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1. Introduction

Nickel-based superalloys have found extensive applications in gas 
turbine industries due to their excellent thermo-mechanical properties 
[1–4]. Oftentimes, these materials are employed in the manufacturing of 
turbine blades to combat the failure arising from the mechanical aspect, 
which is provided by increasing the content of refractory elements, such 
as W, Mo, and Re for creep strength improvement [1]. This, in turn, re-
sults in lower environmental degradation resistance due to the reduction 
in Al content (normally < 7 wt.%), which is critical for the formation of 
a protective oxide scale [5,6]. In this regard, the surfaces of these ma-
terials are typically protected by two types of coatings, namely overlay 
and diffusion coatings [7  16]. The former coatings are often applied by 
thermal spray methods which require sophisticated equipment and the 
operation cost is high. On the other hand, the diffusion coatings can be 
obtained by simple and cost-effective processes such as pack cementa-
tion and slurry aluminizing [17].  

Application of the diffusion coatings for airfoils was first employed 
by using the pack cementation technique in the late 1960s [18]. This 
process is still considered the most widely used method for applying dif-
fusion coatings and the formation mechanism of coating is well-studied 
[19,20]. Generally, the protection mechanism provided by the diffusion 
coatings relies on the enrichment of protective alloying elements at the 
surface of substrate, which leads to the formation of a uniform oxide 
scale during exposure to harsh conditions at high temperatures. For 
this purpose, the enrichment of surface layer with silicon (siliconizing), 

chromium (chromizing), and aluminum (aluminizing) elements were 
carried out. It should be mentioned that for applications at temperatures 
of higher than about 1000 ℃, the most crucial element is Al [21]. 

Currently, slurry aluminizing has received considerable attention as 
an alternative method [22,23]. This is because of the advantages in the 
processing compared to the conventional pack cementation. In addition, 
among the above mentioned processes, only the slurry aluminizing is 
capable of providing coatings for the interior surfaces (cooling passage) 
of the turbine blades [17]. In recent years, there are ongoing studies that 
are focused on the improvement of high-temperature corrosion behavior 
of the simple aluminide coatings by the addition of beneficial elements 
like Zr, Hf, Pt, and Co [24–28]. Chemical modification of the aluminide 
coatings is considered to be one of the efficient methods in improving 
the microstructural and oxidation/corrosion properties. A simple and 
effective strategy to fabricate the modified aluminide coatings is by in-
corporating an electrodeposited intermediate layer [29–32]. Karimzadeh 
and Sabour Rouhaghdam [33] investigated the influence of pre-plated 
Ni layer on the oxidation performance of aluminide coatings. They have 
pointed out that the presence of a primary electroplated Ni layer could 
inhibit the formation of Kirkendall pores during aluminizing, as well as 
improving its oxidation resistance. Furthermore, Safari et al. [34] have 
reported that the chemical modification of the aluminide coating through 
electrodeposition of Ni-CeO2 layer could improve the cyclic oxidation 
resistance of the obtained coating. In another study by Qiao and Zhou 
[35], it has been shown that the addition of Co into the simple NiAl 
coating could lower the oxidation kinetics which was attributed to the 
formation of a thin and compact film of a-Al2O3 onto the coating sur-
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Ni/Co-modified aluminide coatings were prepared on the Hastelloy-X superalloy by a combined process of elec-
trodeposition and slurry aluminizing. In this regard, pure layers of Ni and Ni-50wt.%Co were initially applied 
via electrodeposition process and successive aluminization was carried out by a slurry technique. The scanning 
electron microscopy (SEM) and X-ray diffraction (XRD) techniques were used for the microstructural and chem-
ical composition characterization of the specimens. The results of these analyses revealed that a compact and 
dense aluminide coating was formed with a two-layered structure containing the outer Al-rich β phase and inner 
interdiffusion zone. Moreover, the presence of pre-electrodeposited layers inhibited the outward diffusion flux 
of elements from the substrate and effectively suppressed the formation of Kirkendall pores. The hot corrosion 
studies of the obtained coatings indicated that the addition of a pre-electrodeposited layer could enhance the 
high-temperature corrosion performance of the coatings when exposed to sulfate salt.
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face. In a subsequent study conducted by the same authors, it has been 
found out that the Co-modified NiAl coating exhibited superior hot cor-
rosion resistance and it was ascribed to the formation of a-Al2O3 scale 
promoted by the presence of cobalt [36]. The objective and novelty of 
this study are to propose a new and efficient approach to the fabrication 
of Ni/Co-modified aluminide coatings through a combined process of 
electrodeposition and slurry aluminizing. In addition, the hot corrosion 
performance of coatings is evaluated and discussed.

2. Materials and methods

2.1. Starting materials and sample preparation

A nickel-based superalloy Hastelloy® X was selected as the sub-
strate material and its chemical composition, determined by the optical 
emission spectroscopy (OES), are given in Table 1. Several sets of cou-
pons (15ⅹ 5ⅹ 2 mm3) were cut by electro-discharge machining.

2.2. Electrodeposition process

At the first stage of experimental procedure, the coupons were pre-
pared for electrodeposition by polishing to 600 grit SiC paper, degreas-
ing by acetone and electrochemically activating by anodic oxidation at 
current density of 10.75 A.dm-2 within H2SO4 solution for 60 seconds. A 
typical Watts-type bath, containing nickel sulfate (NiSO4.6H2O, 200 g/l), 
nickel chloride (NiCl2.6H2O, 35 g/l), cobalt sulfate (CoSO4.7H2O, 0-50 
g/l), boric acid (H3BO3, 30 g/l), and sodium dodecyl sulfate as surfactant 
(SDS, 0.6 g/l) was used as the electrodeposition electrolyte. The oper-
ating conditions such as current density and temperature were adjusted 
as 5 A.dm-2 and 50 ℃, respectively. Moreover, the pH of the electrolyte 
was kept constant at 4.0 and two pure Ni plates were used as anode. Af-
terward, two specimens with pure Ni and Ni-50Co pre-electrodeposited 
layers were produced. 

2.3. Slurry aluminizing process

Initially, the samples were activated by immersion in an acidic solu-
tion comprised of 50 ml H2SO4, 75 ml HNO3, 33 ml distilled water, 
and 1 g NaCl. Then, they were sprayed by a slurry containing spherical 
aluminum powder as the diffusion coating element source dispersed in a 
water/ polyvinyl alcohol (PVA) (10:1) mixture. The application of slurry 

layer was mass-controlled and adjusted in the range of 15-20 mg/cm2. 
It should be noted that the application of slurry layer above this range 
would result in the spallation of slurry layer due to the thermal stress-
es generated during heating. Prior to placing the samples, the furnace 
chamber was circulated with argon for three times to eliminate oxygen. 
Subsequently, the coupons were placed in an alumina crucible and then 
heated to the processing temperature of 750 and 1050 ℃ for 2 and 1 h, 
respectively, followed by furnace cooling. An electric tube furnace op-
erating at a heating rate of 10 ℃/min in an Ar atmosphere was used for 
slurry aluminizing process. 

2.4. Hot corrosion test

A muffle furnace with an accuracy of ± 5 ℃ was used to perform the 
hot corrosion experiments in static air at 900 ℃. Prior to the experiment, 
all faces of the specimens were hand-brushed with a Na2SO4 saturated 
aqueous salt solution at about 1-2 mg/cm2 and followed by hot airflow 
drying. In order to precisely control the mass/area ratio of the applied 
salt, the samples were weighed before and after supplying the salt. The 
salt composition used in this study is a typical approach to simulate the 
environment of materials exposed to regions with high levels of pol-
lutants and it has been previously used by many researchers [37–40]. 
The samples were subjected to the hot corrosion test for 100 h and were 
withdrawn from the furnace after the cooling stage. In this study, the cor-
rosion performance was evaluated by comparing the thickness of formed 
corrosion layer on the coatings’ surface, which were measured by using 
ImageJ software [41]. This method does not involve the common errors 
associated with the mass change records due to the remaining salt depos-
its and formation of volatile compounds during the test [42]. 

2.5. Characterization techniques

The morphological assessment of the specimens was carried out 
by scanning electron microscopy (SEM, Zeiss, model Evo15) coupled 
with an X-ray energy dispersive (EDS) analyzer. The microstructure and 
chemical composition of the hot-corroded samples were also examined 
by SEM-EDS. In this regard, first the remaining salt was removed by 
washing the samples in boiling distilled water, then, one of the tested 
samples was warm-mounted in a plastic resin, ground with SiC abra-
sive papers (400-3000 grit) and polished to a mirror finish to reveal the 
cross-section microstructure of the coating and corrosion products layer. 
The phase analysis was performed by X-ray diffraction (XRD, Philips 

Fig. 1. Cross section of the (a) pure 
Ni and (b) Ni-50Co electrodeposit-
ed layers (the dashed line indicates 
the interface).

Table 1.
Chemical composition (wt. %) of Hastelloy® X 

Element Ni Co Cr Fe Mo W Al C Mn Si B

OES 
Values

Bal. 1.26 20.8 19.67 8.1 0.34 0.21 0.07 0.51 0.22 0.002
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PW1730, CuKα radiation) and the identification of XRD patterns was 
made on the basis of the ICDD database [43].

3. Results and discussion

3.1. As-electrodeposited samples

Among the surface engineering techniques, electrodeposition is 
a common and well-known method owing to its flexibility, moderate 
costs, and simple procedure [44–47]. Fig. 1 displays the cross-section of 
the electrodeposited coatings on the superalloy substrates. The average 
thickness of the mono-layer electrodeposited coatings was within the 
range of 15-18 mm. It can be noticed from the EDS analysis results 
that the chemical composition was homogeneous throughout the entire 
layer and was almost identical in upper, middle, and lower regions. The 
uniform structure of Ni-Co electrodeposits have been reported in other 
studies as well [48  50]. Although the samples were etched, no distinct 
interface between the substrate and the electrodeposited layer was evi-
dent from the SEM images. This is because of the nearly identical com-
positions of the two regions. 

3.2. As-aluminized samples

The specimens were followed by slurry aluminizing. Fig. 2 shows 
the surface morphology images and the corresponding chemical com-
positions and crystalline structures determined by EDS and XRD anal-
yses, respectively. According to the EDS analyses, it was revealed that 
only the modified samples showed the main elements of the β-(Ni,Co)
Al intermetallic phase. This could be due to the presence of pre-electro-
deposited layer onto the surface of the Hastelloy X, where only outward 
diffusion of Ni and Co occurred. On the other hand, concerning the sim-
ple aluminide coating, small amounts of Fe and Cr were detected. These 

observations may suggest that the electrodeposited layer hinders the 
outward diffusion from the substrate during slurry aluminizing process 
[33]. Moreover, the formation of β-phase was confirmed for all of the 
specimens by the XRD results. That being said, additional NiFe phase 
was detected for the simple aluminide coating, which may be the con-
sequence of outward Fe diffusion. In addition, strong peaks of metallic 
Al were detected, which can be the result of un-reacted liquid Al in the 
slurry. 

The formation of slurry diffusion coatings can be explained by the 
Ni-Al combustion synthesis process [18]. During this process, the melt-
ing of Al component is the initiating step. Afterward, through wetting of 
Ni by Al melt, it dissolves Ni from the surface and the Ni-Al reaction 
proceeds in the molten state. Based on the Ni concertation in the Al 
melt, which is dependent on the temperature of the process, one or more 
phases of NiAl3, Ni2Al3, and NiAl can be formed. Taking into account 
that the processing temperatures used in this study were high and the 
maximum solubility of Ni in molten Al increases with temperature, the 
formation of NiAl as the thermodynamically stable phase was anticipat-
ed. This was true for the modified coatings, since at the initial stage, the 
liquid Al came in contact with the pure pre-electrodeposited layers in-
stead of superalloy substrate. It has been reported that pure Ni substrates 
result in the higher exothermic reactions, which makes it easier for Al to 
react and form the intermetallic phases [18]. 

The cross-section SEM-EDS mapping and EDS line scan analyses 
of the aluminized samples are depicted in Fig. 3 and Fig. 4, respectively. 
All of the specimens exhibited the formation of a distinct outer NiAl 
layer with an interdiffusion zone (IDZ), which is a typical microstructure 
of the aluminide diffusion coatings [33]. This structure, in turn, provides 
the excellent adhesion of these coatings due to the metallurgical bond-
ing with the substrate [17]. Moreover, the diffusion layer obtained by 
the slurry process was compact with no evident cracks or segmented 
parts. The EDS line scan analyses illustrate that the concentration of 

Fig. 2. Surface characteristics of the diffusion coatings; (a) simple, (b) Ni-modified, and (c) Ni/Co-modified aluminide coating.
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Al was decreased from top surface toward the depth of the superalloy, 
which contains less Al content. The Al-rich zone indicates the formed 
aluminide coating and the average thickness was 68±2.71, 75±1.10, 
and 85±1.59 mm in the case of simple, Ni-modified, and Ni/Co-modi-
fied aluminide coatings. As previously mentioned, the presence of pure 
pre-electrodeposited layers makes the exothermic reactions easier in a 
Ni-Al diffusion couple, which may result in the increased thickness of 
the aluminide coating. Moreover, given the fine-grained microstructure 
of the electrodeposited layers in comparison with the pure substrate, the 
aluminizing kinetics could be enhanced for the samples with pre-electro-
deposited layers, resulting in faster atomic diffusion and larger coating 
thickness [30].

The main microstructural differences between the simple and mod-
ified aluminide coatings can be attributed to the presence of Kirkendall 
pores and the outward diffusion of substrate elements (Cr and Fe). These 
phenomena have been reported in other cases of the diffusion aluminide 
coatings and are mainly related to the microstructural inhomogeneities 
in the substrate [33]. According to the EDS mapping analyses of the 
modified coatings, the pre-electrodeposited layers have effectively in-
hibited the outward diffusion of the major elements of the substrate. 
Moreover, the formation of Kirkendall pores were suppressed in the case 
of aforementioned coatings. A close-up of the interdiffusion zone for the 
Ni/Co-modified aluminide coating is shown in Fig. 5. According to the 
EDS point analyses, it is evident that the strip-like bright precipitates 
present in the IDZ are rich in Cr (Point 2) compared to the dark gray area 
of the diffusion coating, which is rich in Al (Point 1). Since the thick-
ness of the outer diffusion coating is larger than the X-ray penetration 
depth; thus, the XRD results only indicate the presence of β-phase and 
identification of the phases present in the IDZ cannot be done via this 
technique. Based on the composition of the substrate, these phases can 
vary. Fan et al. explained the formation of Cr(W) enriched phases in the 
IDZ during the phase transformation from γ/γ' microstructure of the su-
peralloy to the β-phase of diffusion coating [51]. It should be noted that 
the solubility of Cr and W in the dual phase γ/γ' microstructure is higher 
than that of β-phase [52]. 

3.3. Hot corrosion behavior

Fig. 6 displays the average thickness of the formed corrosion product 
layer on the coatings’ surface and its phase identification. It is worth 
noting that the phase composition of the corrosion product revealed by 

the XRD analysis was similar in all three of the coatings and the only 
difference was noted on the peak intensities. With this in mind, further 
characterization was conducted by means of SEM-EDS analysis of the 
exposed samples.

According to Fig. 6, a considerable improvement in the hot corrosion 
behavior was observed for the modified coatings, with the NiCo-mod-
ified coating exhibiting the best performance. By comparing the XRD 
patterns before and after the hot corrosion test, it can be noticed that the 
singular dominant β-phase (Fig. 2c) has been replaced by the γ' phase. 
Moreover, the diffraction peaks of b phase are still detectable as well as 
Al2O3, indicating the consumption of Al to form the protective alumina 
layer [24]. In addition, some sulfides and spinels were revealed in the 
XRD pattern. This could signify the sulfur penetration into the coating; 
however, it should be studied form microscopic point of view to con-
firm. It should also be noticed that no peaks corresponding to the oxides 
of Ni or Co were detected. Although it is possible for these oxides to be 
formed at the early exposure times; however, they might have been de-
oxidized by Al (more active) or have been reacted with Al2O3, resulting 
in the formation of (Ni,Co)(Cr,Al)2O4 [7, 24].

Fig. 7 presents the SEM-EDS analyses of the hot-corroded samples 
after 100 h. These analyses clearly confirm the hot corrosion perfor-
mance of the coatings, reported in Fig. 6. As is evident from Fig. 7c, 
the NiCo-modified coating exhibited the best resistance to the corrosion 
attack and a large part of the coating remained unaffected, which implies 
its capability of maintaining and reestablishing the protective alumina 
scale for prolonged exposure times [24]. In particular, the importance 
of scale healing is essential during hot corrosion. This is because cata-
strophic attack will proceed, if the molten salt comes in contact with the 
underlying depleted substrate, which is unable to reestablish a protective 
scale [40]. According to the XRD and EDS analyses’ results, the corro-
sion product layer formed on the coatings was primarily consisted of 
Al2O3. This result was expected due to the alumina-forming nature of the 
diffusion coatings, which arise from their high Al content enabling its 
selective oxidation [53]. Furthermore, in addition to the sporadic Cr-rich 
bright precipitates detected within and near the IDZ (Fig. 5), a Cr-rich 
belt was observed for the NiCo-modified coating after the hot corrosion 
test (see the inset in Fig. 7c). It is possible that under the high-tempera-
ture condition, the Cr atoms have diffused towards the coating surface. 
Owing to the fact that the γ' phase has partially replaced the β-phase at 
the sub-surface regions, and considering the high solubility of Cr in the 

Fig. 3. Cross-section SEM-EDS mapping analyses of the coated samples; (a) simple, (b) Ni-modified, and (c) Ni/Co-modified aluminide coating.
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former phase, no distinctive Cr enriched precipitates were found in the 
upper regions of the coating.

Both the simple aluminide and Ni-modified coatings have consider-
ably suffered from corrosion damage in comparison to the NiCo-mod-
ified coating. The prominent mode of accelerated attack below the salt 
deposit occurs via the penetration of S, which can penetrate into the 
coating through cracks or voids [54]. It has been reported that S could 
penetrate as the SO4

2- ions and then interact with alloy elements, espe-
cially Cr, to form internal sulfides (reaction 1) [51]. This phenomenon is 
in accordance with the high tendency of S to combine with Cr, which can 
be determined by the standard Gibbs free energy changes for the forma-
tion of CrS (reaction 2) [55]. Moreover, the consumption of S can accel-
erate the SO4

2- decomposition (reaction 3), which in turn increases the 
basicity of the molten salt to a point where it can dissolve Al2O3 (reaction 
4) [56]. The basic fluxing of Al2O3 is reported to be the main degradation 
mechanism of simple aluminide coatings [36]. Due to the concentration 
gradient, it is possible for AlO2- to migrate from the salt deposit/oxide 
scale interface to the salt deposit/air interface, where Al2O3 can re-pre-
cipitate (reaction 5). However, the newly developed oxides are porous 
and prone to the transportation of the released O2- back to the salt depos-
it/oxide scale interface. This process can lead to the increased alkalinity 
and further fluxing of the Al2O3 as a consequence [56]. In this study, a 
similar scenario was observed for the case of simple aluminide coating 
(Fig. 7a) and it seems that the discussed self-sustaining process is the 
reason for this sample’s weak corrosion performance.

2Cr + 2SO4
2- = 2O2- + 2CrS + 3O2 			      (1)

2Cr + S2 = 2CrS (ΔG0 = -405000 + 112.14T) 		    (2)
SO4

2- = SO3 + O2-					       (3)
Al2O3 + O2- = 2AlO2- 					        (4)
2AlO2- = Al2O3 + O2- 					        (5)

According to Fig. 7, internal sulfidation is discernible for the simple 
aluminide and Ni-modified coatings, which indicates a deep penetra-
tion of S. On the other hand, the internal sulfidation was significantly 

suppressed in the case of NiCo-modified coating. It is assumed that Co 
addition to the aluminide coatings can enhance their hot corrosion re-
sistance due to its strong ability to fix S and prevent internal sulfidation 
[56]. According to the EDS mapping analysis shown in Fig. 7e, a high 
Co content was still present at the outer regions of the coating and pre-
sumably has participated in retarding the S transport. In addition, it has 
been proposed by Beltran and Shores that the diffusion rate of S in Co is 
lower than that in Ni by two orders of magnitude [57]. In view of this, 
the presence of Co in NiAl aluminide coating could alleviate the sulfida-
tion reactions and reduce the internal sulfidation.

4. Conclusions

In this study, Ni/Co-modified aluminide coatings were successful-
ly prepared on the Hastelloy-X superalloy by a combined process of 
electrodeposition and slurry aluminizing. The following conclusions can 

Fig. 4. EDS line scan 
analyses of the coated 
samples marked in Fig. 3; 
(a) simple, (b) Ni-modi-
fied, and (c) Ni/Co-modi-
fied aluminide coating.

Fig. 5. Cross-section SEM-EDS anal-
yses of the Ni/Co-modified aluminide 
coating (The arrows point out the peaks’ 
intensities for Al and Cr).

Fig. 6. The measured average thickness of the corrosion product layer for each 
specimen (the inset shows the XRD results for the NiCo-modified coating after 

being exposed to Na2SO4 for 100 h).
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be drawn from microstructural study and hot corrosion behavior of the 
obtained coatings:

1.	 It was established that pre-electrodeposition treatment can be 
utilized to develop modified slurry aluminide coatings.

2.	 Both simple and Ni-modified aluminide coatings were com-
posed mainly of thermodynamically stable b-NiAl phase. 
A singular β-(Ni,Co)Al phase was detected in the case of 
NiCo-modified coating, in which some of the Ni atoms were 
replaced by Co. Moreover, some part of Al was remained 
un-reacted in the case of simple aluminide, which was attribut-
ed to the kinetics of aluminization.

3.	 It was shown that presence of the pre-electrodeposited layers 
inhibited the outward diffusion flux of elements from the sub-
strate and effectively suppressed the formation of Kirkendall 
pores.

4.	 In terms of hot corrosion resistance, the NiCo-modified coat-
ing outperformed the other two coatings. This was mainly at-
tributed to the beneficial effect of Co in preventing the internal 
sulfidation. 
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