into thin sheets (0.5 x 20 x 25
mm?), by the means of electrical discharge machining (EDM), and pol-
ished down to a thickness of 200 um finishing with #1200 SiC papers.
IN792 substrates with a size of 5 x 20 x 25 mm® were sectioned from
ingots via EDM and sequentially polished by #1200 SiC papers. Subse-
quently, Amdry365-IN792 couples were prepared using spark plasma
sintering (SPS, SPS-825), under the compressive pressure of 30 MPa at
1000 °C for 20 min, in the evacuated chamber with a pressure of ~ 10
mbar. The couples were cut into six equal-sized pieces by EDM, as
samples for the following oxidation tests. The oxidation tests were
performed at 1100 °C in a muffle furnace for t h (t = 50, 200, 500, 900,
1400 and 2000). After cooling down to room temperature in ambient
air, the oxidized specimens were embedded in conductive resins and
polished, for microstructural observations.

The scanning electron microscope (SEM, Hitachi SU70 FEG) equip-
ped with an energy dispersive X-ray spectrometer (EDS, Aztec Energy X-
max 80) was employed to characterize the microstructure of initial
Amdry365 ingots, resulting oxide layers and microstructural evolution
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Fig. 2. (a) The cross-section microstructure and (b) the EDS elemental mapping of oxide layers on the surface of Amdry365 after 2000 h of oxidation at 1100 °C; (c)
the microstructural evolution induced by interdiffusion between Amdry365 and IN792.
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Fig. 3. The EDS line scan results on the formed carbides near the interface
between Amdry365 and IN792.

due to interdiffusion between Amdry365 and IN792. The quantitative
analysis of compositions was carried out by an electron probe micro-
analyzer (EPMA, SHIMADZU1720H). The EPMA was operated at 15
keV and 10nA. EPMA, in contrast to EDS, distinguishes between ele-
ments based on the wavelengths of their characteristic x-ray emissions.
This capability enables EPMA to discern contributions from elements
that may ’overlap’ when measured with EDS, thereby allowing for
precise quantification of element concentrations, down to the ppm range
[47]. The crystal structure of Amdry365 was identified by a transition
electron microscope (TEM, Talos F200i). The TEM foils were prepared

by twin-jet electropolishing in the electrolyte comprising 10 %
perchloric acid and 90 % ethanol, at a temperature of —25 °C and a
voltage of 20 V.

The thermodynamic calculations and diffusion simulations were
performed using the Thermo-Calc software (TC, 2020b) with the TCNI10
and MOBNIS database. The homogenization model #5 (upper Wiener
bound) was applied to simulate the diffusion process using the diffusion-
controlled transformation (DICTRA) module. System equilibrium was
achieved by minimizing the total Gibbs free energy of the system,
calculated by the property model3 (POLY3) module.

3. Results and discussions
3.1. Initial microstructure of Amdry365

The microstructure of Amdry365 after SPS was investigated by SEM,
EDS and TEM (Fig. 1). Fig. 1a shows the microstructure of Amdry365,
which is composed of ~ 49.5 vol% face-centered cubic phase (FCC, v),
~50.5 vol% body-centered cubic phase (BCC, B), and a small amount of
Y-rich particles. The phase fractions were measured by the image seg-
mentation method based on the contrast of SEM images [48]. Fig. 1b
illustrates the elemental distribution at the marked region of Fig. 1a,
indicating the pile-up behavior of Ni and Al in the p phase, and of Co and
Cr in y, respectively. TEM analysis was applied to determine the crystal
structure of Amdry365. A high-angle annular dark field (HAADF) TEM
image is shown in Fig. 1c. Fig. 1d reveals the selected-area diffraction
patterns (SADPs) with FCC diffraction spots along the [ —11 1] zone axis,
confirming that the dark phase in Fig. 1c is the y phase. Fig. 1d shows the
SADPs along the [01 3] zone axis, confirming that the bright phase has
the BCC crystal constructure (f phase). It is noted that the contrast in the
TEM image (Fig. 1c) is reversed to that in the SEM image (Fig. 1a).
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Fig. 4. The thickness changes of (a) GPDZ and (b) BDZ with increasing diffusion time. The square of thickness changes of (¢) GPDZ and (d) BDZ as a function of

diffusion time.

3.2. The microstructural evolution induced by the coating/substrate
interdiffusion

Fig. 2a and 2b show the cross-sectional microstructure and the EDS
elemental mapping of thermally grown oxides (TGOs) on the surface of
Amdry365 after a 2000 h oxidation test at 1100 °C. Double oxide layers
could be detected on the surface of oxidized Amdry365, including the
outer (Ni, Co, Cr, Al)Oy type spinel layer and the inner Al;O3 layer. The
AlyO3 layer, as a dense barrier, has a crucial role in impeding the
penetration of oxygen, due to its stable corundum structure, low Gibbs
free energy of formation, low Pilling-Bedworth ratio (1.28) and non-
volatility [49]. Furthermore, it is noteworthy that Y-rich oxides are
scattered throughout these two oxide layers. Y, known as a reactive
element, is reported to inhibit the cation diffusion along the oxide grain
boundaries, thereby retarding the growth of oxide layers [50-52].

Fig. 2c shows the microstructural evolution induced by interdiffusion
between Amdry365 and IN792 at 1100 °C. After 50 h, (Ta, Ti)-rich
carbides could be detected at the interface between Amdry365 and
IN792 (see Fig. 2¢ and Fig. 3). The diffusion of Al promotes the forma-
tion of carbides rich in Ta and Ti near the Amdry365/IN792 boundary,
via improving the activities of Ta and Ti (see Fig. S1 in Supplementary
materials). Subsequently, these carbides were dissolved in the matrix
during the extended diffusion process. The depletion of p and ¥’ is clearly
shown, reflected by a p-depletion zone (BDZ) in the Amdry365 side and
a y-depletion zone (GPDZ) in the IN792 side. The thickness changes (H)
of GPDZ and BDZ are plotted as a function of diffusion time in Fig. 4a
and Fig. 4b. The square of thickness changes (H?) of both GPDZ and BDZ
are proportional to the diffusion time (Fig. 4c and Fig. 4d). Thus, the
growth of GPDZ and BDZ appears to follow the parabolic law. Both
Amdry365 and IN792 are primarily composed with a two-phase system,
namely, y + B in Amdry365 and y + y' in IN792. However, their inter-
diffusion could cause depletion of both y' and f. Our microstructural
analysis indicates that their microstructural degradation initiates at the

very early interdiffusion stage, and the prolonged microstructural evo-
lution is a continuation of the initial phase transformation. Thus,
modelling of interdiffusion during the early thermal exposure was per-
formed using the DICTRA module of the Thermo-Calc software, to reveal
the initial phase transformation mechanism induced by interdiffusion
between Amdry365 and IN792.

3.3. Interdiffusion simulation

Fig. 5 shows the composition profiles (shown as open circles in red)
measured by EPMA near the interface between Amdry365 and IN792
after 50 h. In both BDZ and GPDZ, the distribution of elements is
continuous. However, in the two-phase regions of Amdry365 and IN792,
the distribution of elements is discontinuous, which is attributed to the
different composition of p, ¥ and y phases. For example, Al is segregated
in the f phase, and Cr and Co are segregated in the y phase, as shown in
the two-phase region of Amdry365 (Fig. 5a-5¢). Moreover, the compo-
sition of each element in BDZ and GPDZ is close to that in the y phase of
the two-phase regions. where the concentration of Al is low.

The simulation results (represented by solid lines) compared with the
EPMA results (shown as open circles in red) after 50 h are shown in
Fig. 5. Notably, the simulation results show a noticeable pile-up
behavior of Cr and Co and a low Al concentration in the BDZ and
GPDZ regions, while these behaviors are not obvious in the measured
results. This is due to the elemental segregated behavior, namely, Al is
segregated in the p phase, Cr and Co are segregated in the y phase, as
shown in the two-phase region of Amdry365 (Fig. 5a-5c). The moving
average method is employed to smooth the data as shown in supple-
mentary material Fig. S2, indicating the agreed results with the simu-
lation. And the pile-up behavior of Cr and Co can be verified in previous
research [53,54].

A distinct kink is discernible at the interface between Amdry365 and
IN792, which is ascribed to the lower diffusion rate of refractory metal
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Fig. 5. The composition profiles of DICTRA simulation compared with the EPMA measured results, after the interdiffusion between Amdry365 and IN792 at 1100 °C

for 50 h.

elements, specifically W and Mo, as also reported by Chyrkin et al. [29].
The measured concentrations of Ta and Ti are lower than the simulated
results, since the formation of carbides consumes Ta and Ti elements.

Fig. 6 presents the diffusion simulation results of phase fraction,
composition, and chemical potential of Cr at 1100 °C for the times of 2,
20 and 150 min, respectively, which correspond to three typical stages
of different phase transformation processes. In the first stage, interdif-
fusion leads to the depletion of f§ precipitates in Amdry365, the forma-
tion of a ternary-phase region (B, ¥ and y) near the Amdry365/IN792
interface, and the increment of the y’ phase in IN792. These changes are
primarily ascribed to the rapid migration of Al, with a high diffusion
coefficient in the nickel-based matrix [28]. Although the detection of
phase isn’t initially observed on the superalloy side since the coating/
superalloy interdiffusion has occurred in the SPS process, it can be
verified in the early interdiffusion process between Fe-containing coat-
ings and IN792 (see supplementary material Fig. S3). The presence of Fe
slows down the f depletion on the superalloy side [38]. The increment of
Y phase fraction can be detected in supplementary material Fig. S4.

In the second stage, a significate pile-up of Cr can be detected in the
ternary-phase region (see Fig. 6e). The Al and Cr contents are highly
sensitive to each other’s chemical potential (see Fig. 7a and 7b). Here,
we refer such interdependence as the Al-Cr interference (ACI) effect. Due
to this effect, the increasing Al content significantly elevates the Cr
potential in the two-phase region (y and y') of IN792 (see Fig. 6h). Driven
by the chemical potential gradient, a great amount of Cr would diffuse to
the ternary-phase region from both sides of the coating and the

superalloy, resulting in the pile-up of Cr. Meanwhile, the increment of Cr
elevates the chemical potential of Al in the ternary-phase region, which
impedes the diffusion of Al from the coating side, while accelerating the
inward diffusion of Al from this region to the inner region of IN792.
Moreover, the ACI effect can be greatly influenced by the phase transi-
tion, such as the depletion of Y/, as shown in Fig. 7a, 7b, 7e and 7f.

In the third stage, the pile-up of Cr and Co, the decreasing content of
Al, the loss of alloying elements Ta, Ti, Mo, W, and the formation of y'
depletion zone, occur in the superalloy. While Co displays a pile-up
behavior similar to Cr in the ternary-phase region (Fig. 6e and 6f), the
mechanism behind it differs. As shown in Fig. 7b and 7d, the Co po-
tential decreases with increasing Al content, which is different to the
case of Cr. Therefore, the pile-up of Co cannot be explained by the
blocking effect of Al. Instead, the effect of Cr is more sensitive to the
chemical potential of Co. An increase in the Cr content reduces the po-
tential of Co, promoting the diffusion of Co from the coating to the
ternary-phase region, thereby resulting in the pile-up of Co [3]. The
decreasing content of Al was ascribed to the pile-up of Cr, which further
results in the depletion of f.

The y' depletion in the y matrix could be caused by three potential
origins: the decrease of Al, the loss of alloying elements of Ta, Ti, W, Mo,
and the increment of Cr and Co. Firstly, the Al origin can be excluded,
since the remained Al content near the Amdry365/IN792 interface is
still higher compared with that in the inner region of IN792 (Fig. 5a and
6f). To reveal the effect of the other two origins on the phase transition,
the local phase equilibrium at the interface of Amdry365/IN792 is
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Fig. 6. The diffusion simulation results of (a-c) phase fraction, (d-f) composition and (g-i) chemical potential of Cr in the Amdry365/IN792 sample at 1100 °C, for the

oxidation time of 2, 20 and 150 min, respectively.

calculated at 1100 °C with respect to composition variation in X (X = Co,
Cr, Mo, W, Ta or Ti) and Al. As shown in Fig. 8a-8d, the y/(y + y)
boundary is nearly parallel to the X axis, indicating that the phase
transition from y' to y is almost independent of the Cr, Co, Mo and W
contents. Thus, these elements have no contribution to the y' dissolution.
In comparison, the effects of Ta and Ti on the local phase equilibrium are
significant (see Fig. 8e and 8f). For example, with the decrease of Ti from
4.9 to 0 at. %, the corresponding Al content at the y/(y + y') boundary is
elevated from 4.74 to 12.69 at.%. This means that the loss of Ta and/or
Ti will significantly decrease the stability of the y' phase. In conclusion,
the dissolution of y' is primarily ascribed to the loss of Ti and Ta. Both
elements stabilize y' precipitates according to thermodynamics, thereby,
their loss would promote the phase transition from y’ to y. The con-
sumption of Ti and Ta in the matrix of IN792 is caused by two ways, i.e.,
the formation of (Ti, Ta)-rich carbide and the diffusion of Ti and Ta from
the superalloy side to the coating side. The formation of (Ti, Ta)-rich
carbide cannot cause a wide range of y' depletion, due to its small
quantity (see Fig. 3c) and limited effect range (see supplementary ma-
terials Fig. S5). Moreover, the diffusion of Ti and Ta further leads to the
dissolution of the carbide near the coating/superalloy boundary (see
Fig. 3c). Hence, the effect of the resulting carbide is very limited to the
formation of y'-depletion zone, and the y' depletion near Amdary365/
IN792 interface is mainly attributed to the diffusion of Ta and Ti. This
mechanism is quite different from those systems, such as p-NiAlPt/
CMSX-4 [26] and B-Ni(CoPt)Al/Rene N5 [30], with excessive TCP or
carbide particles formed. They break the original phase equilibrium of
superalloys, causing the significant degradation of y' precipitates.

The core findings in this research are summarized in Fig. 9 including:
(i) the fast diffusion of Al leading to the f phase depletion of coatings and
the formation of B, the y’ phase increment on the superalloy side; (ii) ACI
effect, namely, the incoming Al improves the Cr potential, causing the
diffusion of Cr from the inner of superalloys to the coating/superalloy
interface, meanwhile the pile-up of Cr increases the Al potential, which
accelerates the Al diffusion from this region into the inner of superalloys.
(iii) ¥’ phase depletion in the substrate ascribed to the loss of y' forming
elements, Ti and Ta. This research clarifies a previous confusing point
[31] that the reason for the y’' phase depletion is the increase of Cr, Co.
These results answer a long-term-remained but critical question in the
coating/superalloy interdiffusion research, i.e., why the y' precipitates
are dissolved in the y matrix even though the incoming Al from coatings
indeed increases the Al content. The y' phase depletion is ascribed to loss
of ¥ forming elements, Ti and Ta, and the incoming Al cannot offset their
effect. The simulation of diffusion used in this paper still requires a long
calculation time, as a large number of elements were considered in the
diffusion model. According to our findings, Y depletion is mainly
dependent on the loss of Ta, Ti. Hence, the simplified prediction model
of ' depletion for fast computation can be established by only consid-
ering the diffusion of Ta, Ti and Al.

4. Conclusions
In this work, we investigated the interdiffusion behavior between

Amdry365 coating and IN792 superalloy at 1100 °C, using multiple
microscopic techniques and thermodynamics calculations. The
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Fig. 7. The thermodynamics calculation results based on the compositions at the initial Amdry365/IN792 interface, showing (a-d) the chemical potential changes
and (e-f) the phase transitions with the increasing content of Al or Cr.

following major conclusions can be reached.

(1) The depletions of p and y’ were detected in Amdry365 and IN792,

(2

3

—

-

respectively, exhibiting a parabolic law with time. The thermo-
dynamics simulations revealed the dominant effect of Al on the
initial diffusion-induced phase transitions, causing the p deple-
tion in Amdry365, and the formation of p and the increment of y'
in IN792.

Cr pile-up was observed near the Amdry365/IN792 interface,
which was attributed to the increment of Al, which improved the
chemical potential of Cr, and caused the diffusion of Cr from the
inner region of IN792 to the Amdry365/IN792 interface. Also,
the pile-up of Cr increased the chemical potential of Al, which
accelerated the diffusion of Al from the ternary phase region to
the inner region of IN792 and simultaneously retarded the
incoming Al from the Amdry365 side. Moreover, the pile-up of Cr
reduced the chemical potential of Co, resulting in the pile-up of
Co.

The local phase equilibrium calculations revealed that the y'
depletion of superalloys is primarily attributed to the loss of
y-forming elements, such as Ta and Ti. Our findings provided
new insights for the interdiffusion between the superalloy and the
coating, and on how to reduce the damage caused by it.
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