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• Fe addition increases β phase fraction
and stabilizes β phase in the coating.

• Fe addition promotes a σ phase layer
formation and retains Al at 900 °C.

• High Fe addition reduces grain coarsen-
ing in the BLZ.

• Less β depletion of the coating due to a
high Fe addition.
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Two MCrAlX powders with different Fe content were deposited on an IN792 superalloy using high velocity
oxygen-fuel spraying (HVOF). The oxidation and interdiffusion behaviour of the coated specimens were investi-
gated at 900, 1000 and 1100 °C for different exposure times. Experimental results showed that high Fe addition in
the MCrAlX coating had no obvious effect on oxidation, however, a great impact on coating-substrate interdiffu-
sion and coating degradation was observed. Although no influence on Al diffusivity in IN792, high Fe addition
promotes the formation of a discontinuous σ phase layer at the coating/substrate interface, which retards Al
diffusion in the IN792 substrate at 900 °C. To investigate Fe influence on phase equilibrium, thermodynamic
calculation was also performed. It was shown that high Fe addition in the MCrAlX coating increased the
β phase fraction and stabilized the β phase by extending the β + γ phase region. Besides, high Fe addition in
the MCrAlX coating modifies Cr diffusion, and alters local phase equilibrium at the coating/substrate interface.
These two factors suppress inner-β depletion of high Fe containing coating. Grain coarsening of the coating
can be observed during oxidation, it was retarded by high Fe addition.
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1. Introduction

Due to the ability to form dense, adherent Al2O3 scales, MCrAlX (M:
Ni and/or Co, X: minor elements) coatings have been widely used to
nse (
protect the hot section components in gas turbines, either as overlays
or as bond coats for thermal barrier coatings (TBCs) [1–7]. During oxida-
tion at elevated temperature, the life span of MCrAlX coatings is mainly
limited by the aluminium depletion as a result of growth of alumina
scale at the coating surface and the interdiffusion between substrate
and theMCrAlX coating. The β-NiAl phase inMCrAlX coatings is consid-
ered as Al-reservoir, therefore its stability plays an important role in
maintaining good coating performance.
http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2019.107599&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2019.107599
pimin.zhang@liu.se
https://doi.org/10.1016/j.matdes.2019.107599
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/02641275
www.elsevier.com/locate/matdes


2 P. Zhang et al. / Materials and Design 166 (2019) 107599
In general, the composition of MCrAlX coatings was designed to
provide better protection against oxidation and hot corrosion during
service. Early research focused on the optimization of main element
content in MCrAlX coatings, i.e. the Ni/Co ratio and the Cr and Al
contents [8,9]. It has been reported by many studies that the addition
coa�nsubstrate
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Fig. 1.Cross-section of coating/substrate systemafter coating deposition (a) and insets showing
coating/substrate system after oxidation (c), showing different reaction zones.
of minor reactive element (RE), such as yttrium [10–12], zirconium
[13,14], cerium [15,16], hafnium [17–19] and Si [20,21], improves the
high temperature oxidation resistance of MCrAlX coatings through RE
effect [22,23]. The addition of other elements such as Re [24–26], Ta
[27–31], Pt [32,33], Ru [34] also improves coating performance against
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Table 2
Chemical composition of as-heat treated MCrAlX coatings [in wt%].

Coating Ni Co Cr Al Y Fe Others

C1
bal. 26 15 12 0.3

1.6
b0.6

C2 9.6

Table 1
Exposure time for oxidation tests at different temperature.

Temperature (°C) Exposure time (h)

900 500, 1500, 3000, 5000
1000 500, 1500, 5000, 8000
1100 50, 300, 500, 800
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oxidation. Fe has been treated as a major element in FeCrAlY coatings
for application on Fe-base superalloys or steel [35–39], and the addition
of Fe in Ni-Cr-Al system capable of stabilizing the β phase has been re-
ported by Ma et al. [40]. Since the long-term performance of MCrAlX
coatings is directly linked to the β phase stability, Fe as aminor addition
in MCrAlX coating for Ni-base superalloy could be promising. Besides,
thewide resource of Feworldwidemakes it very cost efficient and envi-
ronmental friendly as alloying element in MCrAlX coatings compared
with others. However, few studies have been focused on the effect of
Fe addition as a minor element (b10 wt%) in MCrAlX during high tem-
perature oxidation. Hence, a detailed analysis on the Fe-containing
MCrAlX coatings with respect to oxidation and interdiffusion between
coating and substrate is required. In this paper, results obtained from
oxidation test at three different temperature of two MCrAlX coatings
with different Fe content (1.6 and 9.6 wt%) are presented.

2. Experimental

Two tailor-made MCrAlX powders were used: C1 coating with
1.6 wt% Fe content and C2 coating with 9.6 wt% Fe content. The powder
was produced in a vacuum atomization reactor in an industrial
company (powder manufacturer). The powders with size of ~37 μm
were deposited on Φ25.4 × 5 mm IN792 disks (composition in wt%:
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Fig. 2. Alumina scale thickness as a function of oxidation time at 900 °C (a), 1000 °C (b), and 11
12.5 Cr, 9 Co, 4.2 W, 4.2 Ta, 4 Ti, 3.4 Al, 1.9 Mo 0.08C, 0.03 Zr + B, bal-
anced by Ni). A JP5000 high velocity oxygen-fuel (HVOF) spray system
was used to deposit coatings of 200 μm thick with surface roughness
in the range between 6 and 6.5 μm, see Fig. 1. The spray conditions
used for HVOF deposition were: oxygen flow rate 900 l/min with pres-
sure of 1.5 MPa, fuel (Kerosene) flow rate 32 l/h, carrier gas (N2) flow
rate 8 l/min with pressure of 0.3 MPa, spray distance 380 mm, powder
feed rate 75 g/min, as also described in Ref [41]. Prior to the coating de-
position, the substrate surfaces were grit blasted for a better coating/
substrate bonding. After the deposition, the as-sprayed samples were
subjected to a heat treatment, including solution annealing at 1120 °C
for 2 h in vacuum, aging treatment at 845 °C for 24 h in air, and air
cooling to room temperature. Such a heat treatment is intended to
strengthen the IN792 substrate [42] and also increases the bond
strength between the coating and substrate [43].

The samples were subjected to oxidation tests in lab air at 900 °C,
1000 °C and 1100 °C for different exposure times, as listed in Table 1.
After oxidation, the oxidized samples were mounted in epoxy, sec-
tioned and polished. A Hitachi SU70 FEG scanning electron microscopy
(SEM), equipped with energy dispersive spectroscopy (EDS), wave-
length dispersive spectroscopy (WDS) and electron back scatter diffrac-
tion (EBSD) system from Oxford instruments, was used to examine the
cross-sections of samples. The nominal composition of the two heat-
treated coatings, measured on a 20 × 25 μm cross-section area by EDS
and WDS, are shown in Table 2.

Accurate element concentration profiles were obtained by EDS area
scans. Each data point of the profiles show the chemical composition of
a 100 ∗ 10 μm area parallel to the coating/substrate interface. By using
area scanning, the composition of each areaswas derived as the average
composition of all phases within the area. Besides, EDS point analysis
was employed to measure the composition of different phases near
the interdiffusion zone with the spatial resolution of 3 μm for Al but
better than 3 μm for other elements with a higher atomic number. To
better describe the microstructure development, the coating and sub-
strate were divided into several zones: outer-β-phase depletion zone
(OBDZ), β-phase left zone (BLZ), inner-β-phase depletion zone (IBDZ)
and γ′-phase depletion zone (GPDZ), as illustrated in Fig. 1c. The thick-
ness evolution of different zoneswas quantified by using image analysis
software. Alumina scale thicknesswasmeasured on the cross-section of
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Fig. 3. Cross section microstructure of thermally grown oxides of C2 coating after 8000 h at 1000 °C oxidation, showing (Ni, Co, Cr, Fe)xOy type spinel.
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Fig. 4.Microstructure near coating (upper part)/substrate (lower part) interface (marked by the dash curve). Samples oxidized at 900 °C condition are (a) C1 for 500 h, (b) C1 for 5000 h,
(c) C2 for 500 h and (d) C2 for 5000 h. “c” denotes Ti and Ta rich carbides and “σ” denotes topologically-close packed (TCP) sigma phase.
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the specimens. Grain size in BLZ of coatings was measured by EBSD
mapping with a step size of 0.5 μm using the HKL Channel 5 software.
Each mapping area contains at least 2000 grains.

3. Thermodynamic modelling

To fully understand the observed microstructure evolution of the
two MCrAlX systems with variable Fe content, the experiment work
was supplemented with computational simulation, using Thermo-Calc
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Fig. 5.Microstructure near coating (upper part)/substrate (lower part) interface (marked by the
(c) C2 for 500 h and (d) C2 for 8000 h. “c” denotes Ti and Ta rich carbides.
software package with the advanced Ni-base thermodynamic database
TCNI8 [44]. Thermodynamic modelling is utilized to calculate the phase
equilibria and Gibbs free energy of the alloy system.

To investigate the Fe effect on grain coarsening of MCrAlX systems,
the grain coarsening rate coefficient of the system was derived by TC-
PRISMA module in Thermo-Calc Software. In general, the precipitation
module is proposed by Chen et al. [45] and calculates the velocity of a
moving phase interface in multicomponent systems by identifying the
operating tie-line from the solution of flux-balance equations. The
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β

dash curve). Samples oxidized at 1000 °C condition are (a) C1 for 500 h, (b) C1 for 8000 h,



Table 3
σ phase composition (in wt%) for C1 and C2 coatings at 900 °C.

Coat. Time (h) Al Ti Cr Fe Co Ni Mo Ta W

C1 500 0.9 0.3 41 1 25.6 13.5 6.3 4.5 7.1
C2 500 1.4 0.3 35.9 7.4 21.5 16.5 4.9 4.6 7.6

5000 0.4 0.1 42.5 7.2 22.1 10.3 5.9 4.5 7.0
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model is based on several assumptions: 1) the crystal lattice of the
parent and products are assumed to be coherent; 2) the interfacial
energy is solely due to the abrupt compositional change at the interface.
Therefore, the calculated coarsening rate coefficient between β/γ can be
utilized to evaluate the Fe effect on grain coarsening in MCrAlX coating.

4. Results

Fig. 1a shows the cross-section of the coating/substrate system
after coating deposition and dendrite-like morphology of the pow-
der particles. It's clear that a splat-on-splat structure can be observed
with few pores marking the splat boundaries, and β + γ phase
microstructure is formed in the coatings (β in dark grey) after the
coating deposition. A 15 μm recrystallization zone can be observed
at the coating/substrate interface of both coatings with blue dot
lines showing γ grain boundaries (Fig. 1b), due to the plastic deforma-
tion induced by grit blasting prior to the coating deposition [46].
After the heat treatment, the coating porosity reduced from 1.6 ±
0.4% to 0.4 ± 0.2% (C1) and from 1.1 ± 0.2% to 0.3 ± 0.1% (C2). Except
for the reduction in the coating porosity, no significant change in the
coating microstructure can be observed after the heat treatment and,
therefore, not presented here.
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Fig. 6. Inner-β-phase depletion zone (IBDZ) thickness as a function of oxidation time at 100
thickness in (c) and (d), respectively.
4.1. Oxidation

Fig. 2 shows the alumina scale thickness measured on the cross-
section of coatings after oxidation at 900, 1000, and 1100 °C for different
exposure times, and the corresponding OBDZ thickness. Note that alu-
mina scale thickness for oxidation at 1000 °C for 8000 h is missing due
to the spallation during sample preparation.With the increase of oxida-
tion temperature and time, the growth of the alumina scale depletes Al
from the coating, leading to the expansion of the OBDZ. As can be seen,
the C1 coating shows similar alumina scale growth behaviour and the
OBDZ thickness as the C2 coating at the various conditions. Fig. 3 shows
the cross-sectional microstructure of thermally grown oxide (TGO)
of the C2 coating at intact region after 8000 h oxidation at 1000 °C,
similar TGO structure can also be observed on C1 coating. According
to the EDS mapping, Fe-oxides coexist in the outer layer of TGO as a
(Ni, Co, Cr, Fe)xOy type spinel.

4.2. Microstructure evolution near the interdiffusion zone

4.2.1. Microstructure at the coating/substrate interface
Oxidation at high temperature causes interdiffusion between

coating and substrate, and the microstructure evolution at the coating/
substrate interface highly depends on both coating composition and
oxidation temperature, as presented in Figs. 4 and 5.

Fig. 4 shows the microstructure near the coating/substrate interface
of the C1 and C2 coatings after 900 °C oxidation for 500 and 5000 h. The
bright white phase was identified as (Ta, Ti)-rich carbides, while the
light grey phase was identified as TCP σ-(Cr, Co) phase by EDS as
shown in Table 3. From Fig. 4a for C1, it is clear that microstructure in
the coating side mainly consisted of β and γ phases coexisted with
few small σ grains. In the GPDZ of substrate, a γ/γ′ “palm-tree”-like
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microstructure appeared beneath interface due to the cellular recrystal-
lization favoured by residual stresses induced by the grit blasting [47].σ
phase and carbides with different sizes were also observed at 500 h.
With prolonged oxidation to 5000 h, the extensive interdiffusion in-
duced significantmicrostructural evolution near the interface, including
coarsening of Kirkendall voids, expansion of theγ′ depletion zone in the
substrate and dissolution of σ grains in the coating side, but has aminor
effect on the β phase depletion in the coating and γ′ depletion in the
substrate. However, the microstructural evolution in C2 differed from
C1. In the coating side of C2, a certain amount of small carbides precip-
itated and a large amount of σ grains, which coarsened after 5000 h,
coexisted with the β and γ phases. The average size of these σ grains
is 5.2 ± 1.5 μm, which is much smaller than the 10–20 μm in Ref [48].
The GPDZ of C2 consists of secondary β phase (SB) precipitation, σ
phase, carbides and γ matrix, which is quite complicated compared to
the “clean” GPDZ of the C1 substrate. As oxidation proceeded to
5000 h, the expansion of the GPDZ in the C2 substrate is clear, while
the coarsening of Kirkendall voids is insignificant.

Fig. 5 shows the microstructure near the coating/substrate interface
of C1 and C2 coatings at 1000 °C oxidation for 500 and 8000 h. The
interdiffusion was accelerated due to the increasing element diffusivity
at higher temperature, leading to an inner-β-phase depletion in the
coatings. The σ phase, which was no longer stable at 1000 °C, was not
observed in coating or substrate. In the GPDZ of C1 substrate (Fig. 5a),
a small amount of secondary β phase coexisted with carbides in the
(Cr, Co)-rich γ matrix, which dissolved before 8000 h. The β phase
in the C1 coating near the interface depleted fast and was partially
transformed to γ′ phase. The C2 coating shows less inner-β-depletion
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Fig. 7.Al concentration profile from substrate to the coating/substrate interface of C1 (a) and C2
that the baseline of Al concentration is 3.4 wt% (Al content in IN792). An example of Al diffusio
compared with C1, in which the β phase transformed directly to
γ phase (Fig. 5b and d). Furthermore, comparing Fig. 5c and Fig. 5d re-
veals that the large amount of secondary β phase precipitated at 500 h
in the GPDZ of the C2 substrate dissolved before 8000h. Themicrostruc-
ture evolution of coatings at 1100 °C are similar to 1000 °C, except thatβ
phase transformed to γ phase directly in both C1 and C2 coatings.

4.2.2. IBDZ&GPDZ
While no inner-β-phase depletion can be observed at 900 °C up to

5000 h oxidation, oxidation at 1000 and 1100 °C resulted in Fe-
content dependent inner-β-phase depletion as Fig. 6 reveals. For
samples oxidized at 1000 °C, the inner-β-phase depletion shows an
“incubation” stage as the depletion initiated at 1500 h and 5000 h for
C1 and C2 coatings, respectively. At 1100 °C, inner-β-phase depletion
becomes significant at 50 h in both coatings, indicating little or no incu-
bation time. The C1 coating suffers a more rapid inner-β-phase deple-
tion, indicating a better resistance against inner-β-phase depletion of
the C2 coating with high Fe content. Similarly, GPDZ evolution during
oxidation at 1000 and 1100 °C are presented in Fig. 6c and d, respec-
tively, which is consistent with themicrostructure observation in Fig. 5.

4.2.3. Al concentration profiles in the substrate
Fig. 7 shows EDS results of Al concentration profile of C1 and C2

coatings from substrate to the coating/substrate interface during 1000
and 1100 °C oxidation at various times (900 °C data shared a similar
trend as 1000 °C but will not be presented here). The presence of
secondary β phase (SB), as also identified in Fig. 5, increases Al concen-
tration at the coating/substrate interface of C2 coating. After longer
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oxidation time, more Cr and Co diffused from coating to substrate
(see Section 6.2.2), leading to the transformation ofγ+γ′→γ and for-
mation of the GPDZ. Due to the low Al solubility of γ phase, Al was
rejected from GPDZ, forming an Al peak in the substrate next to GPDZ,
whose position moves with the expansion of the GPDZ. The Al concen-
tration profile after passing the peak follows an error function-type
distribution as a typical diffusion-controlled process. Based on the Al con-
centration profile, Al diffusion depth, dAl, which is defined as the distance
from the left boundary of the GPDZ (the location can be derived from
Fig. 6) to the point where Al concentration drops to ~3.4 wt% (Al wt% in
IN792) can be measured, as illustrated in Fig. 7d. The γ phase region
(GPDZ) is excluded to reveal the true Al diffusivity in IN792. The diffusiv-
ity of Al in the IN792 substrate, D, can be estimated by.

D ≈ d2Al=t; ð1Þ

with D following the Arrhenius relationship:

D ¼ D0 exp −
Q
RT

� �
ð2Þ

where t is the oxidation time, Q is the activation energy, T is temperature
and R is the gas constant. The obtained square of Al diffusion depth as a
function of oxidation time at various temperatures is plotted in Fig. 8a–
c, and the experimental data were fitted to Eq. 2. The true initial point
(dAl = 0) cannot be obtained from current experimental observation
and is therefore ignored in Fig. 8a–c. It is because the phase transforma-
tion in GPDZ greatly affected elemental interdiffusion behaviour at the
beginning of oxidation. The true Al diffusion depth defined here initiated
after the stabilization of microstructure in GPDZ. It can be seen that
the Al diffusion depth is similar for C1 and C2 oxidized at 1000
(Fig. 8b) and 1100 °C (Fig. 8c), but different at 900 °C, for which
the Al diffusion depth of C2 is much lower than that of C1 (Fig. 8a).
The diffusivity of Al in IN792 substrate at different temperatures, D,
can be derived by calculating the slop of corresponding curves in
Fig. 8a–c. The calculated diffusivity of Al in IN792 substrate at differ-
ent temperatures is plotted in Fig. 8d as a function of inverse temper-
ature in logarithmic scale, based on Eq. 2. It agrees with the volume
diffusion coefficient for aluminium in a nickel base matrix (DAl =
2.0 × 10−14 m2/s at 1135 °C) [49]. The activation energy determined
by linear regression analysis of the dash line, is 330 and 340 kJ/mol
for the C1 and C2 coating systems, respectively.

4.3. Grain size/microstructure evolution in coating

Examples of EBSD phase distribution maps (Fig. 9) reveal a poly-
crystalline and double phase microstructure in the BLZ of the
coatings after exposure at 1000 °C for 500 h and 8000 h, respectively.
It is clear that most grains are below 2 μm (Fig. 9a and b) after 500 h,
and their distributions are similar in both coatings. After 8000 h ox-
idation, the grain size distribution of C1wasmuch scattered between
1 and 5 μm with few large γ grains above 6 μm. However, the grain
size distribution of C2 after 8000 h (Fig. 9d) was mostly congregated
below 3 μm. Thus, the coarsening of grains is more severe in C1 after
8000 h at 1000 °C. Annealing twins of γ grains can be observed in
both coatings.
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To quantify the coarsening tendency of grains in the BLZ, the average
grain size as a function of oxidation time for β and γ grains is displayed
in Fig. 10 for different oxidation temperatures. The grain size is narrowly
distributed for short oxidation times and becomes more scattered
after long time exposure, as indicated by the expansion of the error
bar (standard deviation of the grain size). The average size of the grains
increases with oxidation time at 1000 and 1100 °C, but is constant at
900 °C. Although coarsening of grains starts already at the beginning
of oxidation, the coarsening of both β and γ grains of C1 coating at
1000 °C becomes more significant after 5000 h. However, grains of C2
coating are only slightly coarsened after 500 h and remain relatively
stable afterwards. At 1100 °C, the coarsening of grains especially the γ
grains of C1 coating is considerable.

Fig. 11 shows the β phase fraction in BLZ at different temperatures
as a function of exposure time (Fig. 11a–c), based on the EBSD
phase distribution maps, and corresponding BLZ thickness fraction
(Fig. 11d–f), defined as the BLZ thickness normalized by the coating
thickness. It can be seen that the β phase fraction of the coatings
decreases with the increase in oxidation time and temperature, and
the β phase fraction of the C2 coating is generally higher than that of
the C1 coating. At relatively low oxidation temperature (900 °C), the
reduction of the β phase fraction is negligible up to 5000 h oxidation
as a result of a low thermal activation energy for either oxidation or
coating-substrate interdiffusion processes, which is consistent with
Figs. 2 and 6. For higher oxidation temperatures, the descending trend
of the β phase fraction is clear with a higher depletion rate of the C1
coating, especially at 1100 °C.
5. Thermodynamic modelling results

As aforementioned, the lower IBDZ thickness of C2 coating (Fig. 6)
indicates less β phase depletion in the C2 coating. A possible explana-
tion is that the β phase stability is related to the Fe content in the
coating. In this section, thermodynamicmodelling results are presented
to support the theory.

5.1. Fe effect on phase equilibrium

Due to the small amount of non-Fe minor elements additions
(the sum of minor elements is b1.5 wt%), the C1 and C2 coatings can
be treated as a Ni-Co-Cr-Al-xFe system. Fig. 12 shows isothermal section
for Ni19Co13.5Cr-xAl-yFe at 900, 1000 and 1100 °C. The contents of Co
and Cr are set based on the EDS measurement in the BLZ of samples
oxidized for 8000 h at 1000 °C (Table 4). The inward diffusion of Fe
from coating to substrate leads to depletion of Fe and the Fe content
in the C2 coating plateaued at 5–6 wt% after long-term oxidation,
therefore the upper limit of 7 wt% Fe range in Fig. 12 covers the full Fe
composition range instead of 9.6 wt% from the original composition.
From Fig. 12, γ′ phase is destabilizedwith increasing temperature, lead-
ing to the disappearance of the γ + γ′ and γ + γ′ + β regions, on the
contrary, a decreasing temperature shows the opposite effect. Similarly,
the increasing Fe content in the system destabilizes γ′ phase. Iso-
content Al line marks the phase boundary, at a constant Al content, as
a function of Fe content in the system. The upward drifting of γ + β/γ
phase boundary (purple dash line) from isocontent of Al line suggests
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Fig. 10. Average grain size of β and γ phase as a function of oxidation time within the C1 and C2 coatings at 900, 1000 and 1100 °C oxidation.
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that Fe extends the γ + β dual phase region for a fixed Al content, as
indicated by the black arrow. Themechanism bywhich the Fe additions
affect the phase transformation of the C1 and C2 coatings can be
explained by phase diagram and the microstructural degradation
sequence of the C1 and C2 coatings are predicted by the blue and red ar-
rows, respectively. At 900 and 1000 °C, the degradation of the C1 system
follows the phase transformation from γ + γ′ → γ + γ′ + β → γ + β.
However, the increase of Fe content in the C2 system destabilizes γ′
phase, which leads to γ + β → γ. At 1100 °C, only γ + β → γ transfor-
mation can be observed for both coatings since the γ′ phase is no longer
stable.
The role of Fe addition induced shifting of phase equilibrium can be
explained from the view of Gibbs free energy. Fig. 13a shows the Gibbs
free energy for β + γ phases in Ni19Co13.5Cr10Al-xFe system
(balanced by Ni) as a function of Fe content at 900 °C calculated with
the Thermo-Calc software. Unlike the Co-free Ni-Cr-Al-xFe system [40],
the addition of Co inNi-Co-Cr-Al-xFe system stabilizesβ+γ phase equi-
libriumand suppresses the formation ofγ′ andα-Cr phase, leavingβ+γ
phase at the equilibrium condition [50]. It is observed that the absolute
value of Gibbs free energy of β phase increases with the increasing of
Fe content in contrast to that of γ phase. Similar calculated results
were observed at 1000 and 1100 °C, therefore not presented here.
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The total Gibbs energy of system and Gibbs energy of an individual
phase can be expressed as:

Gtotal ¼
X
p

f pG
p cið Þ ð3Þ
Gp cið Þ ¼
X
i

ciG
p
i þ RT

X
i

ci lnci þ
X
i

X
jN i

cic j �
Xm
n¼0

nLpi; j ci−c j
� �n

þ
X
i

X
jN i

X
kN j

cic jckL
p
i; j;k ð4Þ
γ

γ+γ’

Fig. 12. Isothermal section for Ni19Co13.5Cr-xAl-yFe at 1000 °C, dash lines denote new phase b
indicated. Degradation sequence of C1 and C2 coatings are marked with blue arrow and red ar
where p is the individual phase, fp is the mole fraction of phase p; i, j, k
denote the different components in phase p; R is the gas constant, T is
the absolute temperature; ci is the concentration of component i in
phase i; Li, jp and Li, j, k

p are binary and ternary interaction parameters,
respectively. Following the same discussion in Ref [40], the equilibrium
of system is achieved by theminimization of the total Gibbs free energy
of the system, i.e. ΔGtotal ≤ 0. Hence, Eq. 3 for a β+ γ dual phase system
can be simplified as fβ ≥ 1/(1 − |Gβ/Gγ|). When the absolute value of
Gibbs free energy of β phase increased while that of γ phase decreased
β+γ

iso-content Al

β+γ+γ’

C1

C2

oundaries at 1100 °C (purple arrow) or 900 °C (green arrow), isocontent line of Al is also
row, respectively.



Table 4
Average chemical composition measured in the BLZ of coatings [in wt%].

Coat. Ni Al Ti Cr Fe Co Mo Ta W Condition

C1 bal. 10.7 ± 0.5 1.0 ± 0.3 13.5 ± 0.4 0.8 ± 0.2 19.0 ± 0.7 1.0 ± 0.3 2.2 ± 0.4 1.0 ± 0.1 1000 °C–8000 h
C2 bal. 10.2 ± 0.3 1.3 ± 0.4 12.7 ± 0.7 5.1 ± 0.5 17.9 ± 1.1 1.2 ± 0.1 2.2 ± 0.3 1.1 ± 0.3
C1 bal. 10.5 ± 0.7 1.4 ± 0.2 12.8 ± 0.5 0.8 ± 0.3 19.0 ± 0.8 1.0 ± 0.2 1.0 ± 0.2 0.5 ± 0.2 1100 °C–800 h
C2 bal. 9.7 ± 0.5 1.5 ± 0.3 12.9 ± 1.0 5.0 ± 0.6 18.0 ± 0.6 1.2 ± 0.2 1.0 ± 0.2 0.9 ± 0.5
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Fig. 13. Gibbs free energy for each phase as a function of the Fe concentration at 900 °C.
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due to the increasing of Fe content, the mole fraction of β phase
increased. Since the Gibbs energy of an individual phase is strongly
dependent on the concentrations of different components (ci) in that
phase, the increasing β phase fraction by the addition of Fe in the
MCrAlX system can be explained.

5.2. Coarsening rate coefficient as a function of Fe content

Fig. 14a shows coarsening rate coefficient ofβ phase inγmatrix andγ
phase in βmatrix in NiCoCrAl-xFe coating systems as function of temper-
ature. The alloy systems are defined in Table 4 to simulate the β and γ
phase coarsening. From Fig. 14a, the coarsening rate coefficient of both
systems increases with temperature, and coarsening rate coefficient of
C1 system is higher than that of C2, and γ phase coarsening in β matrix
is higher than β phase in γ matrix. The coarsening rate coefficient of β
phase in γ matrix and γ phase in β matrix in Ni19Co13Cr10Al-xFe was
calculated as a function of Fe mass percent at 1000 °C in Fig. 14b. It is
clear that the coarsening rate coefficient of β/γ phase, especially γ
phase in βmatrix, decreases with the increasing Fe content, resulting in
a retardation of the β and γ grain coarsening. However, such effect, i.e.
coarsening of grains ceased at ~2 μm (Fig. 10), is only observed at 900
°C oxidation and C2 coating at 1000 °C oxidation. In general, coarsening
of particles is also controlled by the short-range element diffusion, less
grain coarsening at 900 °C oxidation (Fig. 10) is due to a low element dif-
fusivity as evidenced by the low coating-substrate interdiffusion at 900 °C
and less grain coarsening of C2 coating at 1000 °C oxidation (Fig. 10) is
probably due to addition of Fe (Fig. 14b); on the contrary, coarsening of
β grains in C1 coating after 5000 h oxidation at 1000 °C and in both sys-
temat 1100 °C oxidation and can be readily observed after 50 h (Fig. 10e).

6. Discussion

6.1. Fe effect on oxidation

Comparedwith those elementswithhigh affinity to oxygen, such asAl
and reactive element (Y, Hf), the Gibbs formation energy of Fe-oxides and
the corresponding equilibriumoxygenpartial pressure of Fe-oxide forma-
tion are close to Ni and Co oxides (NiO and CoO) in MCrAlX system, as
listed in Table 5. At the beginning of the oxidation, O reacts with Ni, Co,
Cr, Fe and Al on the coating surface to form an external layer of spinel
consisting of a mixture of oxides [51]. Therefore, the formation of Fe-
oxide-containing spinel is expected [52]. With reduced penetration of
oxygen through the external oxide layer, a lower partial pressure of
oxygen level is expected at oxide/coating interface, where only Al2O3

growth is thermodynamically feasible [53]. Once Al2O3 grows into a
continuous and dense inner layer, the formation of bi-layer of TGO can
be observed. The alumina scale and outer-β-phase depletion behaviour
of C1 and C2 coatings are similar at different conditions (Fig. 2), indicating
little influence of increasing Fe content on the alumina growth behaviour.
Besides, over-doping of REs [54] in MCrAlY could cause negative effect
such as fast Al2O3 scale growth. No such negative effect can be found
with the increasing Fe content in the C2 coating.

6.2. Fe effect on coating-substrate interdiffusion

The interdiffusion between coating and substrate occurs during
oxidation, i.e., Al, Cr and Co diffuse inwards from coating to substrate;
refractory element (Ta, W, Mo) and Ti diffuse outwards from substrate
to coating. Inward diffusion of Cr and Co from the coating to the
substrate destabilized γ′ [46,55–57], leading to the formation of
the GPDZ. However, due to the rejection of γ′-forming elements
(Ti and Ta) from γ in the GPDZ, the formation of (Ta, Ti)-rich carbides
(denoted by ‘c’) is more enhanced in the GPDZ than in the bulk sub-
strate. The phase transformation in GPDZ can be generally described as:

γ þ γ0 →
Al;Cr;Co

γ þ c ð5Þ

Due to the complexity of phase equilibrium in theGPDZ, the Fe effect
on the interdiffusionwill be discussed separately for the different oxida-
tion temperatures with respect to the inducedmicrostructural changes.

6.2.1. 900 °C
Thepresence of theσphase is only observed at 900 °C. Small amount

of σ phase can be observed at 500 h in the IBDZ of the C1 coating
(Fig. 4a), due to the supply of W and Mo from the substrate enabling
the formation of σ phase. At longer oxidation times, the expansion of
theγ phase zone near the interface dissolvedσdue to thehigh solubility
of the γ phase for W and Mo. Hence, the phase transformation of C1
coating can be described by Eq. 6. For C2 coating, large amounts of σ
phase can be observed. The phase transformation in the GPDZ of C2
coating at 900 °C can be modified as:

γ þ γ0 →
Al;Cr;Co;Fe

γ þ β þ σ þ c ð6Þ

With the inward diffusion of Fe from coating to substrate, it is clear
that the high Fe content in the GPDZ of the C2 coating greatly affects
the phase equilibrium: the reprecipitation of secondary β phase was
enhanced and stabilized even at 5000 h (Fig. 4d). The reprecipitation
of the β phase in γ matrix enhanced the precipitation of the σ phase
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due to rejection of Cr and Co from β, and MC-carbides. The σ grains
formed in the GPDZ of the C2 coating coarsened with the increasing ox-
idation time, as evidenced by the coarsening of σ grains observed in
both coating and substrate near the interface after 5000 h oxidation
(Fig. 4d). It can be explained by the fact that the coarsening of the β
phase further rejected W and Mo, which forced these σ precipitates to
congregate and grow into large precipitates with continuous supply of
Cr from the coating. These σ precipitates distributed discontinuously
in a row near the interface and were rather stable keeping a similar
composition after 5000 h oxidation, as indicated in Table 3. Some β
grains remained stable after 5000 h oxidation in C2 coating, coexisted
with large σ grains in the IBDZ; on the contrary, a thin discontinuous
layer of β-depletion zone near the coating/substrate interface in C1
coating can be observed in Fig. 4b. It has been reported that the σ
phase in Re-Cr system shows a low interdiffusion coefficient several
orders magnitude lower than γ phase [58]. The potential of Cr-rich
precipitation to suppress interdiffusion has been proved in Ref [59,
60]. As aforementioned, Fe shows no significant influence on Al diffusiv-
ity in IN792 substrate (Fig. 8d). The logarithmic Al diffusivity shows a
good linear fitting with inverse temperature according to Eq. 3. Similar
activation energies indicate that the Al diffusion in both the C1 and C2
system follows a same thermally activated behaviour, which is indepen-
dent of Fe content. However, it is clear that the Al diffusion depth in C2
systemwas reduced at 900 °C at 500 h. A similar Al diffusivity but differ-
ent diffusion depth in IN792 indicates that certain amounts of Al was
consumed at the GPDZ by the formation of secondary β phase when
the Al flux passed through the GPDZ at the beginning of diffusion.
Then the rest of Al passing through the GPDZ diffused further into the
IN792 substrate, the true Al diffusion depth is therefore “delayed”,
giving a less depth for C2 (Fig. 9a). This is consistent with the formation
of β + γ + σ region in the GPDZ of C2 system in Fig. 4. Therefore, it
is reasonable to assume that the formation of the σ phase diffusion
barrier retards the Al diffusion in the C2 system at 900 °C. Besides, less
Table 5
Gibbs free energy of oxide formation at 1000 °C and equilibrium oxygen partial pressure
for different oxides [62].

ΔG (kJ/mol) pO2 (bar)

NiO −254 4.3E-11
CoO −278 1.1E-12
FexOy −360~−326 9.4E-16–2.8E-14
Cr2O3 −536 1.7E-22
Al2O3 −844 1.6E-35
Y2O3 −1023 7.6E-43
Kirkendall voids can be observed in the C2 coating interface (Fig. 4)
after 5000 h oxidation, which again suggests a retardation of coating-
substrate interdiffusion behaviour. Kirkendall voids are responsible for
reduction in fatigue strength and coating peeling off due to reduction
of its adhesion, less degradation ofmechanical properties to the C2 coat-
ing system is expected. Furthermore, the reduced Al loss in the coating
can prolong the coating's oxidation life, as also reported by Jiang et al.
[48]. Coating-substrate interdiffusion causes Al-depletion in the coating
reducing coating life span during oxidation, the coating service life can
be prolonged by hindering the Al diffusion with such a diffusion barrier
layer at 900 °C. Thus, the σ phase layer in C2 coating served as an in-situ
diffusion barrier, as also reported by Jiang et al. [48].

6.2.2. 1000 °C and 1100 °C
With the increasing of oxidation temperature at 1000 and 1100 °C, σ

phase is not stable for any of the coatings as indicated in Figs. 5 and 6.
Certain amount of secondary β phase formed in the GPDZ in both coat-
ings, is transformed to γ phase eventually, as indicated by Fig. 7. There-
fore, the phase transformation in the GPDZ of both systems at 1000 and
1100 °C can be described as.

γ þ γ0 →
Al;Cr;Co;Fe

γ þ β þ c →
Al;Cr;Co;Fe

γ þ c ð7Þ

Compared with C1, a thicker GPDZ on the C2 coating due to the
presence of the Fe concentration gradient can be observed. Fig. 15
shows element concentration profile near the coating/substrate inter-
face after 800 h at 1100 °C oxidation for C1 and C2 coatings. Near the
coating/substrate interface (marked with black dash line), the GPDZ
(left) and the IBDZ (right) boundaries are marked with dash lines
(blue for C1, red for C2).

The apparent uphill diffusion of Cr can be observed near the coating/
substrate interface. A similar Cr activity can be derived in both of the
coating and substrate (roughly between 2.42–2.55 ∗ 10−3 at 1100 °C)
before interdiffusoin occurred. After interdiffusion occurred, Al diffusion
into substrate decreases Cr activity in IBDZ, resulted in Cr diffusion from
BLZ to the coating/substrate interface, as also reported by Elsaß et al.
[61].Moreover, amuch lower solubility of Cr inγ+γ′ phase (substrate)
orβ+γ phase (coating) thanγ phase (GPDZ and IBDZ) also contributes
to the uphill diffusion behaviour. Compared between two coating/
substrate systems, the large Fe gradient between the C2 coating/substrate
shows different impacts on elemental diffusion behaviour: Co diffusion is
not much affected by the addition of Fe indicated by the overlapping of
concentration profile in GPDZ of C1 and C2 coatings; on the contrary, Cr
concentration peak position shifts leftwards, and the gradient of peak is
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reduced resulting in a broader Cr peak in C2 coating. Therefore, a larger
GPDZ but smaller IBDZ of C2 coating can be explained. Based on Fig. 15,
the Cr concentration profiles intersected at the same Cr content at
GPDZ left boundary (~14%) and the IBDZ right boundary (15–16%) for
C

C2

Fig. 16. Isothermal section for NiCoCrAlFe at 1100 °C, β + γ/γ phase bounda
both coatings, suggesting a dominate factor of Cr content for the local
phase equilibrium. To better understand Cr role on phase equilibrium,
an isothermal section for NiCoCrAlFe system is presented in Fig. 16. The
β + γ/γ phase boundaries for C1 and C2 coating are marked in blue
1

+

ries are marked for C1 system (blue) and C2 system (red), respectively.
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and red colour, respectively. From Fig. 16, the β + γ/γ boundary
intersects at certain Cr levelwhenAl content is above ~6%,which demon-
strates the dominate factor of Cr content; the same theory applies to γ+
γ′/γ phase equilibrium at the left GPDZ boundary.

6.3. Fe effect on coating degradation

Both coating surface oxidation reaction and coating-substrate
interdiffusion contribute to the Al depletion of the MCrAlX coating,
which result in a coating microstructural degradation. Due to a similar
surface oxidation reaction, the influence of different Fe content on coat-
ing degradationmainly depends on the Al interdiffusion, phase stability
of the coating and grain coarsening in the BLZ. By the formation of an σ
phase diffusion barrier near the coating/substrate interface at 900 °C,
the Al diffusion into the IN792 substrate of the C2 coating system is
retarded. Accelerated coating microstructural degradation can be ob-
served for oxidation at 1000 and 1100 °C. Based on thermodynamic
modelling results, Fe stabilizes the β phase and extends the β + γ
phase region to a low Al range. Fe addition also modified Cr diffusion
behaviour which changes the local phase equilibrium. It is clear that
the addition of Fe shows no influence on Al diffusivity. Considering
the potential to form in-situ σ phase as interdiffusion barrier, it is inter-
esting to investigate the temperature range tomaintain the formation of
theσ phase in C2/IN792diffusion couple; and the possibility to formdif-
fusion barrier on other superalloys. This could be the subject of future
work. These factors help to suppress inner-β-phase depletion due to
the coating-substrate interdiffusion, especially for C2 coating with
high Fe content showing an “incubation” stage at 900 and 1000 °C
oxidation. When fast coating degradation occurs at 1100 °C oxidation,
the β phase volume fraction of C2 coating plateaus at 45% while that
of C1 coating drops catastrophically. And the β phase volume fraction
in the coating decreases as the increase of oxidation time, C2 coating
generally shows higher β phase volume fraction in the BLZ at various
conditions (Fig. 11). Another effect of increasing Fe content in the
coating is to reduce the tendency of grain coarsening based on the
experimental observation (Figs. 11 and 12), which is also confirmed
by modelling as shown in Fig. 14.

7. Conclusion

In this study, the role of Fe on twoMCrAlX coatings (1.6 and 9.6 wt%
of Fe addition for C1 andC2 coatings respectively) on IN792 substrates is
studied with respect to on oxidation and interdiffusion behaviour at
900, 1000 and 1100 °C. The major outcomes of this study can be listed
as follow:

1. Fe in theMCrAlX coatings takes part in oxidation reaction at the coat-
ing surface by the formation of spinel type (Ni,Co,Cr,Fe)xOy oxides at
outer layer of TGO due to a similar oxide Gibbs formation energy as
Co and Ni. However, the increase of the Fe content doesn't affect
the Al2O3 growth and the overall oxidation resistance of the coating;

2. Combined experimental results and thermodynamic calculations
show that increasing Fe content in the MCrAlX coating increases
the β phase fraction and stabilizes the β phase by extending the
β + γ phase region to the lower Al region in the phase diagram;

3. High Fe content shows great influence on coating-substrate inter-
diffusion depending on oxidation temperature. However, it shows
minor influence on Al diffusivity in IN792, except that the forma-
tion of σ phase layer retained certain amount of Al in the GPDZ at
900 °C oxidation. A significant effect is that it modifies Cr diffu-
sion, which alters the local phase equilibrium near the coating/
substrate interface, and therefore reduces the inner-β-depletion
of the C2 coating;

4. The grain coarsening in the BLZ of the C2 coating, especially during
oxidation at 1000 °C, is retarded by the high Fe addition, which is
also confirmed by modelling;
5. The results in this paper combine experiment and thermodynamic
calculations and present a full investigation of the effect of different
Fe level addition on oxidation and interdiffusion of MCrAlX coated
IN792. It improves the understanding of the effect of Fe addition on
MCrAlX coating performance, and also validates the reliability to
use thermodynamic calculation to guide MCrAlX coating composi-
tion design.
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