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Abstract: Ni superalloys are mostly used in turbine engines. But they suffer from high
temperature oxidation. So, many investigations have been tried to protect the surface of
these materials by pack aluminizing. A plasma paste process was used to aluminize the
surface of superalloy IN-738. Nickel aluminum phases were created on the surface of the
nickel-based superalloy IN-738 by plasma paste aluminizing with pure aluminum and Al-Si
mixtures. Specimens were plasma-paste aluminized at 750-900 °C for 1 h in low pressures of 10
mbar argon gas without Si and with 5-10% Si. Microstructural and compositional evaluations
were studied using optical and scanning electron microscopes, EDS, X-ray diffraction (XRD)
techniques, and Vickers microhardness tests. A mixture of fine or coarse equiaxed-grained
microstructure of NiAl, Ni, Al; with precipitates of Al4Cr phases were observed in the coating
layers. The addition of silicon showed the transformation of the NiAl and Ni, Al; phases in the
compound layers from fine-grained structures to nearly coarse equiaxed grains. In this plasma
paste process, the silicon can be dissolved in the coating up to 10 at.% of the total coating
composition and is mostly concentrated in some phases. Average Vickers microhardness
analysis across the transverse cross section of aluminized samples under 500 g force revealed
mostly an increase in hardness from approximately 250-300 HVO0.5 in the substrate to 550—600
HVO0.5 in the coating layers.
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1. Introduction

To increase the lifetime and performance of the blades and components operating
at high temperature in advanced gas-turbine engines in high-temperature environments
requires high resistance in high-temperature operations. Nickel-based superalloys are
notable for high strength at high temperatures, significant resistance to oxidation and
corrosion, high creep strength, heat resistance, excellent processability, and remarkable
weldability [1]. To achieve this goal, it has required to exploit the significant
performance of turbine blades made from nickel-based superalloys for increasing gas
inlet temperatures and high temperature oxidation or corrosion resistance by surface
transformation of these rotating materials. Diffusional aluminide coatings are largely
applied on Ni-base superalloys to improve the high temperature corrosion resistance
of these materials in high temperature corrosive environments [2,3]. Various methods
can be used to produce different types of protective coatings, such as PVD (physical
vapor deposition), CVD (chemical vapor deposition), PEPVD (plasma enhanced
physical vapor deposition), PECVD (plasma enhanced chemical vapor deposition), or
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diffusion coating processes, such as pack cementation and slurry methods. The coating
microstructure and mechanical properties of these aluminide coatings depend on the
parameters of different processes such as slurry aluminizing, pack cementation, and
vapor deposition (CVD) [2,3].

In the diffusion process, it is essentially tried to create NiAl on Ni-based superalloy
by diffusion of Al, in a single thermal treatment or in combination with the aluminizing
process step [4]. The aluminizing process is basically carried out using a paste or pack
cementation or process of chemical vapor deposition (CVD). The formation of the NiAl
layer happens mostly by the decomposition of the previously formed layer of Niy Als
and the next inter-diffusion of Ni and Al. The nucleation and growth mechanisms
of intermetallic phases of the AI-Ni system during pack aluminizing are based on
the activity of aluminum in the pack. Ni,Als coating forms by inward diffusion of
aluminum in a pack of pure aluminum with high activity [5]. Ni-rich NiAl coatings
form by outward diffusion of nickel in a pack of Al-Ni alloy with low activity. The
inward diffusion of Al first produces the intermetallic phase of Ni;Al; which forms
below the temperature of 1000 °C and high activity of Al. But, when the activity of Al
in the pack or slurry is low and the process is carried out at a temperature higher than
1100 °C, Ni diffuses out and forms NiAl [6].

The aluminide coatings that contain a mixture of phases such as NiyAls, Al-rich
NiAl, Ni-rich NiAl, and Ni3Al form at high temperatures above 950 °C and with an
outer layer of NiAlj grains. Deposition of electroless nickel before slurry aluminizing
on René N5 Nickel-based superalloy at 700—1080 °C has enhanced the transformation
of 5-NiyAls to the B-NiAl phase [7]. This has happened near the Al-rich NiAl phase,
which allows the inward diffusion of Al and outward diffusion of Ni [8]. NizAl is an
important phase in the Al-Ni system that may appear in the aluminizing of superalloys.
In Ni superalloys, the coherent yy phase with ordered L1, structure strengthens the
v matrix of superalloys. The ordered structure of the yo phase depends on the exact
location of Al and Ni atoms in the crystal lattice, which affects its behavior during
high-temperature applications and deformation. The rigid phase of Ni3Al obstruct
the movement of dislocations from the y matrix to provide the required strength for
operation conditions [9]. Pack aluminizing on IN 600 superalloy has been carried out
in a mixture of aluminum powder, NH4Cl as an activator, and Al O3 as a filler material
at 650 to 700 °C. This aluminizing process has resulted in the formation of an inner
layer of Ni; Al and an outer layer of Ni3 Al on the surface of the samples for oxidation
protection [10].

Pack and vapor phase aluminizing processes are implemented with mixtures of
aluminum powder, Al;O3 and a chemical activator at temperatures of 700 to 1050
°C. These kinds of diffusion aluminizing processes last for up to 20 h. These types of
powder processes are divided into low, moderate, and high activated pack processes.
At a high temperature of about 1050 °C, aluminide coatings such as NiAl phases are
deposited with low activity, while NiAl phases with high activity that contain more
aluminum form at about 700 °C [11]. The forming layer of nickel aluminide acts as
a source of aluminum, which allows the film of alumina to form at high temperature

to protect the substrate from oxidation by retarding oxygen diffusion. The process of
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covering the surface with paste slurries yields the formation of nickel aluminide on the
surface of IN-738 followed by subsequent heat treatment [12]. Vapor phase aluminizing
of IN-792 with 24-30 wt.% Al content and 4-5 wt.% NH4Cl has showed a high-activity
mechanism of inward diffusion of Al, which resulted in a three-layer coating with an
outer layer of B-NiAl rich in Al [13]. Atlower concentrations of Al and NH4Cl, B-NiAl
rich in Ni was created due to the dominance of the low-activity mechanism and outward
diffusion of Nickel [14]. Alloying elements have had a great effect on the formation
of NiAl aluminide coatings as an outer layer on IN-718 superalloy in CVD processes.
By decreasing the concentration gradient of Al in the outer layer, the alloying elements
have diffused out, and the inward diffusion of Al has dominated the growth of the
coating at low temperatures with high activity, which has formed NiyAls in the outer
layer. At high temperatures with low activity, the rapid diffusion of Ni outwardly has
formed Ni-rich f-NiAl as the main phase in coatings [15].

Modification of aluminide coatings with Zr on the nickel-base superalloy
IN-738LC has been carried out by sputtering of Zr on the superalloy and subsequent
heat treatment before pack aluminizing [16]. The high activity out-of-pack aluminizing
resulted in an outer layer of NiAl and an intermediate layer with dissolved zirconium
that showed high scale adhesion and low oxidation rates. While the addition of yttrium
into the aluminide coatings of IN-738 by pack cementation process at 1000 °C had very
poor resistance in comparison with the uncoated sample or the IN-738 sample which
was aluminized directly [17]. Oxidation of a pack aluminized Ni-based superalloy
IN-738L has resulted in an interdiffusion zone and the formation of a-Al,O3 scale
at 1120 °C, while the coating at a lower temperature of 845 °C showed a different
interdiffusion zone and y-Al,O3 scale after oxidation at 1000 °C. During the heating
in the oxidation process, two layers of NiAl, an outer layer and an interdiffusion zone,
have formed via outward diffusion of Ni, which reacted with Al. While in high activity
of aluminum, the two outer layers of NiAl and an interdiffusion zone have formed in
addition to the precipitates enriched with Cr [18]. Initial coating of Cr before slurry
coating on gas turbine parts has been used to protect the surface of the material. The
barrier Cr layer has reduced the diffusion of aluminum into the substrate at 700 °C.
However, annealing at 1200 °C the nickel atoms diffused outward from the substrate
and in combination with Al from AI-Cr compounds formed NiAl compound which
rejected the Cr element [19]. In this study, several Cr-rich and Si-rich phases were
identified. The phases were composed of layers of NizAl, NiAl, Al-rich NiAl, and
NiAls [20].

Silicon has a great influence on the oxidation resistance of superalloys. It has been
indicated that the addition of Si to chrome-containing aluminide coatings regulates the
speed of Al diffusion in the coating, which optimizes the content of Al and increases
the adhesion of the coating. This in turn increases the resistance to oxidation and the
lifetime of the coating [21]. Silicon modified coating layers reduce the growth rate
of oxides and increase the resistance of the superalloys during the long-time exposure
to temperatures up to 1000 °C [22]. In fact, protective layers of Al-rich phases of
NiAl intermetallic are typically formed in the coatings and change the mechanism
of corrosion of the substrate. Addition of silicon in slurry aluminizing of IN-625
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superalloys has controlled the thickness of the coating and uniformity precisely. The
silicon addition has improved the oxidation and corrosion of the superalloys at high
temperatures. Also, the solubility of chromium in the B-NiAl is low, but increases
with increasing the amount of Ni to 28-30 at.% in the B-NiAl phase and leads to the
formation of Cr deposits near or close to the B-NiAl phase [23]. Si-modified NiAl
coatings with up to 9.0 at.% Si exhibited good oxidation resistance, better adhesion
of Al, O3 layers, reduction of oxidation rate, and long protection in air at temperatures
of 1100 °C [24] and 1000 °C [25]. Slurry aluminizing of IN625 superalloys with
aqueous solutions of aluminum and silicon powders resulted in outer layers enriched
with silicide compounds in the B-NiAl compound [26]. The average content of silicon
has been from 5 to 15 wt.%. Pack cementation of IN-738 with the activator of NH4Cl
and an inert filler of Al,O3 [27] has formed nickel silicides on the outer surface
with a microhardness up to 1500 HV. Addition of cerium significantly increases the
adherence of Al,O3 to the coating in the presence of silicon. When the content of
cerium increases in the coating, it diffuses into the system and produces mismatches
with B-NiAl, which reduces hot corrosion and oxidation resistance of the coatings due
to spallation of the aluminide coatings [28].

Although the mechanism of formation of aluminide coatings in the techniques
of the conventional pack cementation has been investigated and has been vastly
controversial, there is not enough information in relation with the transformation
mechanism of NiAl under the effect of Si in the plasma pack aluminizing methods.
Plasma pack aluminizing is a very competitive procedure among different aluminizing
techniques due to its low cost and versatility of applications [29]. AlSi aluminide
coatings have been created by using plasma to irradiate aluminum and produce layers
of NiAl and NipAls on the surface of K438G Ni superalloy [30]. The Si element has
helped to a high level of oxidation resistance of the superalloy by increasing the activity
of Al, which has enhanced the selective oxidation leading to a-Al,Os. Si has also
formed silicide compounds of high-temperature elements such as W and Mo [30] for
hot corrosion resistance and has hindered the interdiffusion of these refractory elements
between coating layers. Si compounds have been coated on DD98M Nickel superalloy
under plasma application. The coatings were produced quicker than that happens
in diffusion-controlled thermal processes. The coatings are composed of aluminide
compounds with dissolved Si or precipitates of silicides in the matrix of aluminide
coatings. Higher power of radiation resulted in the formation of B-NiAl, while lower
power created the d-NipAl; phase [31]. Heat treatment by oxygen plasma at 900
°C, 5 mbar pressures for 5 h after hot-dipping of Inconel 690 superalloy has created
stable nanocrystalline Al,O3 on the top of the coating [32]. It is proposed that plasma
application produces lattice defects in the surface of the material, which are followed
by cascade collisions resulting in a mixture of defects. The cascade collision is also
enhanced by the greater energy of ions in comparison with that of atoms in thermal
treatments, which results in quick diffusion of elements [33].

As there are very limited in-depth studies devoted to the role of Si in the
transformation of NipAls to NiAl under irradiation by plasma, it was worth
investigating the effect of the process parameter of Si under plasma irradiation


https://www.sciencedirect.com/topics/materials-science/aluminum
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/heat-resistant-alloys
https://www.sciencedirect.com/topics/materials-science/silicide

Materials Technology Reports 2026, 4(1), 4049.

to reveal the possible variations in the microstructure and phases of the aluminized
coating layers, which can be considered as a novel study. In this article, it was
observed that the addition of silicon to the coatings transforms parts of NiAls and
other phases to Al-rich or Ni-rich NiAl phases with considerable dissolved Si or Cr,
which could be useful for higher temperature oxidation resistance.

2. Materials and methods

The substrate material used in this research was a Ni-base superalloy IN-738
(chemical composition shown in Table 1). The samples were cut into cubic shape
with the size of 5 x 10 x 10 mm. All samples were first polished using SiC paper
from number of 120 to 1500 grade. The polished samples were rinsed in acetone and
alcohol.

Table 1. The chemical composition of the substrate of the Ni-based superalloy IN-738 (wt%).

Al

Mo Nb W Ta C Zr Fe S B Ni

8.5

16

3.46

3.47

1.88 0.92 2.2 1.7 0.11 0.05 0.08 0.001 0.01 Bal.

Coating pastes were prepared from pure aluminum with a size of 10 mm or a
mixture of Al and 5 or 10% Si powder with a size of 5 mm. Ethylene glycol was used
as an addition material into the mixture of pure Al or Al and Si powders to make a soft
paste mixture. The paste was adhered to the samples and placed in the vacuum chamber
and heated under plasma argon gas at 150 °C for 1.5 h in order to vaporize and remove
the ethylene glycol. After heating, the past became hard and adhered to the samples.
Then the power was increased to achieve the aluminizing temperature of 750 to 900
°C and hold for 1 h. The irradiation of glow discharge of argon gas helps to heat the
samples to gain the required temperature which held for 1 h under 10 mbar.

In plasma heating, the electrons and ions are excited under collision of plasma gas
in the sheath region without changing the Gibbs free energy, which is necessary for the
reaction. The enthalpy and entropy changes provide the necessary heat at a quicker
rate to heat the samples. In fact, this kind of heating comes from ohmic and stochastic
heating of ions and electrons from the inner of the atoms and molecules. Therefore,
less power is necessary and faster heating rates occur in plasma processing of materials
in comparison with conventional heating. In conventional heating, the materials are
heated by external heating sources, and the heat is transferred by radiation, convection,
and conduction, which require more energy and a longer time to be produced around
the sample and deposited [34].

Aluminizing at 750 °C was carried out to evaluate the possibility of a plasma
paste aluminizing process at this temperature, as most aluminizing studies had started
their investigations at temperatures around 700 °C. As plasma paste aluminizing at this
temperature did not result in a continuous even surface, it was chosen to try it at higher
temperatures, and the samples that were treated at 900 °C were selected for reporting
the effect of Si addition to the surface layers.

The coating setup that was used for this plasma paste aluminizing process has

been described previously [35]. The setup consisted of a vacuum chamber, a pulsed
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DC power supply, and a gas distribution system. The conditions parameters of the

coatings are summarized in Table 2.

Table 2. The conditions of plasma paste aluminizing of IN-738 samples.

Plasma paste aluminizing

Sample Coating composition .
temperature—time
IN-738PPA750 Aluminum 750 °C-1h
IN-738PPA900 Aluminum 900 °C-1h
IN-738PPASIS Aluminum + 5% Si 900 °C-1h
IN-738PPASi10 Aluminum + 10% Si 900 °C-1h

An optical microscope and a scanning electron microscope (SEM) were used to
investigate the surface and cross-sectional microstructure of the coated samples. For
metallographic analyses, the specimens were sectioned across the layers and mounted.
The cross sections were polished using SiC emery papers of grades 120 to 1500
and finally polished by diamond paste. Energy dispersive X-ray spectroscopy (EDX)
was employed to study the amounts of elements in the coated layer. The maps of
elemental analysis (EDS) were also examined to study the distribution of elements in the
phases. Phase identification in the coatings was determined by an X-ray diffractometer
(XRD) with a ko wavelength of a Cu target. Vickers microhardness measurements
of the samples were performed under a 500 gf load for 10 s on distinct places of the
surface layers, and their average value was recorded. However, one set of indentation

impressions has been shown in the results.

3. Results and discussion

3.1. Microstructural observations of plasma-paste aluminized coatings on
IN-738

Figure 1 shows the images of the IN-738PC750 sample, which was plasma-paste
aluminized at 750 °C for 1 h. As shown in the optical micrograph, the sample had a
fine and equiaxed grain structure near the substrate (Figure 1a) and transformed to a
rather columnar structure near the surface of the coating. To investigate the possible
phases in this morphology, it was examined with SEM microscopy (Figure 1b). The
two regions of nearly equiaxed (region I) and columnar grains (region II) in Figure 1b
can be observed in Figure 1c¢,d respectively. The grains of the region I (Figure 1c)
and region II (Figure 1c) are mainly composed of NiAl phase (gray phase A), which is
in agreement with the results from the EDX analyses (Table 3) in the columns of [-A
and II-A. This phase was identified later in XRD analyses. The black phase B and light
gray phase C (Table 3, Figure 1c,d) are strongly suggested to have a composition of a
mixture of NipAly and Al4Cr. This suggestion is more confirmed in the XRD patterns of
the samples. From another point of view, the Al-Cr compounds appear with that of 20 to
30% Cr in the binary phase diagram of the Al-Cr alloy [20]. These compounds of Al and
Cr have been reported in a wide range of aluminum and chromium contents [36]. Based
on the experimental information, the following intermediate phases have been reported:
Al;Cr, Al}1Crp, AlsCr, AlgCry, AlgCrs and AICr,. As can be seen in the micrographs
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of Figure 1c,d there are some very fine-grained phases in phase B that are Al-Cr

phases dispersed in the Ni Al; phase (Table 3: I-B and II-B). Other investigations have

reported the ternary phases of Ni-Al-Cr phases which form Ni, Als crystal structure and

dissolve up to 20% chromium [20,37].
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Figure 1. The images of plasma-paste aluminized coating on sample IN-738PPA750 at 750

°C for 1 h: (a) Optical micrograph; (b) SEM micrograph of two regions I and II, and the higher

resolution of the microstructure showing the phases at points A, B, C, and D of regions (¢) [;

(d) IL.

Table 3. EDX point analyses on IN-738PPA750.

EDX point analyses on I-A (gray) II-A (gray) I-B (black) II-B (black) I-C (light II-C (light I-D (white) 1I-D (white)
IN-738PPA750 at% at% at% at% gray) at% gray) at% at% at%
Al 43.0 46.0 63.01 65.5 60.04 63.2 3.59 18.7
Ti 2.0 2.98 0.465 0.71 1.9 1.8 15.94 10.5
Cr 2.3 2.5 17.7 16.1 4.8 35 7.22 5.7
Ni 432 432 11.4 12.1 7.15 6.2 7.11 12.8
Nb 3.6 2.34 2.64 0.45 15.8 12.3 45.02 37.8
Mo 1.0 0.76 0.4 0.3 9.24 7.2 10.14 15.5

Crorich Crorich NbandMo ~ NbandMo  Ni-Al-Ti-Cr-  Ni-Al-Ti-Cr-
Possible Phases NiAl NiAl NirAl; +Ni  NipAl; + Ni . K . X

rich Ni; Als rich Ni; Alz Mo-Nb Mo-Nb

rich AlyCar rich Al4Cr

For short aluminizing time, it has been observed that the aluminized layer is

divided into two sub-layers: a rich layer of Ni;Al; on the IN-738 matrix and a rich

layer of NiyAlj at the top surface. In long aluminizing time, the coatings are formed

from uniform layers of mainly Ni;Al; which contain some precipitates of Nip Al and

AlCr; [19]. The control of the formation of the coated layers is first carried out by

7
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the reaction of NipAl; phase between semi-liquid aluminum and nickel. After the
formation of theNiyAl; layer, the diffusion of nickel atoms out of the NiyAl; layer
controls the growth of NiAl; layer into the semi-liquid aluminum [19,20]. AlCr;
islands precipitate at the interface between the coated layer and the substrate due to the
low solubility of chromium in NipAls [12,18-20].

Therefore, it is strongly suggested that point B is composed of Cr-rich Ni; Alz and
Ni-rich Al4Cr. The phases of Ni;Al; and Al;Cr were identified in the XRD results.
However, the amount of Al4Cr is much less than that of NiyAls and NiAl phases.
The light gray phase at point C in Figure 1c,d is mainly composed of NipAl; with a
considerable amount of dissolved Mo and Nb (Table 3: EDX I-C and II-C) [30], which
is named the Nb and Mo-rich phase of NipAls. A very small amount of a remarkable
white phase (point D) was observed in most coatings, which must be a combination
of refractory metals existing in the initial composition of the superalloy IN-738 with
a composition of Ni-Al-Ti-Cr-Mo-Nb (Table 3: EDX I-D and II-D). This compound
occurs due to the segregation of heavy refractory elements such as Mo and Nb at high
temperatures [30,38]. These compounds have a very limited amount to appear in XRD
patterns. This segregation has been observed in the fabrication of a wall component of a
Ni-Ti—Cr—Mo—Nb alloy for polar research and space exploration by using the welding
wires of TA1 and Inconel 625 that showed the granular precipitates of this alloy in
different phases composed of Ni, Cr, and Ti [39].

Increasing the temperature to 900 °C formed a fine equiaxed grain structure in the
coating layers of the sample IN-738PPA900 by plasma paste aluminizing process [27].
The optical micrograph in Figure 2a and the SEM micrograph in Figure 2b show
a nearly more uniform fine equiaxed grain structure in the coating of the sample
IN-738PPA900. Therefore, SEM and EDX analysis were performed at the middle of
the coating layer.

The gray phase at point A in Figure 2c that refers to the major part of the coating
showed a NiAl composition (Table 4). This is related to the higher temperature of
phase formation in the Ni-Al system. NiAl forms in a wide range of temperatures and
is the first phase that nucleates in aluminizing coatings [18,19]. This is also observed
in the Ni-Al binary phase diagram that the stable NiAl phase forms at temperatures as
high as 1600 °C and is stable up to room temperature, while Ni;Als is nucleated at
temperatures below 1100 °C [20]. Therefore, the main phase throughout the sample
IN-738PPA900 is attributed to NiAlL

It is seen that chromium has concentrated in the black phase B (Figure 2c, Table
4). However, the percentage of the phase B is much less than that of the phase A
(Figure 2c¢), but small peaks of Al4Cr were observed in the XRD pattern of the sample
IN-738PPA900. It is strongly assigned to the dissolution of considerable amounts of
Ni in this structure [18-20]. Therefore, it is suggested that the phase B (Table 4) is a
mixture of Cr rich Ni;Al3 and Ni rich Al4Cr. So, the phase B is formed first due to
outward diffusion of Cr and Ni from the substrate material [19,20] during the plasma
paste aluminizing. Due to the limited solubility of Cr atoms in the NiAl phase, most of
the Cr atoms migrated to the interface of the NiAl phase with other phases and created
Cr rich phases or dissolved in NiyAl; phase [40]. In superalloy 738, Cr has the highest
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concentration after Ni. Therefore, during the coating, Cr diffuses out of the alloy and
combines with aluminum to form Al4Cr or Cr rich NipAls [18,19,41].

SEMMAG 400 Det BSE Lo 00y 0] veGanTESCAN
SEMHV 1500 kv WO 1658 mm 1 .
Date(micy) 1110613 Vac: HVac 100 um rumc [l

(a) (b)
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SEMHV.1500KY  WD. 1655 mm :
Date(midh): 1170613 Vac: Hivac 20 pm mcll

Figure 2. The images of plasma-paste aluminized coating on sample IN-738PPA900 at 900
°C for 1 h: (a) Optical micrograph; (b) SEM micrograph; (¢) The higher resolution of the
microstructure at the middle of the coating layer showing the phases at points A, B, and C.

Table 4. EDX point analyses on IN-738PPA900.

EDX point analyses on Phase at point A (gray) Phase at point B (black) Phase at point C (light

IN-738PPA900 at% at% gray) at%
Al 458 66.5 60.04
Ti 2.0 0.465 2.2
Cr 2.3 16.7 4.8
Ni 422 114 7.15
Nb 3.6 2.64 14.8
Mo 1.0 0.38 9.24
Cr rich Nip Al + Ni rich
Possible phases NiAl Ai:g: 1245 e Nb and Mo rich Nip Al
T

As seen in Figure 2c¢, the main phase is NiAl (Table 4: phase A), NiyAl; (Table
4: phase B), and a few amounts of light gray phase of Ni; Al (Table 4: phase C) with
considerable dissolved amounts of Mo and Nb. The phase C is labeled Nb and Mo rich
NipAls. This phase was not identified separately in the XRD pattern. Therefore, it is
strongly assigned to a structure of dissolved Nb and Mo in NiyAls [30]. It has been
found that inward diffusion of Al is responsible for the formation of the Ni-rich NiAl
phase, which is due to the decomposition of the Ni;Al; phase at high temperature in
diffusion processes. Therefore, the phase C formed due to outward diffusion of Ni from
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the substrate material and inward diffusion of A1 [18,19].

The addition of 5% silicon changes the microstructure in the sample
IN-738PPASi5 (Figure 3a,b). The phase A (Figure 3c, Table 5) decreased in
comparison with that in sample IN-738PPA900. In Table 5, it is seen that the Si
element is concentrated in black phase B (Table 5). The low solubility of silicon in
NipAlzproposes that the composition at point B resembles a combination of NiAl and
Si rich Al4Cr [4,30,31]. Again, a few amounts of light gray phase of NiyAl; (Figure
3¢, Table 5: phase C) with considerable dissolved amounts of Mo and Nb is observed
in sample IN-738PPASi5, which was labeled Nb and Mo rich NiyAl;. Similar to
sample IN-738PPA750, a very small amount of the remarkable white phase D (Figure
3¢, Table 5) was observed in the coating with the same combination of refractory
metals of Ni-Al-Ti-Cr-Mo-Nb in the coating of the superalloy IN-738.

BSEM MAG. 600 x Det. BSE ) VEGAWTESCAN

SEMHV.1500k/  WO: 1608 mm £
Date(md¥): 11/06/13 Vac: HVac 50 Hm e /]

(a) (b)
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Figure 3. The images of plasma-paste aluminized coating on sample IN-738PPASi5 at 900 °C
for 1 h with 5% Si: (a) Optical micrograph; (b) SEM micrograph; (¢) The higher resolution of
the microstructure showing the phases at points A, B, and C.

Table 5. EDX point analyses on the IN-738PPASi5 coating.

EDX point analyses on Phase A (gray) at% Phase B (black) at% Phase C (light gray) at%  Phase D (white) at%
IN-738PPASIS coating

Al 65.97 31.93 69.13 3.79

Si 2.60 1115 2.65 8.30

Ti 0.62 231 1.46 15.94

Cr 1.49 17.25 6.29 6.21

Ni 26.72 33.91 7.56 4.18

Nb 0.96 0.19 3.38 49.72
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Table 5. Cont.

EDX point analyses on

IN-738PPASIS coating Phase A (gray) at% Phase B (black) at% Phase C (light gray) at% Phase D (white) at%
Mo 1.64 3.25 9.54 11.86
Possible Phases Nip Al NiAl + Si rich Al4Cr Nb and Mo rich Nip Als Ni-Al-Ti-Cr-Mo-Nb

The EDS elemental map analysis (Figure 4) from the coating in Figure 3 shows
that the amount of Al has increased considerably from phase B to phases A and C,
respectively. This is correlated to the outward diffusion of aluminum from NiAl in
phase B and the formation of Ni Al; in phases A and C [18,19,29]. The EDS elemental
maps of the sample IN-738PPASi5 (Figure 4a) are shown in Figure 4b-h. Al (Figure
4b) and Ni (Figure 4c¢) are mostly distributed in phases A and C (Figure 3), which can

be attributed to the phase of NiyAljs, as it was predicted before.

n NEme =GTi Al K8 HT =158 KV n NEMe =GTMI NI K3 HT =158 KV 0 Name =Gril I Ka HT =158V

20|Im Name =Grid 2-MAP HT =150 KV 20 pm 20 pm
1000 1008 X 1213 ma 1000 1000 X 1213 na 1000 1000 X 1212 na 1000 1000 X 1213 na
AlKa [ Ni Ka 2 SikKa 2

20pm Mame =CGrid CTKa HT =150 KV
1000 1000 X 1.2 1.2 n4
CrKa 2

(e)

20 pm Mame =Grid NbLa HT =150 KV
1000 1008 X _1.21.2 n4
MNbLa 1

—_— —

(®
Figure 4. (a) SEM image and the corresponding EDS elemental maps of plasma paste
aluminized coating on sample IN-738PPASi5 for: (b) AL (c) Si; (d) Ti; (e) Cr; (f) Ni; (g)
Nb; (h) Mo.

It is seen that Si (Figure 4d) and Cr (Figure 4e) have concentrated mostly in the
black phase B (Table 5, Figure 3c¢), which can be related to the composition of Si rich
Al4Cr. However, the amount of Si with less than 3 at%, which has been distributed
uniformly (Figure 4d) in the major phase of Ni;Al; in phases A and C (Table 5,
Figure 3c), is a characteristic of an aluminide coating that has been modified with
Si during the application of the plasma paste aluminizing process. As Ti (Figure 4f),
Nb (Figure 4¢g), and Mo (Figure 4h) are mainly distributed in phases C and D (Table
5, Figure 3c¢), they can be related to the compositions of Nb- and Mo rich Ni;Al; in
Phase C (Table 5, Figure 3c) and Ni-Al-Ti-Cr-Mo-Nb in phase D (Table 5, Figure
3c¢). The very small amount of Ni-Al-Ti-Cr-Mo-Nb phase was also observed in sample
IN-738PPA750, which can have the same origin as explained in that section.
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As can be observed in samples IN-738PPA750, IN-738PPA900, and
IN-738PPASi5, the microstructures are not layer by layer in comparison with those
that occur in the coatings of most aluminizing processes. The coatings are composed
of nearly equiaxed grains of NiAl and NiyAl; phases. These microstructures are
related to the short-range inward diffusion of Al and outward diffusion of Ni in the
adjacent powder particles with micrometer size, which cause the fast nucleation of
Ni Als phases and their conversion to NiAl phases [5-8,10,11,13—15] without enough
time to grow in a long range to produce a continuous layer. The time of the plasma
paste aluminizing process was much less than that of conventional [4—6] aluminizing
processes. The fast nucleation is also the result of plasma ionization, excitation,
and interaction of ions with neighboring atoms. It has been shown that plasma ions'
interaction with a solid surface increases the rate of reactions among surrounding
atoms and lowers the temperature and increases the enthalpy of the reaction [33, 34].
As it was observed in the experiments, no melting occurred during the processes,
and the time of plasma paste aluminizing was rather less than that of other thermal
diffusional aluminizing processes. However, the time of processes was low enough to
prevent large grain growth of all phases.

Some preferential growth of NiAl phase happened in phase C (Table 6, Figure
5¢) with the addition of 10% silicon to the coating powder mixture. The effect of the
increase of Siup to 10% in the coating is observed in Figure 5a,b. It can be seen that the
equiaxed grain structure of the sample IN-738PPASi5 has changed to a new equiaxed
grain structure in which the phase C (Table 6, Figure 5¢) has grown considerably in
comparison with phase C in the sample of IN-738PPASIi5, and the phase B (Table
6, Figure S5c¢) has reduced obviously in comparison with phase B in the sample of
IN-738PPASi5. Cr, Nb, and Mo elements are soluble in Nip Al structure and form Cr
rich Ni;Als [18,19] in the phase A and Nb- and Mo rich Niy Al in the phase D (Table
6, Figure 5¢). The sum of the Cr, Nb, Mo, and Ni concentrations can be considered as
the total Ni concentration in Cr rich Nip Als.

Table 6. EDX point analyses on the IN-738PPASi10 coating.

EDX point analyses on

IN-738PPASI10 coating Phase A (gray) at% Phase B (black) at% Phase C (light gray) at% Phase D (white) at%
Al 76.54 45.90 38.13 61.63

Si 3.57 26.95 2.41 1.17

Ti 0.28 0.05 0.13 5.10

Cr 13.86 0.50 0.57 0.19

Ni 5.93 26.60 58.09 6.38

Nb 2.15 0.00 0.22 12.18

Mo 1.66 0.00 0.46 10.35

Possible Phases Cr rich Ni Als Si rich NiAl NiAl Nb and Mo rich Nir Alz

It was observed that with increasing the Si content to 10% Si in the coating of the
sample IN-738PPASi10, NiyAl; phase transformed to NiAl structure in phases B and
C (Figure 5¢). However, the amount of the phase B has reduced tremendously. The
growth of phase C is the result of the diffusion of Si out of phase B (Figure 5c¢) due
to exceeding the solubility of Si in phase B with Si rich NiAl composition [41]. As a
result, the amount of phase B decreases and the phase C grows more, and this phase
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forms with a high amount of Ni in the microstructure of sample IN-738PPASi10.
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Figure 5. The images of plasma-paste aluminized coating on sample IN-738PPASi10 at 900
°C for 1 h with 10% Si: (a) Optical micrograph; (b) SEM micrograph; (¢) Higher resolution
showing points A, B, C, and D.

20 um

It has been observed that the Si content of the precipitated particles within the NiAl
phase can contain up to 5 wt.% of the overall compositions of the particles [27,30,31,40].
However, there is an extra percentage of Si in phase B (Figure 5S¢, Table 6), which has
been trapped in this phase, and the treatment time has not been enough to allow the Si to
diffuse out of phase B. Some reports have also shown that the amount of Si which can
be dissolved in NiAl is less than 0.4 wt.% [26,27]. Therefore, most of the Si content
that is present in the NiAl phases is concentrated in the form of very small amounts
of carbide particles or intermetallic phases that were not detected in XRD experiments.
Diffusion of Ni in Niy Al; phase during heat treatment is negligible. But the diffusion of
Al, which originates from the decomposition of the Niy Als, is more possible. Therefore,
the inward diffusion of Al forms the Ni-rich NiAl phase C (Figure Sc, Table 6) at the
interface of Ni; Als in phase A [5-8,10].

EDS elemental map analysis of the coating on sample IN-738PPASi10 (Figure
6a) confirmed most of the above postulations and suggestions. As it is seen in Figure
6b.f, the most amount of Ni has concentrated in phase C and has formed a Ni-rich phase
of NiAl. This was predicted in the EDX results in Table 6. The chromium element has
concentrated in phase A (Figure 6e) with a high amount of the aluminum element,
which can be strongly attributed to the Ni;Al; structure with a high concentration
of dissolved chromium [18-20]. Therefore, the chromium-rich phase at point A is
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assigned to the composition of Cr rich Ni;Als. This is because of the lower diffusion
of Cr in the NiAl phases that form during the coating process. The Si element (Figure
6¢) is distributed mostly in phase B, then in phase A, and less in phases at points C and
D. As a consequence, phase B with the least amount of Ni in NiAl structure is assigned
to the composition of Si rich NiAl. From Figure 6g,h, the distribution of Nb and Mo
can be related mostly to the precipitated islands of phase D (Table 6, Figure 5c). As
phase D has a high concentration of aluminum, it can be related to a Ni; Al3 structure
with the composition of Nb and Mo rich Niy Als.
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Figure 6. (a) SEM image and corresponding EDS elemental maps of plasma-paste aluminized
coating on sample IN-738PPASIi10 for: (b) Al (c) Si; (d) Ti; (e) Cr; (f) Ni; (g) Nb; (h) Mo.

At temperatures at which aluminizing is carried out, nickel and other alloying
elements present in IN-738 diffuse quickly into aluminum. So, the nickel concentration
in aluminum increases very fast at the border between aluminum and the substrate of
IN-738. As the solubility limit of nickel in semi-solid aluminum is reached, NiyAls is
formed. The diffusion of nickel atoms through the newly formed NiyAl; layer leads
to the continuous formation of Ni, Als layer into the semi-solid aluminum. Therefore,
the nickel concentration increases in aluminum and causes the growth of NipAl; grains.
As the aluminizing time increases, the first nucleated grains of Ni; Alsgrow into the
alloyed aluminum [41].

The growth of NiAl phase is due to the outward diffusion of Ni during the
process that convert NipAl; to NiAl [10, 11, 13-15]. It is believed that 10 at% Si in
sample IN-738PPASi10 has helped the outward diffusion of Ni [13—15] which has
been replaced with Si and resulted in the composition of Si rich NiAl in phase C
(Figure Sc, Table 6) in the sample of IN-738PPASi10. If there has been any phase
with the composition Al4Cr in the sample IN-738PPASi10, it has been very low to be
distinguished by XRD analysis (Subsection 3.2). It has been shown that, when NiAl
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phase gets rich in Al, the outward diffusion rate of Ni decreases. This is due to the
reaction of Ni with Al at the reaction border. Therefore, the grains of the coating grow
by gradual outward diffusion of Ni into the Al-rich NiAl phase that initially forms
in the coating. The new phase that forms in this transformation is less rich in Al,
which in turn increases the outward diffusion of Ni, resulting in larger grains of the
coating [10,11,13-15,28]. This leads to a slightly lower Al concentration in phase C
when compared to the grains A of the coating formed in phase A (Figure Sc and Figure
6). In Ni-rich NiAl, the diffusion coefficient of Ni is 3.5 times greater than that of Al.
While in Al-rich NiAl, the diffusion coefficient of Al is about 10 times greater than that
of Ni in Al-rich NiAl [13-15,28]. Therefore, the outward diffusion of Ni controls the
interface between the zones of Ni-rich NiAl and Al-rich NiAl . In fact, the interface
can only grow outward, towards the Ni-rich NiAl grains.

3.2. XRD patterns for phase identification of plasma-paste aluminized
coatings on IN-738

As shown in Figure 7, the most possible phases that formed in the plasma-paste
aluminized coating on IN-738 are NiyAls, NiAl and Al4Cr. XRD analysis revealed
diffraction peaks at crystallographic planes of (100), (101), (110), (102), (111), (200),
(103), and (202) for NiyAls, diffraction peaks at crystallographic planes of (100), (031),
(112), (110), (111), and (200) for NiAl and diffraction peaks at crystallographic planes
of (100), (103), (101), (002), and (201) forAl4Cr. It is observed in Figure 7a that
NiyAlj is the most prominent phase in the coating of sample IN-738PPA750, with two
distinctive peaks (110) and (102). Also, peaks of (100), (101), (111), and (202) have
remarkable intensities in comparison with peaks of (110) and (102). These relative

intensities are strongly correlated to the XRD pattern of Nip Al [41].
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Figure 7. XRD patterns show the identified phases resulting from plasma paste aluminizing
for samples (a) IN-738PPA750; (b) IN-738PPA900; (c) IN-738PPASIS5; (d) IN-738PPASi10.
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The strong peaks of (100), (101), (110), and (202) for Ni,Als are seen in
the patterns of all samples. The observation of these peaks indicated strongly on
the existence of NipAls in all samples. The variation in the intensity of some
crystallographic planes is related to the variation of some dissolved elements of Cr, Nb,
and Mo in NiyAls structure. At 900 °C and with the addition of Si, the dominance
of NipAlj is slightly reduced, and NiAl phase grows in the phases of the samples,
especially in samples IN-738PPASi5 and IN-738PPASi10, as seen in Figure 7c¢,d.
However, in Figure 7d, the peaks of NiAl have reduced, but some peaks of NiyAls
have disappeared. This indicated the growth of NiAl phase in comparison with Ni, Als,
which agrees with the observations and EDX analysis of Table 6 in Figure 5 and EDS

results in Figure 6.

3.3. Vickers microhardness measurements of plasma-paste aluminized
coatings on IN-738

The integrity and adhesion between the coatings and the superalloy substrate
are very important in such pack aluminizing processes. To study the coherency
and matching of the mechanical properties of the coating and superalloy substrate,
the region across the boundary between the substrate and coating was tested using
micro-indentation tests.

Figure 8 shows the features of the microhardness indentations on the samples
IN-738PPA750, IN-738PPA900, IN-738PPASi5, and IN-738PPASil10. As can be
seen in Figure 8, however, there is a sharp boundary between the substrate and the
aluminide coatings; no cracking, defects, or other mismatches were observed in the
region between the coating and the substrate. Therefore, it is proposed that the plasma
aluminizing process has not affected the microstructure and bulk properties of the
Inconel substrate considerably. However, the hardness of the coating is significantly
less than that of the Inconel substrate. The increase in the hardness of the coatings
is strongly assigned to the nanocrystalline structure of the coatings rather than to the
composition of the compounds in the coatings [42]. The microhardness of NiAl is about
600 HV, and that of Ni Als is around 1100 HV [27]. The average microhardness of the
region between the substrate and the coating is 590 HVO0.5, which contains NiAl and
NiyAl;. The microhardness of the coating which contained more NiyAls is 903 HVO.5,
which is close to the hardness of NiyAls [27]. The cross-sectional microstructures of
plasma-paste aluminized IN-738 are shown in Figure 8 at different conditions. It is
seen that in all conditions, the coating layers have smaller indentation impressions than
the substrate, which resemble a higher hardness in the coating than that of the substrate.

The average values of the microhardness of the substrate and coatings on IN-738
have shown in Figure 9 at different conditions. These micro-indentation measurements
were carried out at 3 to 5 rows across the cross section of the samples, and their average
was recorded. However, the small variation in the value of hardness may be due to
small errors in the measurements, it is worth discussing the relations between these
variations and the phases formed in coatings. The majority of the coating in samples
IN-738PPA750 (Figure 1) and IN-738PPA900 (Figure 2) consisted of phase A with
the nominated composition of NiAl. This NiAl phase is surrounded by dispersed
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phases of B and C with the overall composition of Ni;Al;. The microhardness of
NiAl phase is around 600 HV, and that of NiyAl; Phase is about 1100 HV. Therefore,
the average hardness of the coatings in samples IN-738PPA750 and IN-738PPA900
(Figure 9) is between 800 and 900 HV0.5. The lower hardness of the coating on sample
IN-738PPA900 can be due to the formation of NiAl phase at the higher temperature of
900 °C.

7y

Figure 8. Optical micrographs show the indentation impressions of Vickers microhardness
tests across the substrate and coating of plasma-paste aluminized samples of (a) IN-738PPA750;
(b) IN-738PPA900; (c¢) IN-738PPASIS5; (d) IN-738PPASI10.
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Figure 9. The variation of the microhardness values of the substrate and coatings on the IN-738
samples plasma-paste aluminized under different conditions, including the standard error bars.

Addition of 5% Si to the coating increases the hardness slightly in the sample
of IN-738PPASi5. This increase is assigned to the contribution of more NiyAls
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composition in phases A and C and the presence of Si rich Al4Cr phase in combination
with NiAl in phase B. Finally, the hardness in the sample IN-738PPASI10 is due to the
growth of phase C (Table 6, Figure 5¢) with a high amount of nickel in the composition
of NiAl In fact, the higher nickel has reduced the hardness of NiAl phase C (Table 6,
Figure 5c¢) or is mainly composed of a softer NiAl phase. Also, the higher the amount
of phase C had a greater contribution to the decrease in the hardness of the coating in
this sample. Overall, despite these justifications, the variation in the hardness values
of the coatings is not considerable, and it may also be originated from the error in the

measurements that has been shown as error bars in Figure 9.

4. Conclusion

Plasma paste aluminizing of IN-738 resulted in coatings with a fine microstructure
of mixed NiAl and NiyAl; phases rather than separate layers of these phases. Cr and
Si were dissolved in NiAl and Niy Alsphases, which are assigned as Cr rich NipAls, Si
rich NiAl. Some fine precipitates appeared among NiAl and NiyAl; phases with the
assigned composition of Si rich Al4Cr. Heavy metals such as Mo and Nb were found in
the phase of Nip Als with the assigned composition of Nb and Mo rich Nip Als. However,
they were found as separate fine precipitates with a composition of Ni-Al-Ti-Cr-Mo-Nb.
The amount of silicon and the temperature of plasma paste aluminizing had the main
roles in the transformation of the phase structures. Silicon addition at a temperature as
high as 900 °C showed the major influence on the phase structure of NiAl and NiyAls.
Addition of 10% silicon enhanced the most variations in the grain structure of NiAl
and NipAl; phases in the plasma paste aluminizing of IN-738 from a fine structure
to a round, equiaxed, and coarser grain structure. The Vickers microhardness of the
coatings on IN-738 after plasma paste aluminizing was higher than that of the substrate.
But there was not a great variation in the hardness of the coatings of different samples
in comparison with each other. These negligible variations may be from measurement

errors in addition to the changes in grain structure of the NiAl and NiyAls phases.
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