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This study shows the beneficial effect of Pt addition to the (p+y)-NiCrAlY coating. Adding Y in NiCrAl increases
oxide growth kinetics but improves spallation resistance. Pt with Y does not change the oxidation rate compared
to only adding Y but significantly reduces spallation when cooled to room temperature. Continuous layers of
AlyO3 and Cry03, along with other oxides such as YAIO3, NiCryO4, and NiAl;O4, are observed. Moreover, Pt
addition reduces the thickness of the interdiffusion zone where Al goes through an uphill diffusion profile,

minimizing Al loss and significantly decreasing the growth of deleterious TCP phases.

1. Introduction

Ni-based superalloys are coated with MCrAlY (where M = Ni or Ni
and Co) overlay or p-Ni(Pt)Al diffusion coatings in turbine blades for
oxidation protection of the superalloy substrate due to their propensity
to generate a protective oxide layer when exposed to elevated temper-
atures [1-9]. These coating layers act as the Al reservoir for the
continuous growth of Al,O3. The oxide layer also helps create a bond
between the metallic (or intermetallic) bond coat and yttria-stabilized
zirconia (YSZ) for thermal protection. The oxygen diffusion rate
through the a-Al,03 is very low. This ensures a slow rate of scale growth,
minimizing the deleterious effects of residual stress for better spallation
resistance and compositional changes, thereby extending the lifetime of
the coating. The Pt-modified diffusion coating offers an effective solu-
tion for augmenting the adhesion of oxide scales [6,7]. It is suggested
that adding Pt reduces the sulphur segregation at the bond-coat Al,O3
oxide interface, improving the adhesion strength, i.e., the spallation
resistance [10-16]. On the other hand, a recent study on thermal cycle
tests of p-Ni(Pt)Al alloy indicated the improvement of spallation resis-
tance in air, i.e. in the absence of sulphur segregation [12,15,17,18].
This suggests an improvement in adhesion strength and a reduction in

the growth of the Kirkendall voids, possibly because of changes in the
diffusion rates of elements [19,20]. However, a significant disadvantage
of Pt addition to B-Ni(Pt)Al is the increased growth of the topological
closed-packed (TCP) precipitate-containing interdiffusion zone between
the superalloy and the bond coat. Pt addition increases the interdiffusion
rates of Ni and Al in the B-NiAl phase by increasing the concentration of
the defects (vacancies and antisites) and decreasing the migration en-
ergy [19-22]. This is a severe issue since the brittle
precipitate-containing zone is one of the weakest zones of the superalloy
coating system and is prone to developing cracks. Moreover, the un-
wanted consumption of Al for the growth of the interdiffusion zone is
much higher than the use of Al for the growth of the Al;O3 oxide layer.
This has led to further research for an alternate material that can reduce
the interdiffusion zone’s growth without losing the oxide layer’s thermal
cycling resistance when it replaces Pt partially or completely for the p-Ni
(Pt)Al diffusion coating [17].

The use of Y in MCrAl overlay coating is followed by the known
positive effects in FeCrAl alloys, in which yttrium significantly improved
performance [23-25]. This has been shown to improve oxide scale
adherence by facilitating the formation of oxide pegs at the
oxide/bond-coat interface. When Y concentration is increased,
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segregation at oxide grain boundaries occurs, impacting species diffu-
sion and ultimately influencing the rate of oxide scales [25]. A further
improvement in the spallation resistance of the oxide layer, especially at
higher temperature ranges, is a subject of intense research by alloying
additions such as Ta, Hf, Si, Re, Pt, etc. [26-32]. In general, Ta, Hf, Si,
and Re are added to the alloy, whereas the use of Pt is practiced
differently. The oxidation resistance is improved when Pt is electro-
plated after depositing the MCrAlY coating and diffusion annealed. Pt is
sometimes electroplated before and after the MCrAlY deposition to
report improved overall coating properties [33,34]. Sometimes, Pt
powder is ball-milled with MCrAlY powder to develop an alloy [35].
However, the complete effect of Pt addition may not be evident unless
annealed for enough time. Moreover, a comprehensive study is still
missing delineating the role of Y and Pt in improving performance. An
in-depth analysis is required to understand the role of these elements on
the stability and growth characteristics of the oxide layer and whether
the addition of Pt increases or decreases the growth of the unwanted
precipitate-containing interdiffusion zone by consumption of Al from
the bond coat.

In this paper, we present a systematic study on NiCrAl bond coat
alloys modified with Pt and Y, individually and jointly, to report a sig-
nificant increase in spallation resistance in the presence of both ele-
ments. The oxidation experiments were conducted in air at 1100 °C for
varying durations to comprehensively explore the oxide scale’s growth
characteristics and microstructural evolution. This highlights the un-
derlying mechanisms for enhanced oxidation resistance when employ-
ing Pt and Y modifications. Further, we report a significant decrease in
the volume fraction of brittle TCP phases because of Pt addition. These
indicate the benefits of the addition of Pt addition on both, i.e. oxide
spallation resistance and growth of unwanted TCP phases, in contrast to
the effect of Pt addition in $-NiAl diffusion coating in which it enhances
the spallation resistance of the oxide layer but increases the volume
fraction of TCP phases in the interdiffusion zone. The role of Pt addition
to both types of coating alloys is compared in detail considering the
diffusion rates of elements. These findings contribute to our under-
standing of improved protective coatings and offer valuable insights for
developing advanced solutions tailored to meet the demands of chal-
lenging applications at elevated temperatures.

2. Materials and methods

The bond-coat alloys with nominal compositions (at%), as outlined
in Table 1, were vacuum arc melted under an argon atmosphere. All the
metals utilized were high purity (99.99 %) and sourced from Alfa Aesar.
The melt buttons were flipped 7-8 times to avoid macro segregations
and ensure chemical homogeneity. Subsequently, the melt buttons were
homogenized at 1200 °C for 100 h in a high vacuum (~10~*Pa) furnace.
After homogenization, the alloy composition was quantified using an
electron probe micro-analyzer (EPMA, JXA-8530F) equipped with a
wavelength dispersive spectroscopy (WDS).

Samples of dimensions 7 mm x 5 mm x 1.5 mm were sectioned using
an electro-discharge machine (EDM) for microstructural investigation
and oxidation studies. These samples were subsequently polished to a
mirror finish for microstructural characterization. The microstructural

Table 1
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examination was conducted using a scanning electron microscope (SEM,
FEI SEM Quanta 200) with a W source. The composition of individual
phases was determined using EPMA, as listed in Table 1.

For the oxidation studies, the samples were annealed in a box furnace
at 1100 °C (£5 °C) for 100, 250 and 500 h in air. After annealing, the
samples were cooled in an open atmosphere by placing them at room
temperature. The X-ray diffractometer (X-pert PRO, PANalytical) with
monochromatic Cu-Ka radiation was used for the phase analysis of the
oxide samples. Cross-section samples were prepared by cutting the
samples using a slow-speed diamond saw (IsoMet™ low-speed precision
cutter, Buehler, USA), followed by grinding and polishing for SEM
analysis. The microstructure of the top surface and the cross-section
were characterized using SEM.

A commercial CMSX-4 superalloy was used to prepare superalloy/
bond-coat diffusion couples. The average composition of superalloy is
detailed in Table 2. Samples from superalloy and bond-coat alloys were
sectioned using a slow-speed diamond blade followed by metallographic
polishing to obtain flat and smooth surfaces. The samples were then
joined using a special fixture for producing diffusion couples and then
annealed at 1100 °C (£5 °C) for 64 h in a high vacuum furnace 1o~*
Pa). Post-diffusion annealing, the couples were cross-sectioned and
polished for microstructural analysis. Focused ion beam milling in a
dual-beam SEM (FIB-SEM, SCIOS) was used to lift electron transparent
lamella from the inter-diffusion zone (IDZ). Precipitates and phases
within IDZ were examined in a transmission electron microscope (TEM)
(ThermoFisher® TecnaiTM T20) equipped with a LaBg filament oper-
ated at 200 kV. The composition analysis was carried out by elemental
mapping using energy-dispersive spectroscopy (EDS) using a Super-X
detector equipped in a TEM (ThermoFisher® Titan™ Themis) oper-
ating at 300 kV.

3. Results
3.1. Microstructure of the bond-coat alloys

Fig. 1 shows the BSE micrographs of bond coat alloys after homog-
enization. The resulting microstructure consists of § and y phases. Pt-
containing alloys exhibit an inverted contrast of p phase compared to
the Pt-free bond coats. The compositions of p and y phases in all bond
coat alloys are provided in Table 1. While Ni content is similar in both
phases, Al content is higher in the - and Cr content is higher in the
y-phase. Pt partitions with higher concentration in p- than the y-phase in
the Pt-containing alloys. The fractions of p- and y- phases are almost
equal in the absence of Pt. With the addition of Pt, the fraction of the
B-phase decreases and the fraction of the y-phase increases by 5 + 2 %.
In the Pt-free alloys, the higher Cr: Al ratio governs the brighter contrast
for the y-phase compared to the -phase. The higher Pt content within
the p-phase gives rise to a pronounced bright contrast in Pt-containing
bond-coat alloys compared to the relatively dark contrast for the
y-phase. WDS analysis indicates that adding Y forms a NisY-based
intermetallic compound. The accurate composition of this compound is
difficult to measure by EPMA because of its small size. However, the
ratio of Ni and Y is close to this compound’s composition. Some other
elements may also be present in small quantities. Earlier reports also

Composition (at%) of bond coat alloys and different phases measured from EPMA. The average composition and the error range are calculated from at least 10 WDS

point analyses.

Nominal composition (Designations)

Actual composition in different phases (at%)

Pt Ni Cr Al Pt Ni Cr Al
Yttrium-free Nisg 3Cra1.7Al19 (NiCrAl) - 59.5 + 0.2 12.0 £ 0.2 28.8 £ 0.1 - 58.8 + 0.2 29.4 £ 0.2 11.8 £ 0.2
Nigo.3Pt19Cr21.7Al19 (NiPtCrAl) 12.4 £ 0.2 47.1 £ 0.3 121 +£0.2 28.4+0.2 85+ 0.1 51.0 £ 0.2 28.2+0.2 124+ 0.1
Yttrium-containing NisgCray 7Al 9 (NiCrAlY) - 59.5 £ 0.3 12.2+0.3 28.2+0.1 - 58.4 £0.2 30.2+£0.1 11.4+0.2
NigoPt;0Cra;.7AlL 9 (NiPtCrAlY) 12.0 £ 0.2 47.3 £ 0.2 11.4 £ 0.6 29.4 +£ 0.6 8.0+ 0.2 50.9 + 0.2 29.3+0.3 11.7 £ 0.2
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Composition (at%) of CMSX-4 superalloy and elemental partitioning in y and y’ phases. The partitioning of elements in different phases in comparison to reported

values in Ref. [36].

Element (at%) Co Cr Al Ti Ta Mo w Re Ni
CMSX 4 9.0+ 1.6 7.0+ 1.2 123 +1.8 1.5+0.3 21+04 0.3+0.2 1.7+ 0.2 1.0+ 0.3 65.7 + 2.1
% 13.0 16.9 4.5 0.2 0.5 =¥ 2.5 2.2 60.2

Y 5.6 2.5 16.6 1.9 3.0 =¥ 1.2 0.3 68.9

-*: uncertain

Yttrium free

Yttrium containing

Platinum free

e

Platinum containing

Fig. 1. : Backscattered electron (BSE) micrographs of (a) Nisg 3Cra; 7Al1g, (b) NisgCraj 7Al19Y0.3, (¢) Nigg 3Pt10Cra; 7Al19, and (d) Nigg 3Pty9Cra1.7Al19Y0 3 bond coat
alloys after homogenization at 1200 °C for 100 h. Evident in the micrographs are both p and y phases. The NisY appears as the bright phase.

indicate the formation of the NisY phase in bond-coat alloys with similar
compositions, such as Ni-20Co-19Cr-24A1-0.2Y alloys [37-39]. Further,
the partitioning of Y to - and y-phase is limited (<0.02 %; therefore, not
detected by WDS) due to the immiscibility of Y in these phases. Conse-
quently, Y is confined as the NisY phase at the f§/y phase boundary, as
highlighted in Fig. 1. The fraction of this phase, measured using Image
processing techniques with Python, is found to be 1.9 &+ 0.3 and 1.6 +
0.2 %, respectively, for NiCrAlY and NiPtCrAlY bond-coat alloys.

3.2. Post-oxidation microstructural analysis

The Pt-free or Pt-modified p-NiAl diffusion coatings are known to
grow the a-Al,O3 oxide layer [17,40-43]. Adding Pt improves spallation
resistance without sulphur segregation [10,15,41]. On the other hand,
MCrAlY is known to grow mixed oxide layers [8]. The difference in
adherence and spallation of the oxide layers after isothermal annealing
at 1100 °C at different intervals are shown in Fig. 2. The oxide layer,
which remained adhered to the bond-coat alloy after cooling to the room
temperature in air, appears dark in the microstructure compared to the
substrate with brighter contrast because of spallation.Fig. 3 displays the

bar graph of measured area fractions of the oxide layer after air cooling
to room temperature from 1100 °C for all bond coat alloys oxidized for
100, 250 and 500 h. Images from 3 to 5 different regions were used for
the data in Fig. 3. Image processing technique with Python was
employed to count pixels corresponding to the un-spalled (oxide layer)
and spalled (substrate) region. First, the image was converted to gray-
scale, and then, the threshold was used to create a binary image seg-
menting different phases, in the present case, the substrate and oxide
layer. The area fractions were then determined by counting the pixels
corresponding to each phase and calculating their proportions relative
to the total number of pixels. This process accurately estimated the
un-spalled oxide layer and substrate (spalled region). Interestingly,
adding Y to NiCrAl improved adherence marginally at this temperature
of isothermal oxidation and air cooling. Pt addition to the same alloy is
shown to have better adherence. On the other hand, in the presence of
both Y and Pt, the spallation resistance improved significantly. The
oxide did not show any spallation due to air cooling after 100 h of
oxidation. It spalled a little after 250 h and showed higher spalling after
500 h isothermal oxidation. To investigate further, the cross-section of
the microstructure of bond-coat alloys and the average thickness of the
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Fig. 2. : Backscattered electron (BSE) micrographs of the top surface of (al-3) Nisg 3Cra;.7Al19, (b1-3) NisgCra 7Al19Y0 3, (€1-3) Nigg 3Pt;10Cra; 7Alg, and (d1-3)
Ni4oPt;0Cra;1.7Al19Y0.3 bond coat alloys after isothermal oxidation at 1100 °C for 100, 250 and 500 h. Notably, the dark regions on the micrographs indicate the
presence of adherent oxide layers on the surface.
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Fig. 3. : Plot of the area fraction of oxide layer adhered to all the bond-coat alloys upon cooling to the room temperature after isothermal oxidation for 100, 250 and
500 h at 1100 °C.



U. Bansal et al.

8 freezone

. ¢

NiCrAl NiCrAlY

(

10 ym

NiPtCrAl NiPtCrAlY

(a)

Corrosion Science 240 (2024) 112485

5
E
—
S g
e
& l |
2
.~ I I
o T I
G 2-
(2]
2]
Q
(=
X 1 4
0
=
=

T T T T
NiCrAl NiPtCrAl NiCrAlY  NiPtCrAlY

(b)

Fig. 4. : Bond coat alloys after oxidation for 100 h at 1100 °C. (a) Cross-sectional micrograph showing the oxide layer (from the un-spalled region) and p-free zone,

and (b) Plot of oxide layer thickness.

oxide layers are shown after oxidation for 100 h in Fig. 4. Images from at
least three regions were utilized in ImageJ software to estimate thick-
ness. It’s worth emphasizing that the oxide layer cross-section micro-
structures were examined from the un-spalled oxide layer to understand
the growth mechanism. It can be seen that the addition of Y increases the
thickness of the oxide layer, although the addition of Pt did not increase
it. Adding Pt and Y together resulted in an almost similar thickness of the
oxide scale compared to the oxide thickness when only Y was added.
These indicate the improvement of adhesion due to the coexistence of
these elements, although Pt has a more significant influence.

The higher fraction of adhered oxide layer for Ni(Pt)CrAlY bond coat,
even after 500 h, facilitates the examination of the microstructural
evolution of the substrate adjacent to the oxide layer as a function of
time, as shown in Fig. 5. In this coating, p-NiAl acts as the Al reservoir,

and y-NiAl solid solution provides the necessary strength for the prop-
erty balance. When Al is consumed to grow the Al;O3 oxide, the p-phase
is converted to the y phase. Therefore, only the y phase is found adjacent
to the oxide layer. With increasing annealing time and thickness of the
oxide layer, the length of the y-phase adjacent to the oxide layer also
increases, which is evident in Fig. 5.

The BSE image shown in Fig. 5 indicates the presence of possibly two
distinctive continuous oxide phase layers as separated by a dashed line.
The quantitative map analysis by EPMA indicates the different types of
oxides present. As shown in Fig. 6 from the 250 h oxidized sample, WDS
mapping illustrates that the oxide layer next to the bond coat alloy is rich
in Al (a-Alp03) followed by a top layer of Cr-rich (Cry03). Further, Y-Al-
rich oxide particles (YAIO3) are found at the substrate/oxide interface,
inside the Al-rich oxide layer, and also extended internally in the

10 ym

Fig. 5. : Cross-sectional micrograph of NisgPt;oCra;.7Al19Y0 3 bond coat alloy following oxidation for 100, 250, and 500 h at 1100 °C. The images reveal the pro-
gressive development of the oxide layer over time and the corresponding expansion of the p-free region. Note that the voids were not found at the oxide-bond

coat interface.
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Fig. 6. : Cross-sectional wavelength-dispersive spectroscopy (WDS) mapping revealing the compositional distribution in the oxide layer adjacent to the oxidized
NigoPt;0Cra;.7Al19Y .3 bond coat alloy for 250 h at 1100 °C. The layer exhibits a distinct Al-rich region (a-Al,03), succeeded by a Cr-rich layer (Cr,03). Notably, the
Al and Y containing oxide particles are found in the substrate-oxide interface and also inside the substrate.

adjacent y- and the two-phase (B-+y) region. These could be detected as
Y-Al-rich oxides instead of NisY intermetallic compounds by the pres-
ence of Al (TEM analysis as discussed next). The Y-Al-rich oxides can
grow inside the substrate because of oxygen availability. It is known that
oxygen solubility is higher in the y- compared to the p-phase [44,45].
Oxide particles are found at the y/p phase boundaries when the original
NisY intermetallic compound converts to Y-Al-containing oxide. The
presence of these oxides in the y-phase adjacent to the oxide layer in-
dicates the original y/p interface locations, which ultimately convert to
the y-phase with the loss of Al from the -phase.

Fig. 7 displays a high-resolution SEM image of the oxide layer on the
NiPtCrAlY bond-coat alloy following a 250-hour oxidation period. The
micrograph notably highlights a duplex grain morphology, a common
characteristic observed in a-AlyO3 oxide layers in bond-coat alloys, even
on the B-Ni(Pt)Al diffusion coating [17]. The long columnar grains are
grown from the bond coat/oxide interface (interface I) because of the
diffusion of oxygen through the phase layer. On the other hand, the same
phase grows differently from the a-Al;03/Cry03 interface (interface II)
with relatively smaller grains. The plane demarcating these distinct
grain morphologies corresponds to the Kirkendall marker plane position
[46]. Cry03 oxide layer with a much smaller thickness grows between
interface Il and III, i.e. between the a-Al;03 and air at the temperature of
oxidation (1100 °C). Moreover, NiAl,04 spinel also grows on the top,
which could not be retained for cross-sectional analysis in the electron
microscope because of its fragile nature.

The probe size of EPMA does not allow the identification of any other
types of oxides from the composition map (Fig. 6), which may be present
as small particles. Therefore, X-ray diffraction (XRD) analysis of the top
surface of NiPtCrAlY bond coat alloys after oxidation for 500 h was
conducted to identify the different types of oxides present in the oxide
layer. Fig. 8 shows the indexed XRD pattern for NiPtCrAlY alloys. The

strong peak observed corresponds to the a-Aly0O3, indexed according to
the standard diffraction file PCPDF #03-065-0420. No peaks corre-
sponding to the other variants of Al,03 oxides were observed, suggesting
the complete transformation to a stable a-Al,O3 variant. Other variants
of the alumina, which may grow at the initial stage of oxidation on the
B-phase, are reported to transform into the most stable a-Al,O3 with
increasing oxidation time [42,43,47-53], which subsequently converts
to spinel [54]. We have observed peaks corresponding to spinels,
although it is very difficult to differentiate since peaks from different
spinels overlap. The presence of the CryOs (outer Cr-rich layer, as
indicated in Fig. 7), is also confirmed and indexed according to the
standard diffraction file JCPDS #038-1479. No peaks corresponding to
Y and Al-rich intermetallic compounds are observed in XRD, possibly
due to the very low volume fraction of such phases.

The X-ray diffraction analysis indicates a possibility of finding mixed
oxides. Using FIB techniques, an electron transparent lamella for the
TEM studies was prepared from the NiPtCrAlY bond-coat alloy and ox-
ides interface. A bright field TEM image of different oxides is shown in
Fig. 9(al-dl), highlighting their morphologies. The selected area
diffraction pattern (SADP) from the coarse columnar grain of the oxide
layer adjacent to the bond-coat alloy is shown in Fig. 9(a). It is indexed
as a hexagonal oxide, a-Aly03, with space group R-3c. Further, the phase
presented in Fig. 9(b) exhibits a notable enrichment of Y and Al, a
feature substantiated by the qualitative EDS maps provided in Fig. 10.
The SADP from these Y-Al-rich oxides corresponds to an orthorhombic
crystal structure, with Pnma space group conclusively identified as
YAIO3 oxide. The oxide in pegs was also identified as YAlO3. Oxide
pegging has been reported to improve the oxide-scale adherence in a
system like FeCrAlY [23,25], CoCrAlY [55] and CoAIWY superalloys
[56]. The outer layer, as expected, is indexed as hexagonal Cr,0O3 oxide
with a space group R-3c, as shown in Fig. 9(c). Moreover, the diffraction
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coat

Fig. 7. : Cross-sectional SEM micrograph of the oxide on NisgPt;Crz; 7Al19Y0.3 bond coat at high magnification showing the bond-coat alloy at the bottom, followed
by the duplex grain morphology in a-Al,O3 oxide layer (LG: long grains and SG: short grains) and Cr,O3 layer at the top. I, II, and III mark different interfaces. The
oxide surface on the top side is exposed due to a visible tilt angle of 2.5° during imaging.

pattern also confirms the presence of the cubic NiCrpO4 spinel oxide
particles (space group: Fd-3m) embedded mostly in the Al,O3 layer, as
shown in Fig. 9(d).

Interesting surface topological features after oxidation are found, as
shown in Fig. 11. At the initial stage, oxides grow from both p- and
y-phases of the bond coat differently. It is already known that a-Al,O3
grows with a ridge structure on the B-NiPtAl phase [17]. A similar
morphology is also found on the oxide surface above the f-phase in this
NiCrAlPtY bond coat. The oxide layer on the y-phase does not show a
ridge-type structure, resulting in a relatively smooth surface. The dif-
ference in the growth of oxides above the - and y- phases is also re-
ported earlier [8]. Only Al;Os is found to be favorable to grow on the
B-phase. Initially, transient oxide 6-Al,O3 with needle-type structure

may grow, but it later converts to more stable a-Al,O3 and subsequently
converts to spinel, as discussed later. Growth of both these oxides (6- and
a-Al03) is reported at the early stage of oxidation [8,49]. The oxide
layer grows differently on the y-phase. Al;03, Cr03 and Spinel are re-
ported to grow on the y-phase from the beginning [8]. As shown in
Fig. 5, the p-phase of Ni(Pt)CrAlY converts to the y-phase with the loss of
Al because of oxidation. Therefore, the oxide layer grows on the y-phase
after the initial stage with increasing annealing time [8]. Thus, such a
characteristic surface morphology indicates that oxides grew from two
different phases at the early stages of oxidation differently. Because of
surface roughness, accurate composition analysis is not possible. How-
ever, EPMA analysis indicated the presence of high concentrations of Ni
and Al, identifying these as NiAl;O4 spinel (see Fig. S1 in supplementary
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Fig. 8. : X-ray diffraction analysis of oxidized NisgPt;0Cra;.7Al19Y0.3 bond coat alloys for 500 h.

Fig. 9. : TEM analysis of the oxide layer, featuring bright field micrographs paired with corresponding diffraction patterns. (al, a2) a-Al,Os, (b1, b2) YAIOs, (c1, c2)

Cr303, and (d) spinel.

file). At certain locations, even Cr with a bit higher concentration was
also found, which indicates the growth of Ni(ALCr)204 spinel as well.
The presence of these oxides is reported in several published articles
[50-53,57-60]. Therefore, the AloO3, which grew with a ridge structure,
was subsequently converted to spinel by reacting with NiO and Cry03
without losing the shape completely [50]. The needle-like oxides could
be the sign of the initial growth of 8-Al;03 [8,47,48,54], which later
converted to spinel as well without losing its shape [54]. The growth
mechanism is explained in detail in Section 4.

3.3. Growth of interdiffusion zone (IDZ) between Ni(Pt)CrAl bond coats
and CMSX-4 Superalloy

Growth of the interdiffusion zone (IDZ) between the bond coat and
superalloy is an essential aspect of the study because of the unwanted
loss of Al from the bond coat for the growth of this part. The unwanted
loss of Al for the growth of this IDZ is much higher than the Al used for
the growth of the oxide phase, which protects the substrate [17].
Moreover, the growth of the brittle TCP phases is an issue that is caused
by the rejection of alloying elements, such as Re, W, Ta, etc., from the
matrix with the loss of Ni from the Ni-rich superalloy and increase in Al
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Fig. 11. : Surface morphology of NisgPt;0Cra; 7Al19Y0 3 bond coat alloy following oxidation for 500 h at 1100 °C (a) sign of initial stages showing oxidation above f-
and y-phases (b) a highlighted area of the microstructure shown in (a), and (c) growth of spinel protruding above the surface at certain locations. Needle-like oxides
surrounding these could be the initial growth of 6-Al,03, which later converted to spinel without losing the shape [47,48,54].

that is diffused from Al-rich bond coat alloys. Fig. 12(a) presents the BSE
micrograph of Pt-free bond coat alloy diffusion coupled with CMSX-4
superalloy after annealing at 1100 °C for 64 h. The microstructure re-
veals that the IDZ comprises two distinctive zones grown differently
from the bond coat and the superalloy, as indicated by the position of the
Kirkendall marker plane (K) marker plane, evident by the presence of
line pores, which is one of the reliable methods for detecting the position
of K plane without using inert particle [46]. This plane’s position helps
to understand the growth process from the two opposite interfaces
differently. From the bond coat (a phase mixture of y and p-phases), a
sublayer of y-phase grows because of the loss of Al from the p-phase. IDZ
grows differently from the superalloy, i.e., by losing Ni from the su-
peralloy and by adding Al, which is dissociated and diffused from the
other interface. It grows with two different sublayers: a TCP containing
vy+7y’ phase mixture and another precipitate-free y phase. Therefore, a

sublayer of the y-phase grows on both sides of the bond coat by the
growth of the IDZ (Fig. 12) and oxide layer (see Fig. 5).

The presence of y+y’ phase mixture in the precipitate-containing
zone may not be clear from Fig. 12(a). The STEM-EDS composition
analysis in this zone, as shown in Fig. 13, clearly indicates the presence
of a two-phase mixture: y-Ni(Al,x) solid solution phase is relatively Ni-
rich, whereas the y’-Ni(x)3Al(x) phase is relatively Cr-rich. The TCP
precipitates are identified by relatively higher W and Re concentrations
than the matrix. The difference between matrix and precipitates is not so
high for Ta and Mo. A TEM analysis was conducted to structurally
characterize TCP precipitates in IDZ. Cross-sectional TEM samples were
prepared from IDZ of bond coats-CMSX-4 superalloy. Fig. 14 shows the
bright-field micrograph from the TCP phases grown in NiCrAl-CMSX-4
superalloy. The SADP suggests that two different TCP phases, R and u
phase, grow in y’ matrix. The diffraction pattern from the R and u phases
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Fig. 12. : Inter-diffusion zone between bond coat (a) Nisg 3Cra;.7Aly9, (b) Nisg 3Cra;1 7Al19Pt1o (10 Pt) and CMSX-4 superalloy annealed at 1100 °C for 64 h. The

Kirkendall marker plane is indicated by the "K".

indexed to the rhombohedral crystal structure, with space groups R-3
and R-3m, respectively. The STEM-EDS compositions of the y, y’ and
TCP phases are listed in Table 3. Moreover, the precipitates are found in
the y> phase (see Fig. 13), which is relatively rich in Ni but lean in Cr
compared to the y-phase in the IDZ, which can be understood from the
composition of the phases.

The effect of Pt addition to bond coat on the growth of IDZ is evident
from Fig. 12(b). With the increase in Pt content in bond-coat alloys, the
growth mechanism of the phase layers remains similar (although not the
thickness of IDZ). The thickness of total IDZ is measured to be 33 & 2 um
in the presence of Pt, which is decreased from 43 + 2 pym that is grown in
the absence of Pt in the bond coat. The growth characteristics of the y
phase from the bond coat, i.e. the IDZ sublayer on the right-hand side of
the Kirkendall marker plane, remain similar with a very small difference
in thickness. However, a significant difference in the characteristic of
IDZ growth from the superalloy is found, including a reduction in the
volume fraction of precipitate in the y+y’ phases and a significant
reduction in the thickness of the y-phase grown from the superalloy. The
thickness of this part of the y phase is so small that the K plane’s location
is very close to the precipitate containing the y+y’-phases. Further, the
notable contrast inversion of y and y’ phases in IDZ compared to the
superalloy is evident. The presence of the phase mixture in the
precipitate-containing zone can be seen evidently in the STEM-EDS
composition map, as shown in Fig. 15. The partitioning of composi-
tion in these two phases is listed in Table 4. The higher concentration of
Mo, Ta, W, and Re dissolved in y phase in superalloy results in brighter
contrast in the BSE micrograph (Fig. 12(b)), which is reversed by
reduction of the concentration of these elements for the growth of pre-
cipitates and because of a little higher concentration of Pt in the y’-phase
compared to the y-phase in IDZ. The TEM analysis on these two phases,
as shown in Fig. 16, confirms the above interpretation. Therefore, there
is a reduction in the total thickness of IDZ by the addition of Pt and also a
significant decrease in the volume fraction of precipitates (compare
Figs. 12(a) and 12(b)). The fraction of TCP precipitates is measured to be
0.2 in the presence of Pt in the bond coat compared to 0.67 in the
absence of Pt although no difference was found in the types of pre-
cipitates for Pt-free and Pt-containing bond coats.
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4. Discussion on the effect of Pt on the growth mechanism of
oxide, spallation resistance and the growth of the interdiffusion
zone

4.1. Oxidation mechanism

NiCrAlY-type overlay coatings benefit from positive mechanical
properties due to the presence of both p (relatively brittle) and y (rela-
tively ductile) phases compared to the diffusion coating, which is mainly
comprised of the B-phase. The need to develop good oxidation-resistant
material without compromising the mechanical properties led to
developing a multi-component MCrAlY coating with a two-phase
mixture. The need to grow a continuous alumina layer with relatively
low Al content is fulfilled by adding Cr. For example, adding 5-10 at%
Cr reduces the need for Al content from 40 to only 10 at% [61]. Y is
added to reduce severe oxidation degradation by producing an adherent
oxide layer. As demonstrated in this study, adding Pt further improved
the adhesion. It also helped reduce the unwanted loss of Al by decreasing
the growth of the precipitate-containing interdiffusion zone. The ulti-
mate purpose of this type of coating layer is to grow a continuous
a-Aly03, which is considered the most important oxide phase for the
protection of substrate because of very low diffusion rates of Al and
oxygen. However, multiple elements (depending on composition) and
dual phases lead to a complex growth of more than one oxide phase and
even the products of oxides (such as YAIO3 and spinel). Moreover, the
dynamic redistribution of elements adjacent to the bond coat may lead
to sequential instead of simultaneous growth of the oxides [8,62-64].

The growth characteristics of the oxide layer on a metallic substrate
are expected to be controlled by the average alloy compositions and
phases, diffusion rates of elements in the substrate, the oxide phases,
thermodynamic conditions, experimental conditions, etc. For example,
the initial oxidation process can be different at different phases (p and y),
similar to the present example, as shown in Fig. 11 (a and b). With the
loss of Al, the p-phase converts to the y-phase and then the oxide layer
grows on the y-phase only, as shown in Fig. 5. Initially, there is a pos-
sibility of growing all the active elements (Ni, Cr, Al and Y in this case).
However, the possibility of finding a particular oxide (Al,O3) and/or
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Fig. 13. : STEM-EDS maps of the elements from the precipitate containing interdiffusion zone (IDZ) in CMSX-4/bond-coat NiCrAl (0 Pt) alloy. The TCP precipitates
are found to grow in y’ phase. The Cr-map highlight regions with higher Cr as y and those with lower Cr as y'.

several other oxides (NiO, CryOs and Y2O3) depends on the alloy
composition and oxidation condition. Moreover, a product of two
different oxides (such as YAIO3 and spinel in the present study) may also
be found (which is the case in this study). Nijdam et al. [44,65] have
explained the oxidation mechanism of y-NiCrAl with an average
composition close to the composition of the y’-phase (without Y and Pt)
in similar oxidation conditions, i.e. 1100 °C and oxygen partial pressure
of 2 x 10%Pa similar to the partial pressure of oxygen in the air. This
sheds light on the overall oxidation process. However, the growth of the
oxide phases is far more complex in the present study because of the
presence of both p- and y-phases with very different average substrate
compositions in the presence of additional elements Y and Pt.

The growth of oxides of active elements (let’s say MY, M2, M> ete.) in
an alloy from a particular phase can be expressed as [44]

2i

]—,Mn<‘r02 :.%M?OJ 1

Where n = 1, 2, 3 etc. The local equilibrium of the oxide phase with the
substrate is related to the equilibrium partial pressure of oxygen (Po,) by

2
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where o and ayp are the activities of oxide and metal species in the

alloy. AGK/I’JOJ is Gibb’s energy of formation. Neglecting the solubility
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between different oxides, the activity of an oxide phase can be consid-
ered as one, and the metal species’ activity is related to the concentra-
tion in the alloy. Further, there is a possibility of finding a reaction
product of different oxide phases, such as M M?03 (YAlOs in the present
example), and M; (M-),04 (different types of spinel such as NiCry04, and
NiAl;,04, Ni(ALCr),04 etc. in the present study) instead of individual
oxide phases. If we neglect the presence of the product of different ox-
ides, whether a particular oxide (let’s say NiO, Y203, AloO3 or Cry03) or
more than one oxide will be found depends on the equilibrium partial
pressure at the interface at a particular temperature and partial pressure
of oxygen for a given alloy composition.

The Gibbs energy of the formation of Y203 is higher (more negative)
among all oxides and, therefore, the first to form at the substrate oxygen
interface [25]. As discussed already, Y dissociates from NisY present in
the substrate for the growth of Y,03. The diffusion of oxygen through
Y203 then induces the formation and growth of Al;03, which is the next
most stable oxide [23]. As reported by Nijdam et al. [44], AlyO3 is
favorable to grow in the presence of as low as one ppm of Al in Ni-27Cr
alloy, irrespective of oxygen partial pressure. With the loss of Al, Cr
concentration increases at the substrate/oxide interface, and CryOs3 is
the next stable oxide phase to grow. With the loss of Al and Cr, the
concentration of Ni may increase to a level such that NiO may grow.
However, as already described, other oxides, except Al;03 and Cry03,
are not found individually, which can be explained.

The overall growth of major oxides is shown in the schematic dia-
gram in Fig. 17. As shown in Fig. 1, Y-containing NisY intermetallic
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Fig. 14. : Bright field TEM micrograph with their corresponding diffraction pattern of the TCP precipitates formed in the Nisg 3Cra; 7Al;9/CMSX-4 diffusion couple

annealed at 1100 °C for 64 h.

Table 3

STEM-EDS composition analysis of the y°, y, p and R phases in the interdiffusion zone (IDZ) of CMSX-4/bond-coat Nisg 3Cra1 7Al 9 alloy diffusion couple.
Elements (at%) Ni Al Co Cr Mo Ta Ti w Re
Y 69.9 + 2.2 9.2+1.8 5.8+ 0.6 5.3+0.7 0.5+ 0.3 5.2+ 0.4 1.6 £ 0.3 19+ 0.4 0.6 + 0.2
% 56.8 +1.3 5.5+0.8 8.0 +£0.91 21.5+£0.1 0.8+ 0.5 3.4+04 0.9 +0.3 2.1+0.2 1.0 £ 0.1
u phase 16.4 £ 0.7 3.2+0.8 9.9 £+ 0.6 26.4 £ 0.8 3.0+0.7 9.4+ 0.6 1.7 £0.3 19.4 + 0.9 10.6 + 0.9
R phase 13.7 £ 2.3 4.0 +1.2 6.1 +1.4 32.6 + 2.0 2.7 +1.2 8.7+ 1.5 1.6 £ 0.6 151+ 2.1 15,5+ 1.0

compounds are present at the y/p interface, which acts as the source for
Y for the growth of Y20s3. This oxide is more favorable to grow when this
compound is exposed to oxygen [25]. AlyOs is favorable to grow sub-
sequently since this is the next most stable oxide, which can grow with
the very low partial pressure of oxygen at the metal/oxide interface. For
example, only one ppm Al in Fe-27Cr alloy is favourable to growing
Aly03 [44,65]. A relatively high concentration of Al leads to the growth
of Al,O3 with a higher fraction. A certain fraction of alumina is reacted
immediately to Y203 in equimolar composition (see Ref. [66]) to
develop the product of these two oxides as YAlO3 pegs found at the
substrate/oxide interface. Moreover, oxygen can diffuse through the
grain boundaries. Additionally, oxygen solubility is relatively higher in
the y- compared to the B-phase, and these oxides grow in the bond coat at
the p/y interface [44,45]. Subsequently, B-converts to y-phase with the
loss of Al and the oxide grows on the y-phase only. However, the channel
of YAIO3 indicates the original interface between the phases, as shown in
Fig. 17(b). A very similar growth pattern of a different Y- and

12

Al-containing oxide (Y3Als012) was reported in Ref. [66], which grew at
the grain boundaries of a single phase of FeCrAlY alloy because of the
presence of Y-containing intermetallic at the grain boundaries [25].

At the initial stage, the growth of the oxide layer is found to be
different based on the growth above the y- or the pB-phases (Fig. 11),
which is also shown in detail by Chen et al. [8]. The surface roughness of
the oxide phase on the f-phase is higher. It is already known that only
alumina grows with ridge structure on f-NiAl and B-Ni(Pt)Al coating
alloy, as shown in the supplementary file Fig. S2. This experiment is
conducted for 1000 h at 1100 °C compared to 500 h for NiCr(Pt)AlY
bond coats since this has only a-Al,O03 oxide layer with a much smaller
thickness compared to mixed oxide on NiCr(Pt)AlY with higher thick-
ness. A similar ridge-type structure is also initially found to grow on the
B-phase of NiCr(Pt)AlY overlay coating alloy. The ridge structure results
from a higher growth rate of the oxide phase above the grain boundaries
because of the higher diffusion rate of Al compared to the growth rate
above the grain by the lattice diffusion [17]. Moreover, as shown in
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Fig. 15. : STEM-EDS maps of all elements from the interdiffusion zone (IDZ) in CMSX-4/ Ni4g 3Cr21 7Al19Pt1¢ show precipitate-containing y and y’ phases (marked in

Cr map). TCP precipitates are found to grow in the y’ phase.

Table 4

STEM-EDS composition analysis of the y* and y in the interdiffusion zone (IDZ) of CMSX-4/bond-coat Ni4g 3Crz; 7Al19Pt1¢ alloy diffusion couple.

Elements (at%) Ni Pt Al Co Cr Mo Ta Ti w Re

0.9 £0.2
1.0+ 0.2

7.1+0.4
5.0+ 0.2

1.5+0.3
1.0+ 0.2

1.8+0.2
2.0+£0.2

0.7 £0.1
1.4+0.1

v 642+ 1.8
¥ 54.0 + 0.6

3.6 £0.2
1.5+0.2

10.5+ 0.6
5.7 +£0.3

3.7+1.1
6.7 £0.5

6.0 £1.3
21.7 £ 0.3

Fig. 11(c), the needle-type structure is also found to grow at certain
locations, which have typical characteristics of 6-Al;O3 at the initial
stage of oxidation but transform to the most stable a-Al,O3 afterwards
[8,42]. The oxide surface over the y-phase is not that rough (but faceted)
because of the growth of Cry03 and spinel on the top [8]. After the very
initial stage, the p-phase converts to the y-phase with the loss of Al from
the B-phase. The experiment of Chen at 1150 °C indicates this trans-
formation to happen at the substrate adjacent to oxide within 5 min [8].
The diffusion rate in the substrate y-phase compared to the diffusion rate

of elements through oxide is much higher. Therefore, the substrate
reaches compositional homogeneity in the y-phase substrate such that
the oxidation process becomes similar over the whole substrate. Cro0O3
and NiO grow at the oxide/air interface by diffusion of Cr and Ni
through the oxide. In our study, similar to studies reported earlier, we
found that NiAl,04 and Ni(ALCr),04, which indicates the reaction of
NiO and Cry03 with Al;O3 on the top of the oxide layer for the formation
of spinel [50-53,57]. A rough top surface is believed to be created
because of the transformation of 0-Al;03 to a-Al;O3 (with a reduction in
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Fig. 16. : Cross-section micrograph showing the Nisg 3Cra; 7Al;9Pt;o bond coat and interdiffusion zone (IDZ) interface. The bright phase observed in the IDZ is

depicted to be y’ and TCP formed in the y-phase.
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Fig. 17. : (a) A schematic illustration of the oxide microstructure resulting from the oxidation of NiggPt;0Cra1.7Al19Y 3 bond coat alloy. (b) Growth of YAIO3 inside

the bond coat substrate after isothermal oxidation of (Ni,Pt)AICrY.

volume significantly), the transformation from Al,03, NiO (and Cry03)
to NiAlyO4 (and Ni(ALCr)O4) and even evaporation of Cr by forming
CrOs [50]. These oxide phases are known to grow outwards with higher
rates and act as the source of failure by producing cracks when YSZ
(yttria-stabilized zirconia) is deposited at the top for thermal protection
[51-53,57].

Fig. 7 notably highlights a duplex grain morphology of a-AlyO3, a
common characteristic observed even on f-Ni(Pt)Al bond-coat alloys
[17]. The plane demarcating these distinct grain morphologies, i.e. long
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grain (LG) and short grain (SG), in Fig. 7 corresponds to the position of
the Kirkendall marker plane. The position of this plane indicates that the
sublayer with long grains is grown from the sublayer because of the
diffusion of oxygen through the oxide phase. On the other hand, the
sublayer with the short columnar grains is grown from CryO3 or air by
the diffusion of Al. The measured ratio of the thickness of the inner
coarse columnar grain layer to the outer layer with finer equiaxed grains
is determined to be 2.9 £ 0.5. A similar ratio was also reported in our
earlier study [17]. This indicates that a relatively thin but continuous
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layer of CroO3 and other discrete spinel oxide phases do not change the
overall growth mechanism of the a-Al;03 phase. The sequence of the
oxide phase growth between the bond coat and oxygen in air could be
explained with the help of the diffusion path when the multicomponent
phase diagram, along with the solubility range of phases and thermo-
dynamic details, are known following the rules proposed by Kirkaldy
and Brown [67,68], compiled by Clarke [69] with the help of available
thermodynamic details. However, this cannot be discussed further in
this system because of the unavailability of these details.

4.2. Spallation resistance

To understand the spallation resistance of the oxide, we need to
discuss the role of Y and Pt. As already discussed, the occurrence of oxide
pegs (YAIO3) is intrinsically related to the Y concentration within the
alloy. The formation of YA1O3 oxide at the oxide/bond-coat interface not
only modifies the growth rate of Al,O3 but also enhances the adhesion
due to the formation of oxide pegs. The inward growth of the Al,O3 layer
effectively incorporates YAlO3 oxides, as evidenced by Fig. 10. Pro-
longed exposure to high temperatures results in the continued inward
growth of the Al;O3 layer, which, in turn, reduces the number of oxide
pegs at the interface, resulting in a more planar oxide layer interface,
ultimately leading to spallation. The role of oxide pegs at the interface
on spallation resistance is well-documented [23,25,38,55,56]. The in-
crease in the oxide growth rate because of Y addition is believed to be
due to the fast diffusion path of elements by the growth of Y-containing
oxide [24]. The addition of Pt did not change the growth rate of the
oxide phase. Pt is not found in the oxide layer to influence the oxidation
process. It also indicates that Pt does not significantly influence the
driving force for oxide growth. However, it may have improved the
adhesion strength between the bond coat and oxide to reduce the
spallation resistance. The adherence of the oxide layer is remarkably
enhanced in the presence of both Y and Pt. The addition of Pt on the
increase in spallation resistance of the oxide scale on the $-NiAl bond
coat is well known even in the absence of the S-containing environment
[17]. This indicated a possible change in the diffusion mechanism of
elements in the substrate suppressing the growth of (Kirkendall) voids at
the oxide/substrate interface and possibly also increasing oxide adher-
ence strength to the substrate. The Kirkendall voids are unlikely to grow
at the y-phase/oxide interface since Al has higher diffusion rates than Cr
and Ni in this Ni-based solid solution [70,71]. The consumption of Cr
and Ni is far less for the growth of Cr,03 and spinel. Therefore, vacancies
flow away from the bond coat/oxide interface when Al diffuses out for
the growth of the oxide phases. Indeed, Kirkendall voids were not
located in this study on Ni(Pt)CrAlY bond coat alloys at the sub-
strate/oxide interface (the presence of which is not reported in articles
available in the literature as well). This indicates a possible role of Pt in
increasing the adhesion strength of oxide with substrate. These aspects
are further discussed in detail in the next section. The growth rate of the
oxide layer, comprised of only a-Al;O3 on p-NiAl and Ni(Pt)Al diffusion
coating alloys, is found to be less (annealed for 1000 h, see Fig. S2a) than
overlay coating Ni(Pt)CrAlY coating (annealed for a maximum of 500 h,
as shown in Fig. 5) because of the presence of other non-protective ox-
ides with higher diffusion rates of elements (i.e. higher growth rate). The
increase in spallation at higher oxidation times, followed by cooling, is
most likely a straightforward consequence of the increasing strain en-
ergy stored as the oxide layer thickens. While there have been reports of
stress relaxation in oxides forming on thin bond coats, especially at
higher temperatures [72], the substrate thickness here (1.5 mm) pre-
cludes any significant relaxation at 1100 °C.

4.3. The growth mechanism of the interdiffusion zone in the absence and
presence of Pt in the NiCrAl bond coat

It has already been demonstrated in this article that the interdiffu-
sion zone thickness and fraction of precipitates decrease with the
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addition of Pt. Although the difference in the thickness of the sublayer
that is grown from the bond coat does not change much (right-hand side
of the marker plane in Fig. 12), a significant difference is found in the
overall thickness of the sublayer that is grown from the superalloy (left-
hand side of the marker plane). This sublayer has two parts: a precipitate
containing y+’’ phase mixture and a precipitate-free y phase. With the
addition of Pt in the bond coat, the thickness of the precipitate-
containing y+y’ phase mixture part decreases slightly; however, the
thickness of the precipitate-free y phase layer decreases drastically such
that the distance between the precipitate-containing part and the Kir-
kendall marker plane is very small.

The superalloy is a phase mixture of ~ 37 % y and ~ 63 % y’.
Without Pt in the bond coat alloy, the precipitate-containing phase
mixture grows with ~ 49% vy, ~ 45% y’ and ~ 6 % precipitates.
Therefore, the fraction of y increases and y’ decreases. Further, the
precipitate-free y also grows next to it. This part grows by the diffusion
of elements such as Ni, Co, Cr, Al, and Ta, which have higher diffusion
coefficients and, therefore, lean in Re and W content, which have much
lower diffusion coefficients [73,74], as confirmed by the composition
analysis of the precipitate-free y phase. During this overall conversion of
Y’ to vy, the TCP precipitates with high content of Re and W grow inside
the y’ phase because of much lower diffusivity than the other elements.
In the presence of Pt in the bond coat, the fractions of y and y’ phases i.e.
~ 41 %y and ~ 57 % y’ are not very different from the fractions of these
phases in the superalloy. However, since the growth of the
precipitate-free zone (which grows by diffusing the faster diffusing el-
ements such as Ni, Co, Cr, Al, Ta, etc. and by rejecting the slower
diffusing elements such as Re and W) reduces drastically, the overall
fraction of TCP precipitates is also significantly less.

The diffusion path sheds further light on the growth sequence of the
phases. The practice of drawing the diffusion paths can be learnt from
Refs [67-69,75-77]. It should be noted here that we cannot represent a
multi-component system in a ternary Ni-Al-Cr for such a discussion
accurately, and, therefore, this should be considered as a qualitative
argument for understanding the overall composition variation of the
interdiffusion zone. The phase diagram in Fig. 18 is extracted from the
TCNi9 dataset of ThermoCalc [78-80]. A red-filled circle indicates the
average composition of the superalloy, and the orange-filled circle in-
dicates the bond coat alloy. Let us consider the growth of the

20
Mole percent Cr

30

Fig. 18. : Diffusion path of the interdiffusion zone between the bond coat
and superalloy.
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interdiffusion zone between the superalloy and Pt-free bond coat, as
shown in Fig. 18. From the superalloy, the same phase mixture of y and
vy’ grows but with decreasing phase fraction of the y’ and increasing
phase fraction of the v, i.e. from 0 to 1 in Fig. 18. The transition from the
phase mixture to the single-phase y is represented by the dotted line
between 1 and 2. The diffusion path between 2 and 3 represents the
composition variation of the precipitate-free IDZ on both sides of the
marker plane (K). The interface between IDZ and the bond coat is rep-
resented by the dotted line between 3 and 4. Since the interfaces be-
tween different sublayers are more or less straight with end members,
the dotted lines are drawn parallel to the two-phase equilibrium region’s
tie lines (iso-activity) lines [67-69]. Further, it must be clear from the
diffusion paths that Cr has a typical downhill diffusion from one end to
another (i.e. a decrease in Al content from the bond coat end to the
superalloy end). However, Al goes through uphill diffusion in which Al
content first decreases and then increases, although the composition is
always lower than the variation along the (red dashed) line connecting
the end members. Further, it should be noted that the diffusion path on
the Gibbs triangle indicates only the composition profile but not the
thickness of the interdiffusion zone length. Uphill diffusion reduces
interdiffusion zone length compared to the downhill diffusion of all the
elements depending on the diffusion direction of elements [77,81]. The
main difference in the interdiffusion zone in the presence of Pt in the
bond coat is found in the reduction in the thickness of the
precipitate-free interdiffusion zone grown from the superalloy. An
interdiffusion study indicates a marginal reduction in main interdiffu-

sion coefficients of Al (5?;1) with the addition of Pt in y-Ni(ALPt) solid

solution [82]. The main interdiffusion diffusion coefficient of Pt (ﬁgfpt) is
much smaller. Further, the cross interdiffusion coefficients of Al which is

related to the concentration gradient of Pt (5fzpt) is negative. This im-
plies that when Al and Pt are forced to diffuse towards the same direc-
tion (i.e. from Al- and Pt-rich bond coat alloy), the downhill diffusion of
Pt will increase the uphill diffusion of Al. The characteristics of diffusion
profiles at different composition ranges can be different depending on
the thermodynamic parameters. This increase in Al uphill diffusion re-
sults in a decrease in interdiffusion zone length and, therefore, un-
wanted loss of Al

4.4. A comparison of oxide spallation and evolution of interdiffusion zone
between p-Ni(Pt)Al and (v + p)-Ni(Pt)CrAlY alloys

As explained in Ref. [17], Kirkendall voids grow at the
substrate-oxide interface in bond coat alloy with stoichiometric
composition B-NiAl, as shown in Fig. S3. As Al is consumed from the
bond coat alloy for the growth of alumina, Ni concentration increases in
the substrate adjacent to the bond coat/oxide interface (shifting the
composition towards Ni-rich alloy of p-NiAl). This leads to the diffusion
of Ni in the opposite direction (i.e. away from the substrate/oxide
interface). Since Ni has a higher diffusion rate than Al in this composi-
tion range of the Ni-rich p-NiAl phase [83,84], vacancies flow towards
the substrate/oxide interface. These grow as Kirkendall voids, as shown
in the supplementary Fig. S3. The voids in the substrate could be found
easily after the spallation of oxide above them. The growth of voids is
known to be one of the major reasons for failure. Brumm and Grabke
[85] have shown that these voids grow on Ni-rich NiAl alloy as well
(similar to the stoichiometric composition explained in this study).
These did not grow on the Al-rich p-NiAl alloys since the diffusion rate of
Al is much higher compared to Ni [83,84].

Various factors of the beneficial role of Pt addition in the (-NiAl
coating are well documented [16,86,87]. We discuss only a few salient
features in this to compare the role of Pt in NiCrAlY coating. The addi-
tion of Pt possibly changes the diffusion rates of elements such that voids
are not found at the p-Ni(10Pt)50Al/oxide interface during the growth
of oxide [17]. The measurement of the pseudo-binary interdiffusion
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coefficient of Ni and Al (5p3) indicates an increase in interdiffusion
coefficient with the increase in Pt content [19,21,22]. The measurement
of the ternary diffusion coefficient at 1100 °C in the Ni-rich Ni-Pt-Al
ternary system indicates that the main interdiffusion coefficient of Ni

(D = 8.5 x 10715 m?2/s) is less than the main interdiffusion coeffi-

cient Al (INDZEAI =425x 10715 m?/s) considering Pt as the dependent
variable (see the supplementary file of Ref. [20]). Bouchet and Mevrel
also indicated the increase in Al diffusion coefficient with Pt addition
[88]. The role of Pt on thermodynamic parameters benefitting the
favorable Al diffusion is well documented [89-91]. Moreover, both the

cross-interdiffusion coefficients (l~)gtwand5§tw) are found to be negative,
indicating increased flux of both Ni and Al when diffused in opposite
directions (with opposite signs of composition gradient). In such a sit-
uation, the flux of Al towards the bond coat/oxide interface may be
higher compared to Ni (and Pt) in the opposite direction, leading to the
flow of vacancies away from the substrate/oxide interface. This must be
why the Kirkendall voids could be found during the oxidation of
B-Ni50Al but not p-Ni(10Pt)50Al to improve the spallation resistance.
Additionally, it is possible that the adhesion strength of the oxide layer
also improves the spallation resistance by adding Pt since spallation
resistance improves even in air without an S environment [17]. The role
sulphur segregation on spallation resistance of oxide is well documented
[11-16]. However, the role of sulphur segregation is beyond the scope of
this article and, therefore, not discussed extensively.

As already explained, oxide grows differently over the p- and y-
phases at the very early stage of oxidation on (f-+y)-NiAICrY bond coat
alloys. With the loss of Al, the B-phase starts converting to the y-phase
within a few minutes of oxidation, with the loss of Al consumed for
alumina growth [8]. The interdiffusion coefficients calculated in the
B-NiCrAl phase by Hou et al. indicate similar main interdiffusion co-
efficients compared to those in the binary B-NiAl system [92]. The
interdiffusion coefficients are a kind of average of intrinsic diffusion
coefficients of elements and may not reflect the relative mobilities of the
species (of intrinsic flux) correctly. Still, we can make a qualitative
discussion based on the main interdiffusion coefficients of the ternary
system since the cross-intrinsic diffusion coefficients are found to be
very small in this ternary system [92]. We may consider a similar rate
and process of interdiffusion of elements since the ternary main inter-
diffusion coefficients in the p-NiCrAl phase because of Cr addition are
similar to the binary interdiffusion coefficient in the p-NiAl phase.
Therefore, voids may grow at the Ni-rich B-Ni(Cr)Al phase/oxide
interface, similar to the growth of voids on the $-NiAl phase/oxide
interface. However, as already mentioned, the p-phase converts to the
y-phase at the initial stage of the oxidation process, and subsequently,
oxide grows from the y-phase only.

As discussed in Section 4.1, we already know that alumina has a
much higher thickness compared to chromia (see Fig. 7). Additionally,
NiAl,O4 spinel grows on the top layer by reacting NiO (which grows at
the oxide/air interface) with the initial growth of Al,O3 on the B-phase
before converting to the y-phase. Even the growth of Ni(Al,Cr)204 spinel
is also reported to grow by the reaction of NiO, Cr,O3 and Al;Os3. Al
consumption is higher than Ni and Cr for the growth of thick a-Al;O3
oxide layer and mixed oxides. This leads to a higher diffusion flux of Al
towards the substrate/oxide interface and the diffusion of Ni and Cr in
the opposite direction. Since the diffusion rate of Al is higher in this
y-solid solution phase compared to Cr and Ni [70,71], vacancies are
expected to flow away from the interface. Therefore, the void size would
be very small (if indeed grown at the early stage of oxidation from the
B-phase before converting to the y-phase), which could not be located
and may have little influence. The role of Kirkendall voids is therefore
ruled out in the NiCrAlY/oxide system since the oxide layer grows from
the y solid solution phase only after the very initial stage of oxidation
with the transformation of p to y by the loss of Al.

An interdiffusion analysis in the y-Ni(Pt,Al) solid solution indicates
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the reduction in overall interdiffusion coefficients [82]. However, the
relative (difference in) mobilities of the elements are expected to be
similar in this Ni-rich solid solution phase [73,74,93,94]. Such a char-
acteristic diffusion rate of elements was found in the Ni-rich NiCoFeCrAl
solid solution. The relative mobilities of the elements in pure Ni are
found to be similar to the binary Ni-Co, ternary Ni-Co-Cr, quaternary
Ni-Co-Fe-Cr and quinary Ni-Co-Fe-Cr-Al solid solution phases although
interdiffusion coefficients (which are kind of average of diffusion rates
of elements) vary differently [71].

Overall, the growth kinetics of the oxide layer on (y+p)-Ni(Pt)CrAlY
is higher compared to B-Ni(Pt)Al because of the growth of non-
protective oxides (CryO3 and spinel). As shown in Fig. 5 and S2(b), the
oxide layer thickness on (y+p)-Ni(Pt)CrAlY after 500 h oxidation is
higher than the oxide layer thickness of p-Ni(Pt)Al after 1000 h oxida-
tion at the same temperature of 1100 °C. The addition of Pt does not
influence the oxide layer’s growth kinetics in both coating alloys. As
reported in this study, a comparatively better spallation resistance of the
oxide layer is found on f-NiAl [17] compared to (y+f) NiCrAlY. The
main reason for the spallation of oxide on B-NiAl is reported to be the
growth of Kirkendall voids at the substrate oxide interface. Since these
voids do not grow at the (y+p) NiCrAlY/oxide interface, the failure
could be due to other non-protective oxides. The volume change asso-
ciated with the transformation of NiO, Cr,03, and AlyO3 to spinel may
have adverse effects, including the evaporation of Cr as CrO3 leading to a
porous structure [50]. It is also possible that the increase in strain energy
with the growth oxide layer on Ni(Pt)CrAlY is also higher because of the
additional growth of non-protective oxides with a higher rate compared
to the growth of only a-Al,O3 on p-Ni(Pt)Al with a much slower growth
rate. The addition of Pt improved spallation resistance for both types of
coating alloys. The major reason for improving spallation resistance of
B-Ni(Pt)Al is believed to be because of the suppression of Kirkendall
voids. However, since Pt addition improved spallation resistance for
(y+p) Ni(Pt)CrAlY bond coat alloys as well in the absence of Kirkendall
voids, the possibility of improving adhesive strength between substrate
and oxide cannot be ruled out.

To compare the growth of the interdiffusion zone between CMSX-4
superalloy and two types of bond coats (i.e. p-Ni(Pt)Al and (y+f) Ni
(Pt)CrAlY), we need to discuss the growth of the interdiffusion zone
between p-NiAl bond coat alloy and CMSX-4 alloy first. The growth of
the interdiffusion zone between the superalloy and two bond coat alloys,
i.e. p-NiAl and B-Ni(10Pt)Al, are shown in Fig. 19. The interdiffusion
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zone grows with two distinct sublayers: precipitate containing inter-
diffusion zone i.e. grown from the superalloy and precipitate free sub-
layer i.e. grown from the bond coat. The Kirkendall marker plane
demarcates these two sublayers, indicating the growth from different
substrates differently. The precipitate containing the interdiffusion zone
can be seen in the BSE micrograph. The thickness of the precipitate-free
interdiffusion zone can be understood from the composition profile. The
growth sequence of the phase layers in the precipitate-containing
interdiffusion zone can be better understood from Fig. 19(a). It high-
lights the growth of the phases in the sublayer that is grown from the
superalloy. The (y+y’) superalloy first converts to (y+y’+p) phases with
the loss of Ni from the Ni-rich superalloy and the addition of Al that is
diffused from the relatively Al-rich bond coat. The solubility limits of
various refractory elements are relatively low in y* and even lower in the
B-phase. Therefore, these elements grow as precipitates with this phase
conversion [19,21]. Following, the (y’+f) phase mixture grows along
with precipitates. Next, only the §-phase with a fraction of precipitates
grows in the interdiffusion zone. On the other side of the Kirkendall
marker plane, the precipitate-free interdiffusion zone grows with the
loss of Al from the bond coat and the addition of other elements that
diffuse from the superalloy. The thickness of the precipitate-free inter-
diffusion zone is much higher because of the presence of high melting
point refractory elements with very low concentration and in the
absence of precipitates through which the diffusion rates of elements are
expected to be very low. As shown in Fig. 19(b), the growth mechanism
of the phases remains similar when Pt is added to the bond coat. How-
ever, there is an increase in interdiffusion zone length for both sublayers.
The increase is very significant for the precipitate-free sublayer grown
from the bond coat.

A few important characteristics should be noted for the comparison
of the interdiffusion zone between two types of bond coat alloys ($-NiAl
and (B+y)-NiCrAlY) and the superalloy. Both Ni and Al go through
regular downhill diffusion in p-Ni(Pt)Al/CMX4 systems such that Ni
diffuses from a relatively Ni-rich superalloy towards a Ni-lean bond coat.
The diffusion direction of Al is opposite, i.e. from a relatively Al-rich
bond coat to an Al-lean superalloy. Therefore, the thickness of the
total interdiffusion zone thickness is higher for p-NiAl coating alloy
compared to (y+f) NiCrAlY, in which Al goes through uphill diffusion
when coupled with CMSX-4 superalloy. It should be noted here that the
interdiffusion zone between superalloy and (y+p) NiCrAlY is grown for
64 h, and superalloy and f-NiAl is grown for 100 h. For diffusion-
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Fig. 19. Interdiffusion zone between CMX4 superalloy between (a) $-Ni50Al, and (b) $-Ni(10Pt)50Al annealed at 1100 °C for 100 h [17].
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controlled growth, we consider the square of the thickness interdiffusion
zone proportional to the annealing time. Therefore, taking 8/10, i.e. 0.8
times the interdiffusion zone thickness of 3-NiAl/CMSX4 superalloy, can
be compared with the interdiffusion zone thickness between NiCrAlY/
CMSX superalloy. Another reason for the higher thickness of the inter-
diffusion zone is the growth of the B-phase with higher diffusivity of
elements for B-NiAl coating compared to y and y’ phases, which are
grown for (y+p) NiCrAlY. The interdiffusion rates of elements are higher
in the B-phase [21,83] compared to the y and y’ phases [94,95] because
of the presence of constitutional defects (vacancies and antisites) with
very high concentrations. Therefore, a major part of the interdiffusion
zone is covered by the p-phase for p-NiAl based coatings. Since the
solubility of high melting point refractory elements such as W, Re, Ta,
etc. has much lower solubility in the p-phase compared to y and y’
phases, the fraction of the deleterious precipitates is also higher for
f-NiAl coating alloy. On the otherhand, Jackson and Raiden have shown
that a relatively thick platinum layer of 25 pm restricts the the initial
reaction-diffusion during, which reduces the refractory metal elements
loss from the substrate and thereby smaller content in the outer regions
of the coating. However, a thiner Pt layer did not show this beneficial
role [96]. Pt addition to (y+p) NiCrAlY reduced the interdiffusion zone
thickness and growth of precipitates because of decreased diffusion
coefficients in the y and y’ phases and increased the uphill diffusion of
Al This led to a reduction in unwanted loss of Al in the interdiffusion
zone. However, adding Pt to B-NiAl increased the interdiffusion zone
thickness by increasing the diffusion rate of elements in the f-phase,
leading to an increase in the unwanted loss of Al. A diffusion analysis in
B-NiAl indicates the increase in defect concentrations (vacancies and
antisites) and decreased migration energy because of Pt addition, which
mediates the diffusion process [21].

It is already known that the spallation resistance of oxide on -NiAl is
better because of the growth of only «-AlyO3 than (y+f) NiCrAlY
because of the growth of other non-protective oxides along with
a-Al,03. Pt addition improved spallation resistance for both types of
coating alloys. Vande Put et al. discussed the role of peroxidation on
spallation resistance before deposition of ceramic top coat enhanced
spallation resistance [97]. Al loss in the interdiffusion zone and growth
of deleterious phases act in opposite ways because of Pt addition in the
NiCrAlY coating compared to -NiAl coating. Pt addition to $-NiAl in-
creases the Al diffusion rate, leading to a higher loss of Al from the bond
coat alloy and, therefore, the growth of a higher fraction of TCP phases
in the interdiffusion zone. In contrast, Pt addition to (f+y) NiCrAlY re-
duces the loss of Al by increasing the uphill diffusion and, therefore, the
growth of a lower fraction of TCP phases.

5. Conclusions

The beneficial role of the addition of Pt in f-NiAl diffusion coating by
improving the spallation resistance of the oxide layer (a-AloO3) by
reducing the sulphur segregation is well known [41,42]. This has
significantly improved thermal cycle resistance even in the air without
sulphur resources [17]. However, Pt addition has a deleterious effect on
the growth of brittle precipitate-containing interdiffusion zone, which
increases significantly because of the increase in defects assisting the
diffusion process. In this study, we have shown the beneficial role of Pt
addition in NiCrAlY on spallation resistance and in reducing the
precipitate-containing interdiffusion zone. The experiments were con-
ducted at 1100 °C for easy analysis through accelerated growth of the
oxide layer and interdiffusion zone in the laboratory. The outcome of
this study can be summarized as:

e The addition of Pt does not change the relative volume fraction of y
and P significantly in the (y+p) NiCrAlY. However, Pt is found to
partition with higher content in p than the y phase. Y is found as a
NisY compound at the y/p phase.
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e At the initial stage, the surface morphological characteristics differ
depending on the oxidation of the y- or the p-phase. With the loss of
Al the p-phase converts to the y-phase, and the subsequent oxidation
process continues based on the compositional distribution of this
phase during oxidation.

e Other than the continuous layers of a-Al;03 and Cry03, a few prod-

ucts of oxides are also found to grow, such as YAlO3, NiCr;04 and

NiAly04. The overall growth rate of the oxide phases in Ni(Pt)CrAlY

is found to be higher compared to the growth rate of the only oxide

phase a-Al,O3 on another type of bond coat p-Ni(Pt)Al since the
diffusion rates of elements are known to be very low through a-Al,O3
compared to the other oxides.

The spallation resistance of the oxide layer upon cooling to room

temperature after isothermal annealing increases significantly with

the addition of Pt. Adding Y is known to improve spallation resis-
tance to a certain extent. However, the presence of Pt and Y greatly
improved the spallation resistance.

Pt addition to NiCrAlY improves the oxide spallation resistance. Pt

addition also reduces the growth of the deleterious precipitate-

containing interdiffusion zone. It also reduces the unwanted loss of

Al in this zone since the Al content in the bond coat is very important

for the service life of the coating layer, providing a continuous supply

for the protective oxide layer growth after spallation.

A comprehensive analysis and explanation are given for the differ-

ence in growth characteristics of the interdiffusion zone between

superalloy and two types of coating considered in this study.
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