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Abstract Silicon-modified aluminide coatings on nickel-based superalloys often suffer from brittleness due to
surface-enriched silicide phases. This study introduces a low-activity out-of-pack cementation process conducted
at 1050 °C for 240 min under argon to co-deposit Al and Si on the IN792 superalloy, aiming to confine brittle
silicides to the inner regions while maintaining a ductile surface. Four powder mixtures with a fixed Al content of
10 wt.% and varying Si contents (0, 5, 10, and 15 wt.%) were used. The simple aluminide coating (sample O, 0%
IN792 Superalloy, Si) exhibited a dugl—layer structure with a total .thicknesg of45.5 pm, consisting of an outer BTNiAl layer (28.4 um)
Out of Pack Cementation, and an interdiffusion zone (17.1 um). The addition of Si reduced the total coating thickness in a nonlinear manner
Silicon-Modified Aluminide Coatings, to 42.5 um (5% Si, sample S3), 44.4 pm (10% Si, sample S2), and 25.6 pm (15% Si, sample S1). The highest Si
Low-Activity Aluminizing, content (15%) resulted in the greatest reduction, corresponding to an approximately 44% decrease compared with
sample O. EDS mapping confirmed that outward Ni diffusion remained the dominant coating growth mechanism
in all samples. Importantly, Si enrichment was observed primarily within the interdiffusion zone and at the
coating/substrate interface rather than in the outer B-NiAl layer, explaining the absence of silicide peaks in the
XRD patterns. This microstructure, consisting of a ductile B-NiAl surface layer over a silicide-rich subsurface
region, offers a viable strategy for overcoming brittleness while retaining the oxidation resistance of Si-modified
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1. INTRODUCTION

Ni-based superalloys are widely used in high-
temperature components such as turbine blades due to
their creep resistance, high mechanical strength, and
microstructural — stability. However, exposure to
aggressive oxidizing and corrosive environments above
1000 °C significantly limits their service life. Protective
coatings are therefore essential to prevent oxidation, hot
corrosion, and interdiffusion-related degradation
(Gudivada & Pandey, 2023).

Among various protective systems, aluminide
coatings are widely employed because they form a dense
and adherent a-Al2Os scale, which serves as an effective
diffusion barrier. These coatings typically rely on the
formation of the B-NiAl intermetallic phase, which acts
as an Al reservoir for continuous oxide regeneration.
Aluminide coatings can be produced by pack
cementation, out-of-pack processes, slurry deposition, or
chemical vapor deposition (CVD) (Taghipour et al.,
2022).

To further improve adhesion and resistance to high-
temperature oxidation and corrosion, alloying additions
such as Pt, Cr, Co, Hf, Zr, and Si have been incorporated
into aluminide coatings. Si-modified aluminide coatings
are of particular interest because of their ability to
enhance resistance to high-temperature oxidation and
corrosion. However, conventional high-activity co-

deposition of Al and Si often results in the formation of
brittle silicide phases concentrated near the surface,
which compromises coating toughness (Zhang & Zhou,
2023).

The diffusion mechanism during cementation
strongly depends on the aluminum activity of the powder
mixture. High-activity processes promote inward Al
diffusion and the formation of brittle, Al-rich phases such
as Ni2Als, whereas low-activity processes, achieved by
using Ni—Al master alloys or low aluminum content in
the pack, favor outward Ni diffusion and the formation of
ductile, Ni-rich B-NiAl (Azari Beni & Rastegari, 2025).

During the co-deposition process, Al and Si powders
react with the NH4Cl activator to form gaseous species
such as AICI, SiClz, and SiHa—Cl,. At temperatures above
900 °C, AICI and SiCl> are the primary carriers for
transporting Al and Si to the substrate surface, where they
decompose and release active atoms. The partial pressure
of these chlorides determines the deposition rate. Silicon
forms a protective and continuous SiO: layer on the
surface of superalloys under corrosive environments.
SiO: is stable in molten Na.SO+—NaCl salts regardless of
basicity, prevents the infiltration of corrosive species,
and enhances the adhesion of the a-ALOs scale. It also
inhibits NiO formation and improves cyclic oxidation

resistance (Fu et al., 2014).
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This study proposes a low-activity out-of-pack
cementation method to overcome the brittleness issue in
Si-modified aluminide coatings. The central hypothesis
is that, under low-activity conditions, outward Ni
diffusion intersects with inward Si diffusion, driving
silicide precipitation into the inner coating regions while
maintaining a ductile B-NiAl surface. The aim of this
work is to evaluate and characterize the resulting
microstructure and phase distribution as a function of
silicon content.

2. MATERIALS AND METHODS

2.1. Materials and Sample Preparation

IN792 turbine blade material was cut into 10 x 10 x
3 mm?® coupons using wire-cut electrical discharge
machining. The nominal chemical composition of IN792
was determined by EDS and was found to be consistent
with the standard values (Table 1). The samples were
sequentially ground using SiC papers with grit sizes
ranging from 80 to 1000 to remove the oxide layer and
obtain a smooth, contamination-free surface. Finally, the
samples were cleaned with ethanol and dried using warm
air.

Table 1. Chemical composition of IN792 superalloy (wt.%)

Cr Co Al Ti C Mo w Nb Ta Fe Zr B Ni

2.2. Coating Deposition Process

Silicon-modified aluminide coatings were produced
using an out-of-pack cementation method (Figure 1). The
powder mixture consisted of Al powder (20 pm), Si
powder (10 um), and Al=Os as an inert filler, with NH4Cl
serving as the halide activator. The samples were placed
in a chamber positioned above the powder mixture. The
system was purged with argon, and the coating process
was carried out at 1050 °C for 240 min. After coating
formation, the samples were furnace-cooled under an
argon atmosphere.

Substrate

Argon gas inlet Output of produced gases

At " AICl; » HCT .«

Powder coating

Figure 1. Schematic of coating equipment

Table 2 describes the composition of four separate
powder mixtures used for the coating process. To ensure
low-activity conditions in the out-of-pack process, the
following parameters were intentionally selected: (1) a
low Al content (10 wt.%) in the powder mixture,
compared with 15-20 wt.% in high-activity processes;
(2) a total powder weight of 30 g to reduce the surface-
to-volume ratio and limit the partial pressure of Al-
carrying halide species; (3) an out-of-pack configuration
in which the samples were placed above the powder bed,
such that Al transport occurred exclusively through the
gas phase; and (4) a flowing argon atmosphere in an open
system to remove reaction products. These conditions

promote outward Ni diffusion and the formation of
ductile B-NiAl.

Table 2. Composition (wt.%) of the powder mixtures.

ALO; NHCl | Si | Al Sé‘;‘;’ele No.
88.33 1.67 0 10 (0) 1
70.83 4.17 15 10 S1 2
76.66 3.34 10 10 S2 3
82.5 2.5 5 10 S3 4

2.3. Microstructural and Phase Characterization

Cross-sections were prepared using standard
metallographic procedures. The microstructures were
examined using scanning electron microscopy (SEM)
(TESCAN VEGA/XMU), and elemental distributions
were analyzed by energy-dispersive X-ray spectroscopy
(EDS). Phase identification was performed using X-ray
diffraction (XRD) with Cu Ko radiation over a 26 range
of 10-80° at a scan rate of 4°/min.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic discussion

To demonstrate the theoretical feasibility of the co-
deposition process, a thermodynamic analysis was
performed using HSC Chemistry software at 1050 °C.
Reactions (1)—(3) illustrate the decomposition of NH4Cl
and the formation of AICI and SiClL.. Reactions (4) and
(5) confirm the deposition of Al and Si, respectively.
Figure 2 presents the Gibbs free energy change as a
function of temperature, confirming that the deposition
reactions are thermodynamically spontaneous at 1050
°C. The most negative AG® value corresponds to Si
deposition, followed by Al deposition.

Reaction AGjosec  NO.

NH4Cl(s)=NH3(g)+HCl(g) -161.8(%) ()

2A1(s)2HCI(R)=2AICIR)Ha(®)  -1032(2)  (2)

Si(s)+2HCl(g)=SiClx(g)+Ha(g) 109G (3)

3AICI(g)=2Al(s)+AICI3(g) 48.9(2Ly 4)

mol

2SiCla(g)=Si(s)+SiCla(g) 563¢L)  (5)

mol

3.2. Formation of aluminide coating

As illustrated in Figure 2, the cross-sectional SEM
micrograph of sample O reveals a distinct dual-layer
morphology comprising a continuous outer -NiAl layer
and a well-defined interdiffusion zone (IDZ). The
thickness of the B-NiAl layer was 28.4 um, while the IDZ
measured 17.1 um, resulting in a total coating thickness
of 45.5 pm.
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28.4 um

17.1 pm

20 um

Figure 2. Cross-section of the coating formed in the out-of-pack cementation process with code O.

3.3. Formation of silicon-modified aluminide coating

The influence of silicon addition on coating
morphology is presented in Figure 3. Increasing the Si
content alters the coating thickness in a nonlinear
manner, with total thicknesses ranging from 25.6 to 44.4
um. This variation indicates the competing effects of Si
on diffusion kinetics, including reduced Al mobility and
enhanced segregation of refractory elements.

14.7 ym

25.6 um

10.9 um

20 ym

42.5 ym

The elemental distribution across the coating
thickness is illustrated in Figure 4, which presents EDS
mapping profiles for both aluminide and Si-modified
coatings. Outward diffusion of Ni is dominant in all
samples, which is consistent with the low aluminum
activity of the process. In Si-containing coatings, Si
enrichment is observed primarily in the inner regions of
the coating rather than at the surface, supporting the
proposed diffusion-intersection mechanism.

26.3 pm

44.4 um

18.3 pm

Figure 3. Cross-section of the coating formed in the out-of-pack process with different codes: a) sample S1, b) sample S2, ¢) sample S3.
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O)

(S1)

(a) (b) (a) (b)

Figure 4. Elemental distribution maps (EDS Mapping) of samples after coating: (a) Cross-sectional SEM micrographs, (b)
Ni, (c) Al, (d) Cr, (e) Si.
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3.4. X-ray diffraction analysis

XRD patterns for the coatings are presented in Figure
5. All samples exhibit B-NiAl as the primary phase. This
observation is expected because, although silicon is
present in the coatings, as confirmed by EDS, its
concentration ranges from 1 to 3 wt.%, which is
insufficient to promote the formation of detectable
silicide phases. Consequently, no silicide peaks are
observed in the XRD patterns.

= P-NiAl  (96-900-8803)

e

— 0
—=SI

[ (100
[ (200)

g

Normalized Intensity (A.U.)

20 30 40 50 60 70
Position[°2Theta]
Figure 5. X-ray diffraction pattern of plain (sample O) and
silicon-modified (sample S1) aluminide coatings by the out-
of-pack cementation process.

4. CONCLUSION

1. The low-activity process promoted outward Ni
diffusion, resulting in a thick outer layer (14-28 pum)
of ductile B-NiAl as the primary phase in all
coatings.

2. Silicon addition nonlinearly affected coating
thickness. High Si content (15 wt.%) limited growth
kinetics due to the rapid formation of a Si-rich zone
and the consumption of the activator for the
formation of volatile Si chlorides, thereby reducing
the partial pressure of Al chlorides.

3. Most importantly, unlike high-activity processes,
silicon was mainly concentrated in the interdiffusion
zone beneath the B-NiAl surface layer. This unique
microstructure offers significant potential for
improving mechanical properties, particularly by
reducing brittleness and increasing toughness, since
brittle phases are absent from the outer surface
where cracks typically initiate.
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