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Abstract

Nickel-based superalloys require protective low-activity aluminide coatings to withstand
high-temperature oxidation and corrosion in turbine applications. As opposed to conven-
tional gas processes, this study investigates the mechanisms of formation of alternative
low-activity nickel aluminide coatings on the René N5 superalloy through electroless nickel
pre-deposition followed by slurry aluminizing. Different thicknesses of electroless nickel
layers (5, 10, 25 um) were deposited and subsequently aluminized with varying slurry
amounts (5-16 mg/ cm?) under controlled heat treatments at 700-1080 °C with heating
rates of 5 and 20 °C/min. Without electroless pre-deposition, high-activity coatings with re-
fractory element precipitates formed. With electroless nickel, a precipitate-free low-activity
coating developed, with thickness increasing linearly from 15 to 40 um proportional to
the initial electroless layer. An increasing slurry amount raised the overall coating thick-
ness from 27 to 67 um. Kirkendall porosity formed exclusively during the 5-NiyAl; to
3-NiAl phase transformation at elevated temperature. Reducing the heating rate from 20
to 5 °C/min significantly decreased void formation by promoting more balanced Ni-Al
interdiffusion. This work demonstrates that combining electroless nickel with slurry alu-
minizing provides an efficient route for producing low-activity coatings with controlled
microstructure and minimal porosity.

Keywords: nickel electroless; slurry aluminizing; aluminide coatings; nickel-based superalloy

1. Introduction

Nickel-based superalloys are mainly used in aircraft turbine components due to
their adequate mechanical properties at elevated temperatures [1-3]. However, their
resistance against corrosion/oxidation is limited, and thus protective aluminide coatings
are often applied on the surface [4-7]. Many processes are commonly employed to elaborate
protective aluminum diffusion coatings, like CVD, pack cementation, hot dipping or
slurry [8]. In CVD or pack cementation, aluminizing occurs by the adsorption of an Al-
containing gas precursor molecule, which is then hydrolyzed or reduced. Al atoms are
finally incorporated into the bulk by solid-state diffusion. For these processes, both the
microstructure and the composition are controlled by the activity of aluminum, leading
to high-activity (HA) or low-activity (LA) coatings [9]. The differences in the diffusion
layer are that in low-activity (LA) coatings, the aluminide grains are larger; there are fewer
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diffusion paths along grain boundaries; and the substrate elements, mainly chromium,
titanium, tungsten, molybdenum, rhenium and hafnium, do not precipitate at the external
part of the coatings. These differences contribute to an improvement in the protective
properties against oxidation and corrosion and avoid the early spallation of the oxide scale.
However, the heat treatment time required by gas-phase processes to obtain a low-activity
coating is relatively long, and as a result, the process energy required is significant.

Alternatively, Al diffusion coatings can be obtained from slurries without activators
that form very quickly because of the self-propagating high-temperature synthesis reactions
occurring upon annealing at high temperatures [10,11]. As for the hot dipping process,
slurry aluminide coatings typically involve high-activity (HA) coatings, and consequently,
the oxidation resistance of such coatings is generally lower than that of their low-activity
counterparts [12,13].

In view of improving oxidation resistance, various studies were conducted to change
slurry coatings from high- to low-activity ones. For instance, Montero et al. [14] and
Grégoire et al. demonstrated the formation of low-activity coatings by mixing aluminum
and chromium powders, i.e., by controlling the activity in the powder mixture of the
slurry [15,16]. Alternatively, a change in microstructure can also be achieved through the
application of metal coatings between the slurry and the substrate. For instance, Montero
et al. successfully obtained nickel aluminide coatings on P92 (iron-based alloy) by slurry-
aluminizing a 10 um thick electroplated nickel layer [17]. Indeed, nickel aluminides exhibit
higher stability and oxidation resistance than iron aluminides as demonstrated in the work
of Cheng and co-authors, who studied the effect of the nickel preplating (30 um thick) of a
hot-dipped aluminide formed on a steel substrate [18]. Surface modification by preplating
has also been investigated on Ni-based superalloys to avoid the precipitation of refractory
elements from the substrate, which are detrimental to aluminide coatings. For example,
Safari et al. investigated the pack aluminizing of a preplated nickel layer (25 4= 5 um thick)
onto the Rene 80 alloy and demonstrated that the external layer of the coating is free of
precipitates despite the use of high-activity aluminizing [19]. Masoumi Balashadehi et al.
aluminized pure Ni and Ni-Co electrodeposited layers on a Ni-based superalloy (Hastelloy-
X) and found little incorporation of the substrate elements into the coatings, in particular
with the Ni electroplated layer [20,21]. Sarraf and collab. electroplated a Co coating on IN-
738 prior to slurry aluminizing [22]. They found that a critical thickness of about 10 um of
the Co preplated layer was needed to obtain homogeneous Co-modified aluminide coatings
and that thicker Co deposits resulted in Kirkendall porosity. However, electrodeposition is
often employed to preplate the surface, even though electroless plating allows for a more
uniform coating of complex geometries through chemical reactions [23]. With this in mind,
Genova et al. investigated the application of up to 20 um of Ni electroless layers on the
Rene 108DS superalloy for turbine blade applications. After a pack aluminizing process, no
Kirkendall porosity was observed [24] as opposed to the electroplating process [22]. Instead,
the interdiffusion zone was dramatically reduced with increasing electroless thickness,
leading to much greater oxidation resistance in air at 1050 °C than that for conventional
pack aluminide coatings [24].

Although the mechanisms of slurry aluminization are well known, the optimization
of parameters combining electroless nickel deposition followed by slurry aluminization
has never been addressed in the literature. It is unknown whether the slurry process may
induce Kirkendall porosity and whether such porosity can be avoided by tailoring the
thickness of the coating layers and the annealing treatments or the heating rate, which is
the main purpose of this work.
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2. Materials and Methods

The single-crystal René N5 nickel-based superalloy was selected for this study. The
nominal composition of the substrate is given in Table 1.

Table 1. The nominal composition of the René N5 single-crystal superalloy.

Ni Cr Co Mo \%Y Ta Al Hf Re
wt. % 61.6 7 8 2 5 7 6.2 0.2 3
at. % 63.5 8.1 8.2 1.3 1.6 2.3 13.9 0.06 1

The samples were cut from a <001> solidified bar in coupons of 10 mm diameter and
1.5 mm thickness. Before nickel electroless deposition, N5 substrates were ground with SiC
P180 paper and rinsed with deionized water and then with ethanol. The nickel electroless
coatings were deposited from a bath whose composition and experimental details can be
found in Ref. [25].

The Ni electroless plated samples were then aluminized with a slurry composed of
43 wt.% Al powders (2-5 pm, 99.9% purity, Hermillon, France) mixed in 57 wt.% of an
aqueous binder (PVA/water with a mass ratio 1/10) [10,26]. All heat treatments were
conducted under high-purity argon atmosphere (Alphagaz 1 grade from Air Liquide,
Bagneux, France 99.999% purity, residual O, < 3 ppm, H,O < 3 ppm) in a thermobalance
(TGA-92, SETARAM, Caluire, France). The TGA chamber was systematically purged for
30 min at 20 mL-min~! before each treatment to minimize oxygen contamination. The
amount of slurry deposited on each sample was determined by weighing the samples
before and after spraying using an analytical balance with a precision of 0.1 mg. The
amount of slurry sprayed was then calculated as the mass gain divided by the sample
surface area and expressed in mg-cm~2 with the uncertainties reported in Table 2. The
slurry residue left on the aluminized surface after annealing was manually grit-blasted
with alumina particles (220 mesh, pressure 1 bar) in a SANDMASTER FG-94 (Tangerang,
Indonesia) apparatus. Blasting was performed at the grazing angle to ensure the uniform
removal of the slurry residue without damaging the underlying coating. Cross-sectional
observations confirmed that this grit-blasting procedure did not cause any surface damage
to the aluminide coatings.

Table 2 gathers the reference name of the samples according to the thickness of the
electroless nickel layer (“Ni” in um), then the amount of slurry deposit (“Al” in mg/cm?)
followed by the letter “R” corresponding to the heating rate (in °C/min) used and finally
by the letter “T” associated with the temperature of the dwell for the aluminizing heat
treatment. The dwell temperatures (700 and 1080 °C) are the typical ones used in the
literature depending on the activity coating [10,26]. Note that some parameters were fixed
to study the specific influence of the Ni electroless thickness and of the heating ramp
leading to Kirkendall porosity.

The crystalline phases of the coatings were determined by X-Ray Diffraction (XRD)
using a Bruker AXS D8 Advance (Karlsruhe, Germany) set-up (Cu K« radiation,
A= 0.15418 nm) in the symmetric 0-0 mode, from 20 to 90° (20). The database used to
identify the phases from XRD is PDF-2 2004. The cross-sections were observed under an
FEI Quanta 200F (Hillsboro, OR, USA) scanning electron microscope (SEM). Chemical anal-
yses were conducted with an EDAX detector (Mahwah, NJ, USA) with a Si drift detector
(SDD) coupled to the SEM using EDAX GENESIS software (revision 4.5).
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Table 2. The reference names of the samples according to the parameters studied.
Thickness of .
Name of Sample Electroless Layer Sturry Spri‘yed Heoatlng.Rate Dwell
(mg/cm?) (°C/min)
(um)
Influence of slurry amount
Nio-Als-R20-T1080 6+1 Csh
N 1080 °C/1.5
Nig-Al12-Rao-T1080 one 12+1 20 /
Niq7-Al5-R20-T1080 5+1
: 18+2 1080 °C/1h
Nizg-Al16-R20-T1080 16 +1
Influence of Ni electroless thickness
Nis-Al13-R20-T700+1080 5+1
- 700°C/1h
Nijp-Alj3-Rpp-T 10+1
.10 13-R20-1700+1080 14 +1 20 +1080°C/1h
Nizs5-Al15-R20-T700+1080 25+1
Influence of heating rate for Kirkendall porosity
Ni17-Al13-R20-T700 700 °C/1h
Nijg-Alye-Rpo-T 1080 °C/1h
‘ 18-Al16-R20-T1080 1841 1542 20 /
Ni19-Al14-R20-T700+1080 700°C/1h
Ni1g-Al1s5-Rs-T700+1080 5 +1080°C/Th
3. Results

3.1. Nickel Electroless Layer

After two hours of the electroless deposition of Ni on the René N5 superalloy, the
surface of the samples was analyzed by XRD and observed in the cross-section, as shown
in Figure 1. The XRD pattern (Figure 1a) presents four peaks; the ones indexed as (111),
(200) and (220) correspond to the planes of the fcc-Ni phase as also observed on similar
Ni electroless coatings on the Rene 108DS substrate [27]. In contrast, the peak at 50.9° (26)
is attributed to the René N5 substrate, which indicates that the X-rays probed the whole
20 um thick, dense and homogeneous electroless layer (Figure 1b).

o
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Pure Ni layer
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"m'\:"" ﬂ 20 pm

T T T T T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
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Figure 1. (a) X-ray pattern of pure Ni electroless layer after 2 h of deposition on René N5 superalloy
and (b) the associated cross-section SEM image (BSE). The yellow line shows the initial surface of
the substrate.
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3.2. Effect of Slurry Amount

Figure 2 shows the effect of the amount of the slurry deposit (5 vs. 14 mg/cm?) on
the thickness and microstructure of the coatings obtained for a similar heat treatment with
and without the 18 um thick electroless Ni pre-deposit. It can be noted that the thickness
of the aluminide coatings increases with the amount of slurry deposited, for René N5
without (Figure 2a,b) or with the nickel pre-deposit (Figure 2c,d). For René N5 with the
Ni electroless layer before aluminizing, the overall thickness of the coatings is around
27 pum and 67 pm for an amount of slurry deposit of 5 and 16 mg/cm?, respectively. A
similar evolution in the thicknesses of the coatings is observed for the samples without
the electroless deposit, which increase from 38 pm to 68 um with a slurry deposit of 6 and
12 mg/cm?, respectively. These results are in agreement with other works investigating the
influence of the slurry amount for aluminizing purposes [27-29] and demonstrate that the
Ni electroless coatings do not appear to modify the slurry aluminizing mechanisms [17].
In contrast, the microstructure of the coatings with and without electroless coatings is
quite different. Aluminizing the raw substrate (Figure 2a,b) results in a high-activity
coating characterized by the presence of precipitates in a 3-NiAl matrix. These precipitates
appear bright due to the chemical contrast of the backscattered electrons and correspond
to the refractory elements from the substrate, especially W, Ta, Mo, Re and Cr, which also
form topologically close-packed (TCP) phases at the interface with the substrate [30-32].
Another specificity of the high-activity microstructure is that carbides from the substrate
are embedded in the coatings (Figure 2b). It can be noticed that the thickness of the
interdiffusion zone layer (IDZ) is similar (around 13 pum) for both the thin and thick slurry
coatings on the raw N5 substrate.

Thin slurry deposit Thick slurry deposit

Without Ni-electroless

With Ni-electroless

Ni 1 7'Al5' RZG'T‘IM

Figure 2. Cross-section SEM images (BSE) of coatings obtained after aluminization at 1080 °C of
René N5 superalloy without (a,b) and with (c,d) pre-deposit of 18 4= 1 um electroless nickel layer for
54 1 mg/cm? (a,c) and 14 + 2 mg/cm? (b,d) of slurry sprayed.

In contrast to the above, the pre-deposition of a Ni electroless layer results in the
formation of an external aluminide layer free of precipitates and carbides, exhibiting a
microstructure similar to that of a low-activity coating [9] and of Ni or Co electroplated
Ni-based alloys after pack or slurry aluminizing [17,20,22,24]. However, the microstructure
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of both coatings depends on the amount of slurry sprayed under the same heat treatment
conditions (i.e., 1080 °C for 1 h). With a lower amount of slurry (Figure 2c), the aluminide
coating consists of a main outermost layer of the 3-NiAl phase and a thin layer of NizAl.
Pores were observed at the NiAl/NizAl and NizAl/substrate interfaces. The increase in
slurry amount (Figure 2d) results in the same thickness of the outermost 3-NiAl layer
free of precipitates than with the low-amount counterpart. However, a thick NiAl layer
containing precipitates develops between the outermost NiAl layer and the substrate, and
it resembles that of the precipitate-free aluminide coatings (Figure 2a,b). It thus appears
that upon the saturation of the outermost NiAl layer with additional Al, the latter diffuses
into the substrate, since its diffusivity is higher in the Al-rich NiAl phase, resulting in an
inward-grown microstructure [9]. The row of Kirkendall pores observed between the two
NiAl layers, as well as the pores distributed within the precipitate-free outermost NiAl
layer, will be discussed later.

3.3. Effect of Initial Thickness of the Nickel Electroless Layer

Figure 3a shows the X-ray patterns of three different thicknesses of the Ni electroless
layer deposited on René N5 after aluminizing with the same quantity of slurry and the
same heat treatment. The three coatings display the same peaks corresponding to the
-NiAl phase with similar intensity for coatings with 10 or 25 um of the Ni pre-deposit.
Additional peaks are identified for the coating with the thinnest Ni electroless deposit,
i.e.,, 5 um, which corresponds to TCP precipitates like those observed for the un-modified
coatings (Figure 2).
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Figure 3. (a) X-ray patterns after slurry-aluminizing three different thicknesses of Ni electroless layers
on René N5 and corresponding SEM cross-sections (BSE mode): (b) 5 um of Ni, (c) 10 um of Ni and
(d) 25 um of Ni. N.B.: Amount of slurry is fixed at 14 + 2 mg/cm?, and heat treatment consists of
double steps at 700 and 1080 °C for 1 h each with heating rate at 20 °C/min.

The corresponding cross-sections are gathered in Figure 3b—d. All the coatings exhibit
the same microstructure consisting of an external layer of NiAl without precipitates, an
intermediate layer of NiAl containing bright precipitates and an interdiffusion zone (IDZ).
As the thickness of the nickel electroless layer increases, the thickness of the precipitate-free
NiAl layer also increases. Conversely, the thickness of the NiAl layer with precipitates
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decreases. However, the thickness of the IDZ remains the same. Such observations have
also been reported by Sarraf et al. on electroplated Co layers subsequently aluminized by a
slurry, who attribute the outer precipitate-free zone to the direct reaction between Al and
Co, while the intermediate zone appears from inward Al diffusion, and the interfacial area
results from the outward diffusion of Ni [22]. It can also be noticed that the pores in all
coatings are only observed within the precipitate-free layer and at the interface between
this layer and the one with precipitates, as will be discussed later. In addition, the number
of pores is lower with the two-step aluminizing heat treatment (700 °C/1 h + 1080 °C/1 h
in Figure 3) than with a single aluminizing step (1080 °C/1.5 h in Figure 2d).

3.4. Influence of Heat Treatment

To better understand the formation of pores in the precipitate-free 3-NiAl layer, aluminiz-
ing processes at both low and high temperatures were investigated. Figure 4a—c show the
cross-sections of the coatings obtained after aluminizing 18 um of the Ni electroless layer on
the René N5 superalloy with 15 mg/cm? of slurry at 700 °C for 1 h (Figure 4a), at 1080 °C for
1 h (Figure 4b) and at 700 °C/1 h and a subsequent step at 1080 °C/1 h (Figure 4c). The former
presents only very few pores close to the surface of the coating compared to the two others
heated up to 1080 °C. The microstructure obtained at 700 °C is completely free of precipitates
and consists of a unique layer of 35 um thick NiyAls identified by XRD and confirmed by the
EDS elemental analysis shown in the profile of Figure 4d.

700°C/1h 1080°C/1h

700°C/1h + 1080°C/1h

Nij7-Al13-Rz0-Tzo0 I 50 ym Nijg-Al1g-Rz0-T1080 50 ym Nijs-Ali4-R20-T700- 1080 50 um

Lo b A il e Madd aas i i et e Mt Mdad At i

Al content (at. %)
n
8
!

—— Coating (a)
304 [~ Coating (b)
—O— Coating (c)

0 é 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 5‘0 5‘5 8‘0 6‘5 7‘0 7‘5 8‘0 85

Depth (um)
Figure 4. Cross-section SEM images (BSE) of coatings obtained after aluminizing (15 & 2 mg/cm?
of slurry) of electroless nickel pre-deposit of 18 &= 1 um on René N5 superalloy with different heat
treatments, (a) 700 °C/1 h, (b) 1080 °C/1 h and (c) 700 °C/1 h + 1080 °C/1 h, and (d) corresponding
EDS diffusion profiles of Al. N.B.: Heating rate is fixed at 20 °C/min.

Increasing the temperature up to 1080 °C enhances the reactivity of Al and Ni and
induces diffusion and phase transformation from NiyAl; to 3-NiAl according to the XRD
(Figure 3a) and EDS measurements (Figure 4d). Interestingly, the thickness of the layer free
of precipitates for the coatings formed at 1080 °C (Figure 4b,c) is the same as that obtained
at 700 °C (Figure 4c). However, the interdiffusion layer growing underneath shows a
different microstructure and thickness between the single step at 1080 °C and the two steps
at 700 °C + 1080 °C. In the former, the interdiffusion zone is thicker, and the precipitates
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are finely distributed, which is very much in line with the mechanisms proposed by Sarraf
et al., whereby Ni diffuses outwardly [22]. In the latter, the interdiffusion zone is thinner,
and the precipitates segregate parallel to the coating, suggesting that the NiyAl; formed at
700 °C melts with increasing temperature [11], as will be further described later.

The pores observed in the precipitate-free NiAl layer are very likely Kirkendall-type,
as shown in Figure 5. Indeed, reducing the heating rate from 20 to 5 °C/min, respectively,
Figure 5a,b, decreases the number and size of pores. Therefore, the formation of porosity is
driven by unbalanced diffusion. Figure 5c,d show the EDS diffusion profiles corresponding
to Figure 5a,b, respectively. Decreasing the heating rate does not change the chemical
composition of the coatings, which cover the wide range of the 3-NiAl phase. Moreover, it
can be noticed that in the outermost 25 um of the coatings, the amount of each refractory
element does not exceed 2 at.% (scale on the right Y axis) after aluminizing the pure nickel
electroless deposit. Beyond a depth of 25 pm, both cobalt and chromium content increases,
matching with the formation of the aluminide layer in the René N5 substrate. The local
increase in chromium content at 50 pm in Figure 5c can be related to a TCP phase because
the content of other refractory elements also increases, especially that of tungsten and of
tantalum. In essence, the EDS profiles of both Al and Ni exhibit notable differences between
the two heating rates in the outermost 20 pm of the coating, while the profiles of the other
alloying elements (W, Re, Mo, Co, Cr and Ta) remain quite similar. Indeed, both Al and Ni
display steeper concentration gradients upon heating at 20 °C/min compared to the softer
slopes observed with the 5 °C/min heating ramp. This indicates that a slower heating
ramp ensures more balanced interdiffusion between Ni and Al resulting in more gradual
compositional transitions.

20°C/min 5°C/min

30 pm

{ 8um
EDS line

Ni1o-Al14-Ra0-T700. 1080 25 pum

c 60
)5

5 4

Al and Ni content (at.%)
@ W oA A o
8 & &8 & 8
P PP PR (R

S
!
Content of other elements (at.%)

Content of other elements (at.%)

N
S
L

>

0 10 20 30 40 50 60
Depth (um)

Depth (um)

Figure 5. Cross-section SEM images (BSE) of coatings obtained after aluminization (14 & 1 mg/cm?
of slurry) of electroless nickel pre-deposit of 18 & 1 um deposited on René N5 superalloy with
heat treatment comprising first stage at 700 °C/1 h and second stage at 1080 °C/1 h for heating
ramp of (a) 20 °C/min and (b) 5 °C/min. (c,d) represent EDS diffusion profiles corresponding to
(a,b), respectively.
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4. Discussion

The mechanisms of slurry aluminizing without activators have already been described
for bulk pure nickel and Ni-based superalloys [10,26,33,34]. It was demonstrated that
once the melting point of Al is reached, the dissolution of Ni generates an exothermic
reaction, called combustion or self-propagating high-temperature synthesis [35-37]. The
first intermetallic compound formed by the reaction between Ni and molten Al is NiAls
according to the Al-Ni binary diagram [38].

Figure 6 schematically illustrates the different mechanisms proposed as a function of
aluminum activity, which depends on the amount of slurry sprayed, which is the limiting
reagent. In the case of a low slurry amount (5 mg/cm?), the thickness of the electroless
layer is higher than that of aluminum, making aluminum powder the limiting reagent.
Once all aluminum has reacted to form the NiAl; phase, the evolution of the coating
is controlled by solid-state diffusion. Because of the chemical potential gradient, two
diffusion fronts are established. Aluminum diffuses to the substrate (inward diffusion),
while nickel diffuses to the surface (outward diffusion). As the amount of aluminum is
limited, nickel diffusion predominates, leading to the very rapid formation of the Niy Alz
phase. Subsequently, increasing the temperature promotes nickel outward diffusion, and
the coating composition evolves towards a precipitate-free 3-NiAl phase. As the diffusion
rate of nickel from the unreacted nickel deposit is faster than that of aluminum from the
coating [39], Kirkendall-type porosity appears at the interface due to the unbalanced flow
of outward Ni atoms.

Hollow aluminum
particles (alumina shells)

Initial state 700°C 1080°C
900000 ( \
‘... 000 9 gote § o0 0
......‘ Ni,Al, (Al-rich) Vit 0000 PY)

Ni,Al,

Pores

@ 9800, @0 %0 g0 0 00 Y00 0 0@

@0 0200, @0 00 000 00 ‘o940 00

) b i b 0/

@ Superalloy V @ V @ V

Figure 6. Mechanisms of formation of coatings modified by nickel electroless pre-deposit as function
of quantity of slurry deposited (5 and 12 mg/cm?) and temperatures of heat treatment with heating
rate of 20 °C/min.

For a higher slurry amount, e.g., 12 mg/cm?, the electroless nickel now becomes the
limiting reagent. In this case, the amount of aluminum is sufficiently high to react with
the overall thickness of nickel. At 700 °C, the coating consists of the 5-NipAl; phase with a
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chemical gradient of Al, the higher content being at the surface. In contrast to the previous
case, the Al content remains high, and Al diffuses inwardly towards the superalloy, with
which it reacts to form nickel aluminides and the refractory element precipitates. The
porosity observed at the NiAl/(NiAl + precipitates) interface most likely corresponds to the
original interface between the nickel deposit and the substrate, whereas the pores observed
in the precipitate-free NiAl coating result from the difference in Al and Ni diffusion rates
leading to Kirkendall porosity [40-43].

Kirkendall porosity is frequently observed in Ni-Al diffusion couples [42,44] or in the
case of the aluminization of pure nickel [34,45,46]. Since few pores form in the Niy Al; phase,
they are necessarily formed during the §-NipAls — (-NiAl transition. The (3 structure
consists of two simple cubic sub-lattices, that of Al and that of Ni. However, the range
of existence of the 3-NiAl phase and different atomic arrangements are observed as a
function of the deviation from stoichiometry [47]. In the over-stoichiometric condition,
nickel vacancies are present, whereas in the under-stoichiometric condition, nickel is
located in the anti-site (in the Al sub-lattice). The intrinsic diffusion of Al and Ni varies
according to stoichiometry [48-50]. A pronounced difference is observed in the Al-rich
NiAl phase, which exhibits a much greater intrinsic diffusion of Al than Ni [50], generating
a higher concentration of vacancies [51]. As a result, increasing the heating rate (between
700 and 1080 °C) accelerates Al diffusion, which generates numerous vacancies that the
counterdiffusion of Ni cannot balance. The accumulation of these vacancies is at the origin
of the significant porosity observed in our case and explains why the number of pores
decreases with the heating ramp at 5 °C/min (Figure 5).

Figure 7 schematically shows the evolution of the microstructures of the aluminide
coatings depending on the initial thickness of the Ni electroless layer. The drawing corre-
sponds to the results described in Figure 3. The final thickness of the NiAl layer without
precipitates (outermost zone) increases linearly with the initial nickel thickness, as demon-
strated in Figure 8. The results obtained for the Ni electroless layer aluminized by the
slurry are in agreement with those of Tan et al. [52] and Safari et al. [19], in which Ni
electroplated deposits were aluminized by a high-activity pack cementation process. These
authors attributed the change in thickness to the volume expansion induced by the in-
corporation of Al into Ni, accompanied by the formation of intermetallic phases such as
8-NipAl. Since the Al amount is fixed in our case by the amount of slurry deposited, the
increase in the thickness of the precipitate-free NiAl coating occurs at the expense of the
precipitate-containing NiAl phase, whose thickness decreases.

Increasing initial thickness of Ni electroless layer

5 pm of Ni 10 pm of Ni 25 pum of Ni

P IR LN TP R O B T OO TTL AN

Pores
\l.- L E R TR Y NI R AL N AL

) | ——
ADZ ALY ; b 1Dz % e ER T

i i
N v A y o ¥

Figure 7. Mechanisms of formation of coatings as function of initial thickness of Ni electroless layer.
Note: The amount of slurry is fixed at 14 4+ 1 mg/cm?, and heat treatment consists of two steps at
700 and 1080 °C for 1 h each with rate of 20 °C/min.



Coatings 2025, 15, 1337

11 of 14

o e e e e e e e S R B R H NN EN N BN N N N B H
£ 504 | X This work .
= <}~ Safari et al. oo ]
$454 | % Tanetal - % 7
E i ’ & T
8 40 - :
= ] B
7] .
g 35 % .
2 *
5 80 >I< :
2 -
2 X
g 25 =1 P - =
= o
5 20 ’I‘ .
1] P
g ) .
£ 151 = : —
© )}
=104 - =

1 I 1 I L I € 1 * 1 L 1 ] 1 # 1 L 1

. . ' —— .
4 6 8 10 12 14 16 18 20 22 24 26 28 30
Thickness of Ni layer prior aluminizing (pm)

Figure 8. Evolution of thickness of NiAl precipitate-free layer as function of initial thickness of
Ni deposited. The works of Safari et al. [19] and of Tan et al. [52] are included in the graph for
comparison purposes.

5. Conclusions

This study showed that applying a nickel electroless pre-layer enables the formation
of low-activity nickel aluminide coatings on nickel-based superalloys using a water-based
slurry. The nickel electroless layer promotes a precipitate-free aluminide structure, while
its absence leads to high-activity coatings characterized by refractory element precipitates
in the aluminide layer.

The thickness of the precipitate-free NiAl layer increases linearly with the initial
thickness of the nickel electroless (5, 10, 25 um), which is attributed to the volumetric
change from Ni to the 6-Nip Al; phase. Adjustments in the thickness of the nickel electroless
pre-deposit and the quantity of slurry allow us to control the overall coating thickness.

Kirkendall porosity was identified as occurring only upon the 8-NipAlz to 3-NiAl
phase transformation. This porosity is known to result from unbalanced interdiffusion,
with Al diffusing faster than Ni in Al-rich NiAl. The results demonstrate that reducing
the heating rate from 20 to 5 °C/min significantly decreases void formation. The slower
heating rate ensures more balanced interdiffusion between Ni and Al, as evidenced by
softer compositional gradients in the outermost coating region.
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