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A B S T R A C T   

Incorporating reactive elements (RE) into turbine coatings is a well-established surface treatment. However, 
suboptimal RE concentrations can lead to compromised strength, heightened brittleness, and reduced adhesion. 
In contrast, RE oxides offer advantages of avoiding these detrimental effects, counteracting corrosion phenomena 
induced by V2O5 compounds and enhancing oxidation resistance. A notable challenge lies in optimizing RE oxide 
particle incorporation and understanding the influence of particles in coating microstructures. This study focuses 
on developing Ni–Al and Ni-Cr-Al type metal matrix composite (MMC) coatings on Inconel 617 (IN617), con
taining up to 11 vol% of Yttria (Y2O3) nanoparticles. Y2O3 nanoparticles and Ni were co-electrodeposited on 
IN617 followed by either pack aluminizing or a two-step chromizing and aluminizing process. An even distri
bution of Y2O3 nanoparticles was observed throughout the entire 100 μm coating thickness, leading to significant 
grain refinement in the sub-micron to nano range in both coating types. Y2O3-strengthened coatings were sub
jected to oxidation at 1100 ◦C and hot corrosion at 700 ◦C and were compared to their Y2O3-free counterparts. 
Present at grain boundaries, Y2O3 markedly enhanced the oxidation and corrosion resistance by reducing 
interdiffusion, improving the oxide scale adherence and binding V2O5, highlighting the potential of this method 
for advanced turbine blade coatings.   

1. Introduction 

Nickel-based alloys exhibit excellent creep and fatigue strength, and 
thus, are commonly used in aerospace and land-based gas turbines. 
Stationary gas turbines for power generation often run on low cost, low- 
grade fuels with high impurities, such as vanadium, to ensure the 
economical operation of the plant [1]. The presence of vanadium im
purities causes high amounts of ash to form during combustion, accel
erating high-temperature corrosion by dissolving otherwise protective 
oxide scales on the turbine blades [2–5]. Vanadium increases corrosion 
because it forms a low-melting, highly corrosive eutectic between 
Na2SO4 and V2O5 with a melting point of 525 ◦C. So far, one of the most 
effective methods to inhibit this vanadium-induced low-temperature hot 
corrosion (LTHC) is to add Mg in a fuel-soluble form, such as magnesium 
naphthenate (C22H14MgO4). Mg triggers a strong acid/base reaction 
between the inhibitor and vanadium in the combustion gas [6]. The 

added inhibitors react with V2O5 in the combustion gas [7] to form 
higher melting point compounds, which prevents the formation of the 
low-melting, highly corrosive Na2SO4 and V2O5 eutectic. Preventing the 
formation of a molten ash deposit slows down the ion exchange between 
the combustion gas and structural materials, and thereby lowers the 
corrosive attack. The positive influence of Mg- and/or Ca-compound fuel 
additions on reducing the V2O5-Na2SO4 corrosion has been shown by 
several authors [8–10]. Unfortunately, these higher melting point 
compounds deposit as slags on colder parts of the turbine, such as the 
blades, and regular downtimes are required to remove these deposits 
and ensure the effectiveness of the plant [11]. Considering the corrosion 
and interaction mechanisms, corrosion inhibitors within a protective 
coating would be an efficient way to reduce or avoid these fuel additions 
and the resulting undesirable deposits and associated plant downtimes. 

Diffusion coatings manufactured by the pack cementation method 
have evolved as state-of-the-art coatings due to their high oxidation and 
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corrosion resistance and relatively low-cost manufacturing process 
when compared to other coating deposition techniques such as high- 
velocity oxy-fuel (HVOF) or atmospheric plasma spraying (APS) [12]. 
Also diffusion coatings could potentially have even better oxidation and 
corrosion resistance through the “reactive element effect” [13–15], if 
small amounts of reactive elements or ceramic particles were able to be 
incorporated. The “reactive element effect” [13–15] promotes the for
mation of an adherent and protective oxide scale. 

However, two challenges exist in creating particle-strengthened 
diffusion coatings. First, there is a limited ability to integrate ceramic 
particles into a dense diffusion coating using pack cementation [16], 
achieving the necessary thickness of around 100 μm for effective 
corrosion inhibition in turbine applications. This limitation could be 
overcome if the particles were applied before the pack cementation 
process. Galvanic coating production was selected since the synthesis of 
nano-particle-reinforced materials by conventional casting methods is 
not possible due to the low wettability of nanoparticles by molten metal 
[21]. Second, the selection of particles in combination with the pre
application process is imperative to achieve a dense and protective 
coating. The main particles of interest for inhibiting vanadium‑sodium 
sulfate-induced hot corrosion would be magnesium and calcium com
pounds since they react with vanadium and prevent the formation of low 
melting eutectics between vanadium oxide and sodium sulfates 
[6,7,9,17]. However, for a low cost preapplication of the particles, such 
as galvanic co-deposition in aqueous acidic media, most Mg and Ca in
hibitor compounds are ineligible. Oxides of calcium and magnesium 
strongly affect pH by a reaction with water according to Eqs. (1.1) and 
(1.2), respectively. 

MgO(s) +H2O(l)→Mg(OH)2(aq) (1.1)  

CaO(s) +H2O(l)→Ca(OH)2(aq) (1.2) 

Adding these reactive basic oxides to an industrial acidic electrolyte 
for nickel plating would alter the optimum pH value of sulfamate elec
trolytes, ranging from a pH of 3.5–4 [18,19], to above 5. At pH values 
above 5, the precipitation of nickel(II) hydroxide begins [19], depositing 
within the electroformed metallic nickel layer, causing embrittlement 
and “burned” nickel layers with a dark appearance [19]. The potential 
inhibitors are therefore limited, since there are few commercially 
available magnesium or calcium compounds with a chemical stability in 
the pH range between 3 and 5. 

The significance of zeta potential as an additional crucial selection 
criterion becomes evident when examining Fig. 1. A strong positive zeta 
potential is instrumental in achieving favorable floating and co- 
deposition behaviors and induces electrophoretic migration towards 

the cathode, the target surface for coating. Additionally, the particles 
must be of micro- or nano-size to prevent gravitational sedimentation, as 
emphasized by Schwegmann et al. [20], further limiting the commer
cially available materials [21]. 

As an alternative to Mg and Ca, Y2O3 could potentially exhibit a 
similar corrosion resistance effect on vanadate corrosion. Yttria can 
form the compound YVO4, which has an elevated melting point of 1810 
◦C [22]. Additionally, the zeta potential of yttria has been demonstrated 
to fall within a significantly positive range by several authors [23–25], 
rendering yttria highly suitable for co-electroplating in an acidic elec
trolyte. Therefore, commercially available yttria nanoparticles were 
selected for the co-deposition by electroplating. 

Based on the forementioned challenges, this work developed a metal 
matrix composite (MMC) coating deposited by electroplating to incor
porate greater amounts of potential vanadium inhibitors (Y2O3) for 
improved oxidation and corrosion resistance. After electroplating, the 
deposited Ni-Y2O3 coatings were enriched with chromium and 
aluminum via pack cementation. In this study, the two new coating 
manufacturing processes are described to achieve corrosion- and 
oxidation-resistant coatings with incorporated oxide nanoparticles. The 
oxidation and vanadate corrosion resistance of the MMC coatings were 
investigated, and their respective microstructural features were char
acterized and discussed. 

2. Experimental procedures 

2.1. Sample preparation and electroplating 

IN617 samples (VDM Metals GmbH) with dimensions of 15 × 6 × 6 
mm3 were manufactured by electric arc wire cutting. These samples 
underwent further preparation, including grinding with P320 grit SiC 
paper and subsequent ultrasonic cleaning using acetone. Before coating 
application surface activation was required to improve surface adhesion 
of the electroplated functional inhibitor coating and to prevent blis
tering during the subsequent heat treatment steps. Surface activation 
was performed immediately after grinding using Ni-Strike (150 g/l NiCl2 
x 6 H2O, 50 ml/l HCl 32 %) at room temperature. The Ni-strike elec
trolyte was kept at a pH of 1 while being agitated at 400 rpm. A soluble 
Ni anode was used for this process at a current density of 5 A/dm2 for a 
duration of 300 s. 

After the surface activation, the samples were immersed in a nickel 
sulfamate bath (300 g/l Ni-sulfamate, 30 g/l boric acid) which was kept 
between a pH of 3 and 4. The immersion was conducted without rinsing 
in deionized water after Ni-strike to prevent passivation and contami
nation of the activated surface. The coating deposition in the Ni- 
sulfamate electrolyte was performed for a duration of 2 h using direct 

Fig. 1. Schematic drawing of the pH-dependent Zeta potential for different particle types, after [18].  
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current (DC) in combination with dimensionally stable anodes (DSAs) at 
a cathodic current density of 3 A/dm2 at 45 ◦C in an ultrasonic bath 
(Elmasonic S, Elma Schmidbauer GmbH) using ultrasonic sweep mode 
(80 W; 320 W max.). For the deposition of the Ni-Y2O3 inhibitor coat
ings, 10 g/l yttria nanopowder (chemPUR) with an average particle size 
between 30 and 50 nm was added to the Ni-sulfamate electrolyte. The 
galvanic deposition setup for the coatings is shown schematically in 
Fig. 2. 

DSAs were used to lower the pH-level of the Ni-sulfamate electrolyte 
during the coating deposition. Nickel carbonate was added after the 
deposition processes to raise the pH-level and increase the concentration 
of nickel ions at the same time without adding unwanted substances 
such as chlorides (e.g. HCl), which are typically required when using 
soluble anodes. 

2.2. Diffusion coatings on the deposited Ni-Y2O3 MMC-layers 

Two different pack cementation mixtures were used for the different 
diffusion coatings on the Ni-Y2O3 MMC coating. Aluminizing carried out 
on the electroplated coating led to the formation of a Ni-Y2O3-Al 
coating. A two-step-process, where the aluminizing step followed an 
initial chromizing process led to the formation of a Ni-Y2O3-Cr-Al 
coating. The pack mixtures consisted of master alloys of 20 wt% Cr for 
chromizing or 20 wt% Al for aluminizing, 1 wt% NH4Cl halide activator 
and 79 wt% Al2O3 inert filler. High contents of the master alloys were 
chosen to ensure high diffusion into the substrate. The samples were 
placed inside alumina crucibles which were filled with the pack mixture. 
The pack cementation was conducted in a horizontal quartz tube furnace 
at 1050 ◦C for chromizing and 800 ◦C for aluminizing for 4 h under 
flowing (4 l/h) Ar + 5 vol% H2. 

2.3. Oxidation and corrosion testing 

Thermocyclic oxidation tests were conducted at a dwell temperature 
of 1100 ◦C for up to 300 cycles, with a cycle duration of 67 min to ensure 
1 h exposure at 0.97 Tdwell, following ISO13573:2012 [26]. Between the 
hot dwell of each cycle, the samples were cooled down below 50 ◦C 
using pressurized air cooling (PAC) for 15 min. The occurring mass 
changes were measured every 20 h using a high precision balance 
(XP205DR, Mettler-Toledo). To analyze the simultaneous microstruc
tural changes occurring due to diffusion, isothermal exposures at 1100 
◦C up to 500 h were also carried out. Additionally, quasi-isothermal 
oxidation was conducted at 1100 ◦C for up to 500 h with furnace 
cooling every 100 h for determination of the mass changes. Vanadate 
hot corrosion was investigated by applying 30 mg/cm2 of a 60V2O5- 
40Na2SO4 salt mixture (homogenized at 900 ◦C in a covered quartz 

crucible) on the coatings and placing them in a horizontal tube furnace 
at 700 ◦C for 50 h in synthetic (syn.) air +0.1 vol% SO2. Furthermore, 
one sample of IN617 was deeply embedded in a mixture of 60V2O5- 
40Na2SO4 wt%, while another one was embedded into the same 
mixture, but with yttria added in a stoichiometric ratio to the vanadate 
component. Both samples were placed in the previously mentioned 
furnace under identical atmospheric conditions. This investigation was 
conducted to assess the impact of yttria on corrosion in comparison to a 
salt mixture lacking yttria. 

2.4. Analytical characterization 

The coated surfaces were analyzed using optical microscopy (OM). 
Additionally, cross-sections were prepared using standard metallo
graphic methods including wet grinding with SiC paper and polishing 
with diamond suspensions down to 1 μm. Changes in microstructure and 
phase compositions after deposition, oxidation and corrosion tests were 
analyzed using OM, scanning electron microscopy (SEM/EDS) (FlexSEM 
1000 II, Hitachi) and electron probe microanalysis (EPMA) (JXA-8100 
EPMA, Jeol). Crystallographic phase identification was conducted using 
X-ray diffraction (XRD) (D8 Advance, Bruker). For grain size analysis 
electron backscatter diffraction (EBSD) (FE-SEM SU5000, Hitachi) was 
carried out. The depth of the corrosion attack was measured visually 
with respect to the initial coating or sample thickness across the sample 
surface using a grid with a grid distance of 100 μm in ImageJ2/Fiji. Over 
70 measurements were sorted according to their corrosion depth and 
then plotted in a cumulative probability plot [27–29] to show the overall 
corrosion attack. Transmission electron microscopy (TEM) was used to 
study the distribution of yttria nanoparticles. TEM samples were lifted 
out from the Ni-Y2O3-Al coating using a focused ion beam (FIB) equip
ped on an FEI Quanta 3D dual-beam SEM. TEM and scanning trans
mission electron microscopy (STEM) characterization with STEM/EDS 
was performed using an FEI Talos F200X TEM operated at 200 kV. 
STEM-high angle annular dark field (HAADF) images were taken with a 
collection angle of 18–110 mrad with which both diffraction contrast 
and mass contrast were present. 

3. Results and discussion 

3.1. Characterization of coating microstructures and influence of pack 
diffusion activity on element distribution 

Due to the high surface-to-volume ratio of nanoparticles, agglomer
ates tend to form rather than an even dispersion for electroplating. By 
combining electrodeposition with ultrasound (US) rather than conven
tional stirring, agglomeration between particles could be reduced. Co- 

Fig. 2. Schematic drawing of the co-deposition process conducted in an ultrasonic bath with insoluble DSAs.  

C. Grimme et al.                                                                                                                                                                                                                                



Surface & Coatings Technology 485 (2024) 130891

4

deposition using US also promoted greater particle incorporation of 11 
vol% and resulted in a uniform dispersion of particles across all surfaces 
[30–33] and led to coating thicknesses of around 55 μm. The cross- 
sections of the resulting Ni-Y2O3 coatings are shown in Fig. 3 and 
were subsequently used in the pack cementation processes. 

After the pack cementation process, several changes regarding the 
distribution of the particles in the coating were observable, depending 
on the activity of the diffusing element in the pack mixture and in the 
substrate. Furthermore, differences in coating thickness were observed 
between particle-free and particle-containing coatings, as illustrated by 
the comparison between Ni–Al and Ni-Y2O3-Al coatings in Fig. 4a and 
b, as well as between Ni-Cr-Al and Ni-Y2O3-Cr-Al coatings in Fig. 5a and 
b. The presence of particles in the Ni-Y2O3-Al coatings (Fig. 4b) led to a 
reduction in coating thickness by approximately 15 μm compared to the 
particle-free Ni–Al coatings (Fig. 4a). On the contrary, the presence of 
particles in the Ni-Y2O3-Cr-Al coatings (Fig. 5b) resulted in an approx
imate 10 μm increase in coating thickness compared to the particle-free 
Ni-Cr-Al coatings (Fig. 5a). 

Aluminum diffusion mainly proceeded via the inward diffusion of Al 
due to the high activity of Al in the pack mixture. Consequently, the 
distribution of particles remained uniformly dispersed, albeit with a 
minor decline in particle density observed from the upper to lower Al- 
enriched coating regions, as depicted in Fig. 4b. With a homogenous 
Al content of around 60 at.%, an intermetallic δ-Ni2Al3 coating of 
around 100 μm formed. However, since the formation of Ni2Al3 from Ni 
was accompanied by an increase in volume due to the uptake of Al into 
the Ni matrix, the particle density in the intermetallic matrix decreased 
(Fig. 4b) compared to the as-deposited Ni-Y2O3 coating depicted in 
Fig. 3. Beneath the intermetallic δ-Ni2Al3 coating, a small interdiffusion 
zone of around 5 μm consisted of β-NiAl and γ-Ni3Al, which were 
determined by the elemental compositions from SEM (EDS) and EPMA 
(line-scan) measurements. Underneath the intermetallic phases the Y 
concentration remained the same as the initial concentration of the as- 
deposited Ni-Y2O3 layer (Fig. 3). 

For the Ni-Y2O3-Cr-Al coatings formed by low-activity Cr pack 
cementation with subsequent high-activity Al pack cementation shown 
in Fig. 5b, the outward diffusion of Ni was predominant and led to the 
formation of three different intermetallic zones on top of the initial 
electroplated Ni-Y2O3 coating (Fig. 5b). Zone 1 was around 15 μm in 
thickness and was identified as an intermetallic δ-Ni2Al3 matrix with a 
high Al content of up to 76 at.% and a high Cr content between 10 and 
17 at.%. Zone 2 was divided into two subzones, namely 2a and 2b, which 
differed in their Cr content. Zone 2a with a thickness of around 40 μm 
consisted of a δ-Ni2Al3 matrix with a high density of Cr-rich precipitates, 
most likely α-Al8Cr5. The composition matched the α-Al8Cr5 phase 
which is present according to the ternary Al-Cr-Ni diagram at 700 ◦C 
[34,35]. Slurry aluminization experiments on Ni–20Cr substrates 

conducted by Grégoire et al. [36] showed similar precipitates. Zone 2b 
with a thickness of around 15 μm did not show any Cr-rich precipitates. 
High concentrations of Y and Cr were measured throughout Zone 3, 
which consisted of β-NiAl. The highest concentrations of Y could be 
found in the region of the electroplated Ni-Y2O3 layer, which showed 
even higher levels of Y than in the as-electroplated condition. Since the 
Ni matrix diffused outwards during Cr pack cementation, the particles 
became concentrated in this layer. Compared to the particle-free coat
ings depicted in Fig. 5a, the Ni-Y₂O₃-Cr-Al coatings exhibit a notable 
enrichment in chromium within the γ-Ni phase (Fig. 5b). In contrast, the 
Ni-Cr-Al coatings do not show a significant chromium reservoir beneath 
the intermetallic phases (Fig. 5a). The particle-free coatings present a 
comparable zonation to the Ni-Y2O3-Cr-Al coatings, albeit with differ
ences in the thicknesses of the respective zones as well as the chromium 
concentration. Generally, the thicknesses of all zones are smaller; 
however, the chromium concentration in the uppermost zones 1 and 2a 
is slightly higher, reaching concentrations of up to 33 at.%. 

The influence of the Y2O3-particles on the microstructure after Al 
pack cementation is shown in Fig. 6. Aluminum diffusion coatings on 
galvanically deposited Ni (Fig. 6a) showed a coarse-grained micro
structure after the Al diffusion coating. The incorporation of Y2O3 into 
the galvanic Ni coating decreased the average grain size remarkably 
(Fig. 6b) after the Al diffusion coating. At the surface of the coating, the 
grains exhibited a submicron size. The average grain size gradually 
increased with the depth under the coating surface, reaching their 
largest size at the interface between the substrate and the coating. This 
observed increase in the grain size aligns with the slight reduction in the 
Y content, as illustrated in Fig. 4. Consequently, this phenomenon can be 
plausibly attributed to the grain boundary pinning effect caused by the 
presence of Y2O3 nanoparticles. 

A similar grain-refining effect was observed in the case of the Ni- 
Y₂O₃-Cr-Al coating, with aluminization following chromizing (as shown 
in Fig. 6c). It is worth noting that the grain refinement was also evident 
in the region without particles (Zone 1 and 2 in Fig. 5, visible in in 
Fig. 6c). This effect was attributed to the precipitation of chromium- 
aluminides, which occurred during the final aluminum pack cementa
tion step of the process. Notably, the intermediate layer (Zone 2b) of the 
coating, which was both particle- and precipitation-free, exhibited a 
similar grain size to that of the unmodified Ni–Al coating, as can be seen 
in both Fig. 6a and c. However, in the particle-enriched layer adjacent to 
the substrate (Fig. 6c) a significant grain refinement was again observ
able. In addition, this substrate interface layer showed Kirkendall voids 
from Ni outward diffusion. 

Fig. 7 compares the initial Al-uptake during the pack cementation 
process. Interestingly, despite having significantly larger grain sizes, the 
particle-free Ni–Al coatings exhibit higher Al-uptake compared to the 
particle-containing Ni-Y2O3-Al coatings, which have noticeably smaller 

Fig. 3. SEM-BSE cross-sectional image of the Ni-Y2O3 MMC coating after co-deposition in a Ni-sulfamate electrolyte using DSAs in combination with US.  
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grain sizes. While diffusion is normally faster at grain boundaries due to 
a high number of vacancies, an opposite finding was expected. However, 
when the Cr pack cementation process was performed prior to the alu
minization process, the presence of Y2O3 particles not only resulted in an 
increased chromium uptake but also led to an increased aluminum up
take during the subsequent aluminization process. The aluminum pack 
cementation after chromizing led to the formation of Ni2Al3 with Cr–Al 
precipitates, where the precipitates promoted an increase of the mean 
Al-concentration from 60 at.% to around 70 at.% (see Figs. 4 and 5). As 
the resulting Ni-Y2O3-Cr diffusion coating was thicker for particle- 
containing coatings, a following aluminization process may then also 
cause a higher aluminum uptake. These effects could be related to the 
distribution of yttria particles which requires further investigation. 

3.2. Investigation of yttria particle distribution 

To provide a more comprehensive understanding of the effect of 
nanoparticle distribution on the coating microstructure, a thorough 
characterization of the Ni-Y2O3-Al coating was performed using TEM, as 
evident from the highlighted lift-out area in Fig. 4. This TEM lamella, 
shown in Fig. 8 with an enlarged view, reveals a high concentration of 
Y2O3 particles located both within the grains and at or in proximity to 
grain boundaries. Within the grains, dislocation lines were tangled with 
the nanoparticles. 

The presence of particles caused significant grain refinement during 
the high activity Al pack cementation for the Ni-Y2O3-Al coating when 
compared to coatings without particles [37–40]. Fine-grained materials 
typically exhibit enhanced inward diffusion of aluminum, as diffusion 
should be faster for nano-sized grains compared to micro-sized grains, 

higher versus lower grain boundary densities, respectively [41]. At 800 
◦C, the grain boundaries were shown to be the main diffusion pathway 
for aluminum in Ni–Al [42]. Thus, these Ni-Y2O3-Al coatings, exhibit
ing substantial grain refinement, presents a behavior contrary to what is 
typically documented in the literature: Al diffusion was reduced from 
the presence of Y2O3 nanoparticles despite grain refinement resulting in 
a higher density of grain boundaries. 

This positioning of the particles at grain boundaries, as confirmed in 
another magnified region in Fig. 9, likely impeded the movement of 
grain boundaries and grain growth during the pack cementation process. 
A notable indication of the constrained grain boundary mobility can be 
observed in the presence of twisted grain boundaries, as depicted in 
Fig. 9. It is evident that these distorted grain boundaries are closely 
associated with the presence of Y2O3 in these regions. Furthermore, it is 
worth noting that particles have a known inhibitory effect on the 
diffusion of aluminum along grain boundaries at elevated temperatures, 
as established in previous research by Geers et al. [43]. This hindrance is 
particularly significant because grain boundary diffusion is a well- 
documented dominant mechanism for aluminum diffusion, especially 
up to 1100 ◦C, as demonstrated by Janssen et al. [42]. Consequently, this 
is a plausible explanation for the reduced uptake of aluminum in coat
ings containing these particles during the Al-pack cementation process. 

Although this hindrance should theoretically decrease the outward 
diffusion of Ni to combine with Cr from the gas phase during Cr pack 
cementation, the opposite is observed. This apparent contradiction can 
be elucidated by considering the reduction and distribution of Kirken
dall voids facilitated by the particles, which act as vacancy sinks [44]. 
Consequently, with less vacancies and either fewer or more evenly 
distributed Kirkendall voids, there is a slower yet continuous diffusion of 

Fig. 4. SEM-BSE image of: a) Ni-Al coating and b) Ni-Y2O3-Al coating with a line scan through the surface cross-section and the respective EPMA element distri
bution maps. 
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Ni, enabling higher coating thicknesses during Cr pack cementation 
compared to particle-free coatings. 

3.3. Vanadate inhibition potential by yttria 

The two samples of IN617 that were deep embedded into a 60V2O5- 
40Na2SO4 salt mixture with and without yttria inhibitor revealed sig
nificant differences regarding the corrosion attack. While the sample 
immersed in the ash mixture (60V2O5-40Na2SO4) without inhibitor 
showed heavy corrosion, no signs of accelerated corrosion could be 
observed on the sample immersed in an inhibitor-ash mixture (60V2O5- 
40Na2SO4 + Y2O3). XRD of the 60V2O5-40Na2SO4 + Y2O3 (Fig. 10) after 
exposure at 700 ◦C for 50 h in a syn. Air +0.1 vol% SO2 atmosphere 
showed a complete conversion of V2O5 and Y2O3 to YVO4, which has a 
melting point of around 1810 ◦C [22]. At the test temperature of 700 ◦C, 
the conversion of vanadium pentoxide to yttrium vanadate took place, 
consistent with Chen et al. [45]. This confirmed the selective reaction of 
vanadium pentoxide by yttria inhibitors, effectively mitigating the 
corrosion of IN617 deeply embedded within the 60V2O5-40Na2SO4 +

Y2O3 mixture. 

3.4. Improved oxidation resistance via yttria at 1100 ◦C 

Oxide scales that develop on metallic surfaces are commonly prone 
to inherent growth stresses, which, when they reach a critical threshold, 
can result in scale failure, including spallation or the formation of cracks 
[46]. Furthermore, variations in temperature, such as the cooling pro
cess during thermocyclic tests, have the potential to increase the stress 
within the oxide scale from the mismatch in thermal expansion co
efficients (CTE) between the scale and the substrate [47]. Such a 

disparity can result in a greater tendency for scale spallation during 
exposure, particularly when compared to isothermal exposure condi
tions, ultimately leading to an accelerated depletion of the oxide- 
forming elements. The formation of fast-growing transient oxides can 
occur when the protective oxide former is critically depleted, further 
increasing spallation and leading to drastic negative net mass changes 
[48]. 

During cyclic oxidation tests of these MMC coatings conducted at 
1100 ◦C with PAC applied between the cycles, a significant change in 
oxidation resistance was observed, primarily attributable to the pres
ence of dispersed yttrium oxide particles (Fig. 12). As a reference, un
coated IN617 (Fig. 11a) showed mass loss after 80 cycles indicating 
characteristic chromia spallation [49]. Al diffusion-coated IN617 
(Fig. 11a) showed a negative mass change after only 20 to 40 cycles, also 
due to significant oxide spallation [50]. The Ni-electroplated and 
aluminized (Ni–Al) showed high oxidation rates accompanied by 
spallation after 220 cycles (Fig. 11b). Chromized and aluminized coat
ings (Ni-Cr-Al) showed a linear mass loss starting after just 20 cycles 
(Fig. 11c). The addition of yttria nanoparticles led to a significant 
improvement in the oxidation resistance for both coating types (Fig. 11b 
and c). The Ni-Y2O3-Al coating showed continuous protection against 
oxidation even after 300 cycles, visible by the extremely low mass gain. 
The Ni-Y2O3-Cr-Al coating also strongly improved the oxidation resis
tance with a slight positive mass gain still observable after 280 cycles 
[51–53]. 

Cross-sections of the oxidized coated samples after 300 cycles were 
analyzed using SEM and EPMA. Fig. 12 presents the Ni–Al and Ni-Y2O3- 
Al coating cross-sections and elemental concentration profiles. The 
Ni–Al coating (Fig. 12a) showed extensive formation of Kirkendall 
voids at the substrate-coating interface, which coalesced due to the high 

Fig. 5. SEM-BSE image of: a) Ni-Cr-Al coating and b) Ni-Y2O3-Cr-Al coating with a line scan through the surface cross-section and the respective EPMA element 
distribution maps. 
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interdiffusion during oxidation at 1100 ◦C. The nearly continuous layer 
of pores ultimately resulted in an almost complete detachment of the 
coating at the substrate-coating interface. Consequently, this detach
ment led to the oxidation of both the substrate and the delaminated 

surfaces, contributing significantly to a substantial increase in mass 
during oxidation, as depicted in Fig. 11b. Additionally, the inward 
diffusion of aluminum was restricted as the coating lost contact with the 
substrate. In contrast, the Ni-Y2O3-Al coating shown in Fig. 12b 
exhibited no signs of spallation or delamination effects, nor did it display 
Kirkendall voids. Similar observations were found in Ni-Y2O3-Cr-Al 
coatings (Fig. 13b), which also showed an absence of spallation and 
delamination effects. However, in the case of Ni-Y2O3-Cr-Al coatings, 
Kirkendall voids were not completely mitigated but were noticeably 
reduced in both quantity and size. 

As previously discussed, the Y2O3 particles likely hinder the inward 
grain boundary diffusion of aluminum, delaying the onset of the 
β-γ′-phase transformation and reducing the formation of voids [41,43]. 
The second contributing factor in this transformation is the diffusion of 
Ni into the coating, a process that tends to increase at higher oxidation 
temperatures. Ni diffusion plays a significant role in the formation of 
Kirkendall voids, much like Al. At a temperature as high as 1100 ◦C, Ni 
diffusion is expected to be particularly dominant, and the presence of 
Y2O3 particles effectively reduces this phenomenon. This reduction in 
phase transformation and void formation, in turn, enhances the adher
ence of the coating. In the case of the Ni-Cr-Al coating, as illustrated in 
Fig. 13a, a substantial portion of the layer transitioned into the γ-phase, 
with some thin regions of the γ′-phase remaining beneath the outer 
Al2O3 scale. As evidenced by the elemental concentration line scan 
presented in Fig. 13a, a noticeable depletion of aluminum is observed in 
the subsurface region. This loss of aluminum can be attributed to both 
oxide spallation and inward diffusion processes. In contrast, the 
elemental profile of the Ni-Y2O3-Cr-Al coating containing nanoparticles 
(Fig. 13b) reveals the presence of yttria within the Al2O3 scale. This 
presence of yttria contributes to a “template” effect for enhanced 
α-Al2O3 formation [54] due to their similar crystallographic structures 
and an enhanced adhesion of the oxide scale, resulting in an overall 
improvement in oxidation resistance and a parabolic growth of the oxide 
scale. Furthermore, high concentrations of Y2O3 (Fig. 13b) were again 
observed at the coating-substrate interface, indicating the presence of a 
diffusion barrier effect for aluminum. 

3.5. Hot corrosion resistance 

As demonstrated in the previous section, IN617 lacks sufficient 
resistance against cyclic oxidation at 1100 ◦C and thus should be coated 
for industrial application at this temperature. Colder parts of turbine 
blades normally fall in the temperature region where type II hot corro
sion occurs. Type II hot corrosion refers to a high-temperature oxidation 
and sulfidation process that occurs in the presence of molten salts at 

Fig. 6. EBSD band contrast images of surface cross-sections of: a) Ni-Al, b) Ni- 
Y2O3-Al and c) Ni-Y2O3-Cr-Al coatings after pack cementation. 

Fig. 7. Comparison of the absolute mass changes for different coatings after pack cementation carried out for the same deposition parameters.  
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elevated temperatures in gas turbines. It involves the formation of sul
fate deposits on the turbine components, leading to degradation and 
corrosion of materials, particularly in areas where the turbine blades 
experience colder temperatures. Coatings applied to these blades must 
be resilient enough to withstand this specific type of corrosive attack 
caused by the combination of high temperatures and reactive salts. Since 
Ni and Al show the lowest solubility in Na2SO4 at different Na2O ac
tivities, a synergistic effect between the acidic dissolution of nickel oxide 
and the basic dissolution of alumina and chromia occurs, accelerating 
the hot corrosion attack [8,55]. Furthermore, Mo within the alloy tends 
to form acidic MoO3 under hot corrosion conditions, causing alloy- 
induced fluxing of the other oxides [56]. 

Aluminum diffusion coatings on IN617, as shown in Fig. 14, led to a 
reduction in sulphate-vanadate corrosion resistance when compared to 
plain IN617. Due to the surface enrichment of aluminum for IN617-Al, 
the available chromium was reduced which has been shown to lower 
the hot corrosion resistance caused by sulfur-containing compounds 
[57–59]. The wetting behaviors of IN617 and IN617-Al by the molten 
ash mixture were different when compared to the other coatings, leading 
to thinner ash layers on IN617 and IN617-Al. Generally thick ash layers 

lead to higher corrosion attack than thin ash layers [60] due to a higher 
partial pressure of sulfur at the contact zone between the ash and the 
metal. Thus, the hot corrosion attack of IN617 and IN617-Al would be 
even higher under comparable ash layer thicknesses as the other nano
particle MMC coatings. 

The ash coverage on the galvanically deposited coatings was thicker 
and comparable between the Ni-Y2O3-Al and Ni-Y2O3-Cr-Al coatings as 
well as for the particle-free control samples. For these thicker ash cov
erages on the samples, the corrosion was generally dominated by sulfur 
attack, leading to higher corrosion loss, as shown in the cumulative 
probability plot [27–29,61–64] in Fig. 14. Even though the corrosion 
loss for IN617 with a thicker and comparable ash deposit is expected to 
be somewhat higher, a direct comparison between the Ni-Y2O3-Cr-Al 
coating and plain IN617 revealed an overall comparable corrosion loss 
(Fig. 14b). Generally, both coatings with yttria particles present in the 
metallic matrix revealed better hot corrosion resistance than their 
particle-free counterparts but were not able to match the intrinsically 
high hot corrosion resistance of IN617. Cross-sections of the hot- 
corroded Ni–Al and Ni-Y2O3-Al coatings (Fig. 15) revealed that the 
Ni–Al coating (Fig. 15a) was strongly attacked by sulfur, transforming 

Fig. 8. Bright field image of a Ni-Y2O3-Al TEM lamella with an enlarged region shown by a STEM-HAADF image. The HAADF image was acquired with collection 
angles allowing enhancement of the visibility of the yttria nanoparticles and grain boundaries within the coating. 

Fig. 9. STEM-HAADF image of a grain boundary in a Ni-Y2O3-Al coating. The grain boundary (yellow line) is close to an edge-on position so the overlap of the grain 
boundary and yttria signal suggests that the yttria particles are at or in proximity to the grain boundary. Multiple Y2O3 particles are located at a twisted grain 
boundary, showing the grain boundary pinning effect of the particles. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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the dense coating into a porous structure, through which the diffusion of 
sulfur was likely enhanced. 

The corrosive attack led to an almost complete delamination of the 
remaining coating for the unmodified aluminide. In areas where the 
β-phase was fully consumed, the attack was rapid and lateral spreading 
of the corrosive reaction front occurred, leading to complete loss of 
protective properties. The Ni-Y2O3-Al (Fig. 15b) maintained the pro
tective properties of the coating for ~30 % of the sample surface. 
Additionally, most of the β-phase was sustained, indicating a reduced 
loss of Al due to inward diffusion and oxide dissolution. When the 
molten salt reached the coating layer rich in yttria, which was observed 
for 70 % of the coating surface, no further attack could be observed. A 
measurable impact of the yttria on vanadium oxide could not be 
observed since vanadium mostly remained at the ash surface for both 
Ni–Al coatings. The main yttria influence is in the grain refining effect, 
not only reducing the formation of Kirkendall voids and inward diffusion 
of Al, but also limiting sulfur inward diffusion. Although grain bound
aries typically increase diffusion, the presence of particles along these 
grain boundaries actually impedes the process by decreasing the va
cancy concentration. The resulting slower sulfur attack prevented 
degradation of the coating into a porous, non-protective layer, which 
was observed to be the main attack mechanism for the particle-free 
coatings. 

As can be seen from Fig. 16a, the vanadate hot corrosion attack on 
the Ni-Cr-Al coating led to a comparable porous structure as already 
described for the Ni–Al coating, forming internal NiS and Al2O3. The 
corrosion products in the ashes were homogenously distributed, 

indicating a rapid corrosion attack with no intermediate protective ox
ides present. The Ni-Y2O3-Cr-Al coating Fig. 16b, in contrast, showed a 
layered structure of different corrosion products. The predominant ele
ments in those layers changed, indicating alternating scale formation 
and then oxide dissolution. 

While the pore formation in the remaining coating was minimized 
due to slower interdiffusion, the corrosion attack of the molten salts was 
also slowed down by the Cr-rich, Al-rich and Y-rich zone. The yttria 
particles also limited inward diffusion of sulfur through the grain 
boundaries, preventing internal sulfidation [43]. The influence of yttria 
nanoparticles on the coating morphology and chemistry is complex. 
While further optimization of the coatings is required, the feasibility and 
benefit of incorporating yttria nanoparticles to improve oxidation and 
corrosion resistance was clearly demonstrated in this study. 

4. Conclusions 

Yttria was successfully co-deposited in a high amount from a 
chloride-free nickel sulfamate bath using insoluble DSA anodes and ul
trasonic mixing. The Y2O3 nanoparticles resulted in significant grain 
refinement of the coating after Al enrichment by pack cementation. The 
distribution of nanoparticles in the coating was shown to be strongly 
dependent on the activity of the diffusing element, resulting in ho
mogenous particle distribution throughout the entire coating thickness 
for high activity coatings (Al) and a particle-free layer in the surface 
region for low activity coatings (Cr). Yttria nanoparticles were located 
within the grains and at the grain boundaries. Nanoparticles at the grain 

Fig. 10. X-ray diffractogram of a 60V2O5-40Na2SO4 ash mixture with Y2O3 after exposure to 700 ◦C for 50 h in a synthetic air +0.1 % SO2 atmosphere. Note that 
Y2O3 was added stoichiometrically based on the V2O5 content of the ash. 

Fig. 11. Net mass changes for cyclic oxidation in air at 1100 ◦C (67 min HT, 15 min PAC) of a) uncoated IN617 and IN617-Al, b) Ni-Al and Ni-Y2O3-Al, and c) Ni-Cr- 
Al and Ni-Y2O3-Cr-Al coatings on IN617. 
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Fig. 12. SEM-BSE cross-sectional images and comparison of the phase distributions between a) Ni-Al and b) Ni-Y2O3-Al and respective EDS line-scans after 300 cycles 
of cyclic oxidation at 1100 ◦C. Dashed lines indicate the phase transitions. 

Fig. 13. SEM-BSE cross-sectional image and comparison of the phase distribution between a) Ni-Cr-Al and b) Ni-Y2O3-Cr-Al and respective EDS line-scans after 300 
cycles of cyclic oxidation at 1100 ◦C. Dashed lines indicate the phase transitions. 
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boundaries resulted in the distortion of these boundaries and facilitated 
a significant grain refinement, while within the grains, these particles 
induced the formation of dislocation bands. 

The overall uptake of elements from the pack cementation process 
was significantly influenced by the nanoparticles in the electroplated Ni 
matrix. Aluminum inward diffusion during pack cementation was 
reduced due to grain boundary yttria nanoparticles lowering Al inward 
diffusion. In the case of chromium diffusion into the Ni-Y2O3 coating, 
these nanoparticles played a dual role: they reduced void formation and 
facilitated enhanced outward diffusion of nickel, which consequently 
led to a greater uptake of chromium. 

Ni-Y2O3-Al and Ni-Y2O3-Cr-Al MMC coatings have been shown to 
have higher oxidation resistance at 1100 ◦C and higher vanadate hot 

corrosion resistance than their particle-free counterparts. For both 
environmental conditions, the particles reduced interdiffusion and 
inhibited the formation of pores. Both particle-containing coatings 
significantly improved the cyclic oxidation resistance. 

The coatings developed in this study present a promising solution for 
high-temperature corrosion and oxidation protection, while simulta
neously acting as an efficient diffusion barrier. The cost-effectiveness 
and adaptability of the coating elements and particles, compared to 
traditional deposition methods such as High-Velocity Oxygen Fuel 
(HVOF) or Atmospheric Plasma Spraying (APS), underscore their po
tential for widespread industrial application. 

Fig. 14. Cumulative probability plots of a) Al-diffusion coatings and b) Cr-Al-diffusion coatings and the base material IN617 after corrosion testing at 700 ◦C for 50 h 
with a 30 mg/cm2 ash cover consisting of 60V2O5-40Na2SO4. The dashed lines indicate the substrate/coating interface of the respective coatings. Note that no 
substrate/coating interface is available for the unmodified IN617. 

Fig. 15. SEM-BSE images of the a) Ni-Al and b) Ni-Y2O3-Al coatings on IN617 after exposure at 700 ◦C for 50 h with a 30 mg/cm2 ash cover consisting of 60V2O5- 
40Na2SO4 with the respective EPMA element maps. 
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