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Abstract

In this research, the pack cementation method was employed to apply a uniform aluminide coating on
asubstrate of nickel-based superalloy. The obtained intermetallic coating was synthesized using a pack
containing 18Al-80A1,0;—2NH,Cl (wt.%) as the main deposition source, an inert filler, and an
activator, respectively. The surface morphology and topography, cross-sectional microstructure, the
elemental and phase composition, microhardness of the synthesized aluminide coating were studied
using atomic force microscopy (AFM), optical microscopy (OM), scanning electron microscopy
(SEM), energy-dispersive spectroscopy (EDS), x-ray diffraction (XRD), and Vickers microhardness
indenter as the characterization techniques. According to the 3D topography results, the average
surface roughness of the Inconel-600 substrate was about 2.446 £ 0.239 nm compared to

43.558 + 3.876 nm measured for the produced aluminide coating. Additionally, the synthesized
coating consisted of NiAl and Ni,Al; as major phases considering the XRD spectrum. It is also
observed that the deposited aluminide coating had a three-layer structure including an outer layer, an
inner layer, and a diffusion zone. The Vickers microhardness measurements indicated a significant
increase in the microhardness of the substrate (from 185.6 &= 15.8 Hvto 1130.4 & 42.5 Hv) after
applying the aluminide coating. Moreover, the microstructural variations across the deposited
aluminide coating led to different microhardness values obtained for each layer. The highest
microhardness was observed in the coating diffusion zone, whereas the lowest value belonged to the

outer layer.

1. Introduction

Nickel-based superalloys are high-performance alloys
used in different industries such as oil and gas,
petrochemistry, nuclear industry, etc [1, 2]. They are
also ideal candidates for the hot section components
such as advanced gas turbine blades and aircraft
engines owing to their excellent high-temperature
mechanical strength, creep resistance, and enhanced
grain-boundary ductility [3, 4]. However, because of
their poor oxidation and hot corrosion resistance,
when nickel-based superalloys are exposed to aggres-
sive environments at elevated temperatures above 900
°C, they suffer from severe weight loss and degradation
of physical properties [5, 6]. Thus, enhancing the hot
corrosion resistance of nickel-based superalloys is of

significant importance. Among diverse approaches to
improve the hot corrosion resistance of these materi-
als, developing a protective coating is the most
beneficial one [7, 8]. To this aim, various surface
coating techniques including chemical vapor deposi-
tion (CVD) [9, 10], plasma spraying [11, 12], slurry
deposition [10, 13], and hot-dipping [10, 14] have
recently been employed. Amongst these methods, the
pack cementation process, which is a self-generated
CVD process, is the most simple and economical
one[15,16].

To synthesize high-temperature oxidation and
corrosion-resistant coatings using the pack cementa-
tion technique, metallic substrates (e.g., Ni-based or
Co-based superalloys, Fe-based alloys, or titanium
alloys [10, 17]) are placed in a thermodynamically
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semi-closed system [16] containing powders of a
deposition source (e.g., Al, Si, Cr, B,C), a halide acti-
vator (e.g., NH,Cl, NH,F, MgF,, KBF,) and an inert
diluent (e.g., A1,03, SiC) [18-20]. Thus, different
types of pack cementation processes including alumi-
nizing [21-23], chromizing [24-26], siliconizing
[27, 28], and boronizing [29-31] are utilized among
which the first one is extensively used [19].

So far, researchers have studied the effects of coat-
ing parameters (e.g., deposition temperature and time,
the activator type, pack composition, etc) on the phy-
sical properties of the pack cemented aluminide coat-
ings including thickness, microstructure, high-
temperature oxidation, and corrosion resistance
[32-34]. Tong et al [32] deduced that the thickness of
an aluminide coating increases parabolically with
time, which indicated the domination of diffusion-
controlled growth mechanism. Xiang and Datta found
that among various activators, AlCl; yielded a more
uniform and thicker aluminide coating below 700 °C
[34]. In addition, it has been reported that fluoride
salts (e.g., NH,F) and chloride salts (e.g., NH,Cl) are
generally suitable to activate the pack cementation
process at high temperatures of about 1300 °C and 900
°C, respectively [16, 35]. Another study focused on the
powder morphology of inert Al,O; filler and observed
that the aluminide coating synthesized with spherical
Al O3 possessed higher oxidation resistance than the
one produced with facet Al,O5 [33].

It is also worth mentioning that some researchers
have investigated the performance of aluminide coat-
ings by using some additive elements such as Si, Co, Pt,
Cr, Ge, Hf, and Dy [36-40]. According to their results,
the co-deposition of Co and Al, for example, led to an
increase in the corrosion resistance of aluminide coat-
ings [37].

Moreover, numerous research studies have poin-
ted out the possibility of increasing the microhardness
of metallic substrates using surface modification tech-
niques. Pogrebnjak et al for example, employed some
irradiation techniques such as high-power ion beam
(HPIB) [41], high-current pulsed electron beam
(HCEB) [42], and high-velocity plasma jet [43] to
enhance the mechanical characteristics of the coatings
including their microhardness. However, the micro-
hardness variations across an aluminide coating syn-
thesized by the pack cementation process have not yet
been probed in detail.

Although extensive research has been conducted
to improve the performance of pack cemented alumi-
nide coatings, a detailed microstructural, topo-
graphical, and mechanical study still needs to be done
to get further insights into the characteristics of alumi-
nide coatings. Therefore, in this study, a high-activity
aluminide coating is comprehensively characterized in
terms of topography, roughness, microstructure,
phase composition, elemental composition, and Vick-
ers microhardness. Various analytical techniques
including AFM, OM, SEM, XRD, and EDS are
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employed to respond to the research questions. It was
expected that the microstructural changes along the
aluminide coating cross-section led to different
microhardness values in the coating.

2. Experimental

2.1.Preparation of the coating

In this study, a nickel-based superalloy with the
commercial name Inconel-600 (called hereafter IN-
600) was used as the substrate. The chemical composi-
tion of the superalloy was 74.11Ni-15.88Cr—9.37Fe—
0.28Mn-0.21Si-0.046C-0.026Cu—-0.015P-0.002S
(wt.%), which was analyzed using an inductively
coupled plasma optical emission spectrometer (ICP-
OES; Model PerkinElmer Optima 8300). Firstly, the
superalloy sheet was cut to approximate dimensions of
15 mm X 15 mm X 1 mm, and all of the substrate
surfaces were ground using silicon carbide abrasive
paper up to 1500 grit. Then, all the substrates were
ultrasonically cleaned in acetone for 5 min. Afterward,
the substrates were rinsed with deionized water and
dried at 37 °C.

The pack powder used for pack cementation alu-
minization process consisted of Al (<10 pum particle
size, 99.5%) powder as the main deposition source,
AlL,O3 (<20 pm particle size, 99.5%) powder as an
inert filler, and NH,CI (ACS reagent, >>99.5%) salt as
an activator, which were thoroughly mixed in a mortar
for 1 h. The chemical composition of the pack powder
was 18AI-80Al,05;—2NH,CI (wt.%). 27 g of the pow-
der mixture was poured into an alumina crucible and
the prepared IN-600 substrate was buried into the cen-
ter of the crucible. The crucible was then sealed with
an alumina lid and cement. It was initially cured for
1 h at room temperature and subsequently cured in an
oven at 100 °C for 2 h. Afterward, the prepared pack
was placed in the hot zone of an alumina tube furnace.

The pack cementation process was carried out at
900 °C for 4 h with the heating rate of 10 °C-min "
and under the argon flow for protecting the substrate
from oxidation during the coating formation process.
The heating cycle for the coating process is also depic-
ted in figure 1. First, the prepared pack was heated
from room temperature to 210 °C within 20 min.
Then, it was maintained at this temperature for 30 min
to remove any humidity. Afterward, the pack was
heated up to 900 °C followed by keeping at this temp-
erature for 4 h. Finally, the pack was cooled down
inside the furnace to room temperature keeping the Ar
gas flowing. Finally, the samples were removed from
the pack and were ultrasonically cleaned.

2.2. Characterization of the coatings

Various analytical techniques were used to character-
ize the deposited aluminide coating. The surface
topography and roughness were studied over the
region of 25 pm? for both untreated IN-600 sample
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Figure 1. The heating cycle used to apply the pack cemented aluminide coating on the IN-600 substrate.

and the sample with aluminide coating using atomic
force microscopy (AFM; Model Nanosurf Mobile S)
equipped with Tap 190 Al-G probe. Each roughness
parameter was reported as an average of eight mea-
surements along eight different profiles. Optical
microscopy (OM; Model OLYMPUS CK40M-AN)
and scanning electron microscopy (SEM; Model
PHENOM ProX) were utilized to study the surface
morphology and the cross-sectional microstructure of
the coating. Energy-dispersive spectroscopy (EDS)
was employed to investigate the elemental composi-
tion variations on the surface and along the cross-
section of the coating. For the cross-sectional analyses,
the sample was first mounted, carefully ground with
SiC abrasive papers up to 3000 grit. Then, it was
polished with 1 ym diamond slurry and degreased in
the acetone bath for 5 min. Thickness measurements
were performed using Image] software [44]. X-ray
diffraction (XRD; Model BRUKER Advance-D8 x-ray
diffractometer) with Cu K, (A = 1.5406 A) radiation
was used to determine the phase composition of the
aluminide coating in the 20 range of 20°-55°. The
Vickers microhardness of the samples was also eval-
uated using an SCTMC HV-1000Z microhardness
tester using a load of 100 g with a dwelling time of 15 s.
Each microhardness value was reported as an average
of five measurements.

3. Results and discussion

The AFM 3D surface topography of the untreated IN-
600 sample and the sample with deposited aluminide
coating are presented in figures 2(a) and (b). It is

obvious that the surface of the untreated IN-600
sample was much smoother than the surface of the
coated sample. Figure 2(c) illustrates the arithmetic
average roughness (R,), root-mean-squared rough-
ness (R,), maximum peak height above the mean line
(Rp), and maximum valley depth below the mean line
(R,) for both of the samples. It can be seen that the
formation of aluminide coating significantly increased
all roughness parameters. R, and Rg, for example,
increased from 2.446 £+ 0.239 nm and 3.088 + 0.366
nm for the untreated IN-600 to 43.558 £ 3.876 nm
and 51.802 4+ 5.488 nm in the aluminide coating,
respectively.

Figure 3 shows the cross-sectional microstructure
of the as-formed aluminide coating. It is obvious that
the coating formed on the IN-600 substrate was quite
uniform without having any structural defects such as
cracks, voids, and inclusions. Moreover, the coating
thickness was about 198.1 + 2.5 um.

The phase composition of the as-formed alumi-
nide coating is illustrated in figure 4. According to the
XRD spectrum, the deposited aluminide coating was
mainly composed of the intermetallic phases NiAl and
Ni,Al;, which were called the major phases. The for-
mation of these phases is attributed to the outward dif-
fusion of Ni from the substrate and the inward
diffusion of Al from the surface layer [10, 45, 46].

Figure 5 schematically illustrates the reactions
occurring during the pack cementation aluminizing
process. As it is observed, upon heating, NH,Cl,
decomposes and reacts with Al powder (Alg). As a
result, Hy(g), HCl(g and a series of volatile aluminum
halides (e.g., AlCl), AlCly), and AlCls,) are pro-
duced. Moreover, there is a zone called the ‘depleted
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Figure 2. AFM 3D topography of (a) the untreated IN-600 sample and (b) the sample with aluminide coating; (c) roughness results for

zone’ between the pack powder and the substrate sur-
face. In fact, the aluminum transport into the sub-
strate, which is due to the partial pressure gradients
between the pack and the substrate surface, leads to
the formation of this zone [18]. To form the aluminide
coating, the volatile aluminum halides diffuse to the
substrate surface through the depleted zone and
release the active Al atom (indicated as [Al] in reaction
(1)) [47]. Besides, since the diffusion coefficient of
volatile aluminum halides increases with decreasing
their molecular weight, the AlCl,) is mainly respon-
sible for producing the active Al atom and its transport
to the substrate surface (see reaction (1)).

3AlCl(g) = 2[All + AlCl3(g) (@))]

Finally, the aluminide layer is formed via [Al] diffusion
into the substrate. On the other hand, AlCl5 ) returns
to the ‘undepleted pack’ zone and reacts with Al
powders in the pack to regenerate AlCl, (see figure 5)
[18]. Generally, the nickel aluminide Ni,Al, is synthe-
sized based on the following reaction [48, 49]:

aNi(s) + b[Al] = NiaAlh(s) + Heat (2)

(e.g. fora =2b =3 — Ni,Al, = Ni,Al;)

As it can be seen in figure 4, in addition to NiAl and
Ni,Al; known as major phases of the coating, there are
some minor phases (i.e. AlgsCry, and AljsFe,) pre-
cipitated because of the diffusional reactions between
the produced active Al atoms and the substrate
elements (e.g., Cr, Fe) [50].
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Figure 3. OM cross-sectional image of the as-formed aluminide coating.
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Figure 4. XRD spectrum of the deposited aluminide coating.
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Figures 6(a) and (b) demonstrate the surface
morphology of the synthesized aluminide coating,
which was evaluated using SEM. According to the
results, the surface layer of the coating had a multi-
phase composition. As it is seen in figure 6(b), the sur-
face of the deposited coating was not homogenous and
two different areas in color (i.e., bright and dark) were
detected. Based on the EDS analysis (table 1), the
bright regions (spot 1) were rich in Ni whereas the
dark areas (spot 2) were rich in Al.

The surface elemental mapping for the synthesized
aluminide coating is shown in figure 7. As can be seen,
Al, Ni, Cr, and Fe were the constituent elements of the
coating and were distributed all over the surface. This
is consistent with the EDS results presented in table 1.
Moreover, the high amount of Al and Ni observed in
this figure confirms that NiAl and Ni,Al; were the
main phases of the coating (see also figure 4).

In addition to OM, the aluminide coating cross-
section was characterized in detail by using SEM,
which is presented in figure 8. According to figure 8,
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Figure 5. Schematic illustration of the pack cementation aluminizing process.

Figure 6. Surface analysis of the aluminide coating (a) low magnification BSE image; (b) high magnification BSE image.

Table 1. EDS analysis of the aluminide coating surface.

Element (at.%)

Aluminide coating surface ~ Region Al Ni Cr Fe

Spotl  51.1 489 — —
Spot2 785 121 54 4

the deposited aluminide coating had a three-layer
structure consisting of an outer layer, an inner layer,
and a diffusion zone. As can be seen, the outer layer
was not uniform and a significant number of black
precipitates were distributed throughout this layer.

EDS analysis of the outer layer (table 2) indicates that
the greyish areas were rich in Ni whilst the black pre-
cipitates were mainly an Al-rich phase. Considering
the XRD spectrum of the coating and the EDS analysis
(see figure 4 and table 2), the greyish regions (spot 1)
and the black precipitates (spot 2) were mainly the
heavy phase NiAl, and the light phase Ni,Al;, respec-
tively. However, according to figure 8, the inner layer
was quite homogenous with a negligible content of
black precipitates indicating the presence of NiAl in
thislayer.

The pack cementation process was carried out at a
relatively low temperature (i.e., 900 °C) with high Al
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Figure 7. EDS elemental mapping for the aluminide coating surface.

activity in the pack (18 wt. % Al in the pack). As a
result, the aluminide coating in this study was synthe-
sized predominantly via inward Al diffusion [10]. On
the other hand, as it is observed in figure 8, there is a
narrow diffusion zone under the inner layer, which
confirms the limited occurrence of outward Ni diffu-
sion [17,45,51].

Figure 9 illustrates the elemental depth profile
across the synthesized aluminide coating. According
to figure 9(b), by moving from the surface of the alu-
minide coating down to its diffusion zone, the

concentration of Al fell gradually from 73.8 + 3.5 at.
% to 45.1 & 2.4 at.%. However, it dropped sharply to
4.6 + 1.8 at.% by moving toward the substrate. The
atomic percent of Ni, on the other hand, increased
moderately from 20.3 =+ 2.6 at.% in the surface layer
to 32.3 &£ 2.9 at.% in the diffusion zone but increased
dramatically to 72.3 £ 2.1 at.% in the substrate. Addi-
tionally, there was a slight increase in the amount of Cr
from 3.8 + 2.9 at.% in the top surface to 10.1 + 3.7
at.% in the coating inner layer followed by a steep rise
to 18.1 &£ 2.2 at.% in the diffusion zone. However,
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Figure 8. Cross-sectional BSE image of the aluminide coating.
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Table 2. EDS analysis of the aluminide coating outer layer.

Element (at.%)

Aluminide coating outer
layer Region Al Ni Cr Fe

Spot 1 50.6 494 — —
Spot2 69 208 73 29

after peaking in this layer, the corresponding value fell
moderately to 13.2 £ 1.4 at.% in the substrate. More-
over, a peak in the Cr concentration in the diffusion
zone was attributed to the limited solubility of this ele-
ment in Al [52], which led to a low diffusion rate of Cr
in the inner layer of the produced aluminide coating.
Subsequently, Cr atoms accumulated and thus a Cr-
rich phase was formed at the coating/substrate inter-
face. Finally, the content of Fe increased continually
from 2.1 &+ 1.2 at.% in the surface layer to 9.9 + 1.7
at.% in the substrate. Moreover, as can be observed in
figure 9(b), the calculated uncertainties and thus the
plotted error bars were small in the substrate profile,
which was due to the almost uniform microstructure
and the elemental distribution across the substrate.
However, the produced coating was not as homo-
geneous as the substrate in terms of phase composi-
tion. In other words, there were four different phases
present across the aluminide coating (i.e., NiAl,
Ni,Als, AlgCri4, and Al;3Fe,) which caused different
elemental distributions throughout the coating. Thus,
bigger error bars were observed in the coating profile
compared to the substrate one.

Figure 10 illustrates the elemental mapping analy-
sis image obtained from the cross-section of the

produced aluminide coating. According to this figure,
Al was just distributed across the produced aluminide
coating. In contrast, Ni was detected in the cross-
section of both the substrate and coating, demonstrat-
ing the outward diffusion of Ni from the IN-600 sub-
strate toward the surface of the applied coating.
Moreover, the presence of a low amount of Cr and Fe
in the coating region originated from the substrate.
Here, it is worth noting that a thin Cr rich layer was
observed at the substrate/coating interface which con-
firms the accumulation of this element in the diffusion
zone and is in accordance with the plotted elemental
depth profile (see figure 9(b)).

The EDS line scan analysis was also carried out to
get further insight into the concentration variations of
the elements across the produced aluminide coating.
Figure 11 reveals that the Al signal was at its highest
level in the outer layer (near the surface) of the coating,
but due to the inward Al diffusion, the corresponding
signal intensity decreased moderately in the inner
layer, and then dropped dramatically at the coating/
substrate interface (diffusion zone). This is consistent
with the measured concentration profile for Al (see
figure 9(b)). In contrast, because of the outward Ni dif-
fusion from the substrate to the surface of the coating,
the Ni signal increased slightly from the outer layer
towards the inner layer followed by a sharp rise in the
diffusion zone and the substrate. Moreover, a little
amount of Cr and Fe were detected in the coating illus-
trating the outward diffusion of the substrate alloying
elements as well. Although the amount of Cr in the
formed coating was lower than Ni and Al, an intense
Cr signal was observed at the depth of about 200 ym
from the surface of the coating confirming the

8
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Figure 9. (a) SEM cross-sectional image of the aluminide coating with (b) its corresponding elemental depth profile.

accumulation of this element in the diffusion zone. A
higher Cr signal was also detected in the substrate than
across the coating. Similar trends in elemental compo-
sition variations were reported by Bai et al [19].

As it was observed in figure 8, the microstructure
changed along the aluminide coating thickness.
Hence, Vickers microhardness measurements were
conducted on different coating layers in order to pro-
vide more precise microhardness data from the coat-
ing. According to figure 12, the microhardness of the
substrate was about 185.6 + 15.8 Hv. However,
applying the aluminide coating significantly increased
the microhardness. Due to containing the hard pre-
cipitates of MC and M,;Cq4 carbides and the Cr-rich
sigma phase, 0-(Cr, Al), in a §-(NiA1l) matrix [10], the
coating diffusion zone possessed the highest Vickers
microhardness of about 1130.4 £ 42.5 Hv. It is

noteworthy that the average microhardness of the
coating outer layer was lower than that of the inner
layer (863.9 &+ 102.6 Hv versus 928.9 £ 32.8 Hv).
Moreover, it can be seen that a relatively high error bar
is shown for the outer layer of the coating, which was
related to the presence of two different phases (i.e.,
NiAl and Ni,Al;) throughout the outer layer (see
figure 8). In other words, a high microhardness value
of about 959.7 Hv was measured in the NiAl regions
whilst in the areas where Ni,Al; was present, a rela-
tively low microhardness value of about 733.5 Hv was
reported. However, this issue did not occur in the
coating inner layer due to the fact that it was uniform
and mainly composed of NiAl (see figure 8).
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Figure 10. EDS elemental mapping for the aluminide coating cross-section.

4. Conclusions

Using the pack composition of
18A1-80A1,05—2NH,CI (wt.%), the aluminide diffu-
sion coating was successfully deposited on the sub-
strate of Inconel-600. The coating had a three-layer
structure consisting of ‘the outer layer’, ‘the inner
layer’ and ‘the diffusion zone’. The cross-sectional
microstructure confirmed that the aluminide coating
was synthesized mainly via the inward diffusion of Al
with the limited occurrence of the outward Ni

diffusion. The XRD analysis detected the NiAl and
Ni,Al; phases as the main constituents of the coating,
which were formed as a result of the mutual Al and Ni
diffusion. The Vickers microhardness results demon-
strated a significant increase in the microhardness of
the sample after applying the aluminide coating. They
also illustrated that the microhardness varied along
the coating thickness due to microstructural changes.
The highest microhardness was reported for the
diffusion zone of the coating with the average amount

10
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Figure 11. EDS line scan analysis from the cross-section of the produced aluminide coating; note that the X-axis represents the depth
from the coating surface in yzm and Y-axis is the signal intensity in an arbitrary unit.

of 1130.4 + 42.5 Hv, which was due to the presence of Data availability statement

hard carbide precipitates and sigma phase in this layer.
The data that support the findings of this study are
available upon reasonable request from the authors.
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